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solvents†
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Bacterial polyesters are a well-known group of polymers with excellent biocompability and biodegradability.

They are also a renewable source of a wide array of enantiopure (R)-3-hydroxycarboxylic acids. In this

study, a series of ternary deep eutectic solvent (DES) systems were prepared using a mixture of micro-

organism-derived (R)-3-hydroxynonanoic and (R)-3-hydroxyheptanoic acids in a molar ratio of 7 : 3 as

hydrogen-bond donors (HBDs) and selected quaternary ammonium salts as hydrogen-bond acceptors

(HBAs), namely choline, 1-ethyl-3-methylimidazolium and tributylmethylammonium chlorides. For com-

parison, DESs based on aliphatic carboxylic acid analogues, i.e. nonanoic and heptanoic acids, were

also studied. The systems were characterised by 1H NMR and FT-IR techniques and the formation of

hydrogen bonds between the HBDs and HBAs was proved. The thermal properties, including the melting

temperatures and thermal stabilities, as well as the polarity and wetting properties were determined by

DSC, TGA, the Nile Red method and dynamic contact angle methods, respectively. The viscosity and

density were measured over a temperature range of 30–60 °C. Cytotoxicity and biodegradation studies

were conducted and revealed the non-toxic character of the choline-based DES. The ability of the DESs

to dissolve lignin was also evaluated. The results demonstrated the potential for a new area of application

of bacterial polyesters for the synthesis of novel bio-based solvents.

Introduction

In recent years, there has been an increased interest in green
chemistry, leading to the development of new and safe substi-
tutes alongside their manufacturing technologies with the aim
of reducing the negative impact of traditional chemical indus-
tries. Green technology is actively looking for new solvents that
could replace commonly used organic chemicals, which can
often be toxic and highly volatile.1,2 An interesting alternative
to such species are deep eutectic solvents (DESs).3–6

According to Abbott’s classification,3 DESs are two com-
ponent systems formed by the mixing of a hydrogen bond

acceptor (HBA), most commonly a quaternary ammonium salt
(e.g. choline chloride), with a metal salt or hydrogen bond
donor (HBD), which include alcohols, amides or carboxylic
acids, among others. The key property of these systems is a sig-
nificant decrease of their melting point, in comparison with
the melting temperatures of the pure components, whereby
DESs at a temperature lower than 100 °C, even at room temp-
erature, are in a liquid form.3 Later on, the classification of
DESs was expanded by Choi and co-workers,7 who introduced
the so-called natural deep eutectic solvents (NADES) as two- or
three-components mixtures, composed of polar primary
metabolites, i.e. choline chloride, natural acids, amino acids,
mono- and disaccharides, and in some cases, using water.
They demonstrated that quaternary ammonium salts are not a
mandatory component of NADES.7,8 Finally, recently, hydro-
phobic DESs were developed by Kroon9 and Marrucho,10 com-
prising terpenes, fatty acids and long-chain alcohols, among
others.6 One of the major advantages of DESs over ionic
liquids lies in their preparation method, which is straight-
forward, with 100% atom efficiency, by a simply mixing and
melting of HBDs and HBAs. DESs have been used mainly in
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electrochemical processes,3 polymers syntheses11,12 and enzy-
matic catalysis13,14 as well as in extraction of bioactive com-
pounds from biomass.4,5,15–18

Polyhydroxyalkanoates (PHAs) may be produced from
renewable resources, i.e. cellulosic biomass, fatty acids, food
waste and post-process waste, i.e. whey, molasses and sugar
cane19–21 as well as from technological wastes or even conven-
tional plastic.22 PHAs are accumulated by numerous bacteria
as isolated intracellular granules or as network-like extracellu-
lar structures.23 To date, more than 150 monomers of (R)-3-
hydroxylic acids (HAs)24 have been identified, which are
characterised by a variety of properties depending on their
chain length and functional groups.25,26 HAs derived from the
hydrolysis of PHA could be renewable components for the
preparation of DESs. Because they are chemically similar to
fatty acids, it seems that they could form hydrophobic DESs, as
long-chain carboxylic acids do.9,27–30

Due to the partial toxicity of some of the components in
DESs, research is focused on the development of non-toxic and
biodegradable counterparts in order to create NADESs, which
are designed by the incorporation of primary metabolites.4–10

One of the most promising components of DESs is choline
chloride due to its common occurrence and biodegradability
in aerobic conditions.31 Other examples of HBAs include
imidazole or other quaternary ammonium salts derivatives;
however, their full biodegradability still remains an
issue.15,32,33 It is well known that both HBAs and HBDs have a
great impact on a particular DES’s biodegradability.26,34 For
this reason, it is important to search for new bioactive mole-
cules that could enhance the natural degradation of DESs,
and, in our opinion, HAs could meet this requirement.

Here we present, for the first time, the synthesis of a novel
family of ternary DESs based on a mixture of (R)-3-hydroxylic
acids HBDs, derived from a bacterially synthesised polymer –

polyhydroxynonanoate, a member of the medium-chain-
length polyhydroxyalkanoates family. For the purpose of this
study three hydrogen bond acceptors (HBAs) were selected,
namely choline chloride ([Ch]Cl), 1-ethyl-3-methylimidazolium
chloride ([EMIm]Cl) and tributylmethylammonium chloride
([TBMA]Cl). The DESs were prepared in different ratios of accep-
tor to donor. Furthermore, they were thoroughly characterised
for their physico-chemical properties and compared to their ali-
phatic counterparts. We also indicate herein their potential uses
as green solvents for the extraction of lignocellulosic material.

Experimental
Materials

Polyhydroxynonanoate (PHN) was produced with Pseudomonas
putida KT2440 strain with nonanoic acid in the fermentation
feed as the sole energy and carbon source; extracted with
ethyl acetate and then characterised as in our previous
manuscript.35 The polymer was degraded to its monomeric
units via an acidic methanolysis, followed by saponification
with LiOH36 to yield free hydroxy fatty acids (HAs) – a mixture

of (R)-3-hydroxynonanoic and (R)-3-hydroxyheptanoic acids
in molar ratio of 7 : 3. Choline chloride ([Ch]Cl), 1-ethyl-3-
methylimidazolium chloride ([EMIm]Cl) and tributyl-
methylammonium chloride ([TBMA]Cl) were purchased from
Merck, Poland, and were of synthesis grade, similar to the case
of all the other chemicals used in this study. A synthetic
mixture of aliphatic nonanoic and heptanoic acid in the ratio
of 7 : 3 (mol%) was created in order to mimic the (R)-3-hydro-
xyalted fatty acid mixture originating from the PHN polymer.
The DESs were constructed by mixing the donor to the accep-
tor in molar ratios of 1 : 1 or 2 : 1, with heating to 60 °C in
order to fasten the solubilisation, and these were then stored
at room temperature (r.t.) for further experiments.

Density and viscosity measurements

The densities of the solutions were measured using a DMA
5000 M density meter (Anton Paar), which is based on the
oscillating U-tube method. The dynamic and kinematic viscos-
ities were measured using a Lovis 2000 M/ME rolling-ball
microviscometer (Anton Paar). This instrument is based on the
rolling-ball rule, where a steel ball rolls inside a sample-filled
glass capillary. The diameter of the glass capillary was 2.5 mm
and was calibrated before the measurements using N100 oil.
The apparatus measured viscosity in the range from 0.3 to
10 000 mPa s with an accuracy of 0.05%. All the measurements
were conducted in the temperature range of 30–60 °C.

Fourier transform infrared spectroscopy (FT-IR)

FT-IR spectra were recorded on a Nicolet 6700 spectrometer.
The spectra of the DESs and organic acids were collected in
the range of 4000–650 cm−1 at a resolution of 4 cm−1 for 64
scans in ATR mode with ZnSe crystal. The spectra of ([TBMA]
Cl), ([EMIm]Cl) and ([Ch]Cl) were obtained with KBr pellets in
transmission mode (resolution 4 cm−1, 64 scans). All the
spectra obtained from the ATR method were normalised to
compare them with the spectra obtained by the transmission
methods.

Nuclear magnetic resonance (NMR)

The 1H NMR spectra of the synthesised DESs and their individ-
ual components were recorded with a Mercury-VX 300 MHz.
Each of the samples was dissolved in CDCl3 (∼40 mg mL−1),
except ([Ch]Cl) : 2HAs DES and ([Ch]Cl), which were dissolved
in DMSO-d6 and D2O, respectively.

Polarity determination

The polarity of the DESs was estimated using the solvatochro-
mic dye Nile Red (NR).37 Mixtures of 50–100 μL of each DES
and 10 μL of the NR solution (0.5 mg mL−1 MeOH) were
placed into a well plate. Methanol was carefully removed by
evaporation under 20–30 mbar at r.t. for 30 min. Next, UV-VIS
absorption spectra were collected in the range from 400 to
800 nm. Molar transition energies (ET(NR)) were calculated
from the following formula:

ETðNRÞ kcal mol�1 ¼ hcνmaxNA ¼ 28 591=λmax
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where: h is Planck’s constant; c is the speed of the light; νmax is
the wave number of maximum absorption; and NA is
Avogadro’s constant. A decrease in ET(NR) indicates an increase
in polarity.

Thermogravimetric analysis (TGA)

TGA was performed on a Netzsch STA 409 PC Luxx. The
samples of about 17.7–22.1 mg were placed in an aluminium
oxide crucible and heated in a nitrogen atmosphere at a rate of
10 °C min−1 from room temperature to 600 °C.

Differential scanning calorimetry (DSC)

DSC was performed with a Netzsch DSC 204F1 Phoenix instru-
ment, under a nitrogen atmosphere. A sample (4–8 mg) was
placed in an aluminium pan sealed with a pierced lid. The
temperature was ramped from room temperature to −60 °C at
a cooling rate of 5.0 °C min−1, held isothermally for 1 min,
and then ramped to 60.0 °C at a heating rate of 5.0 °C min−1,
followed by 1 min isotherm. Two cycles were recorded for each
sample.

Dynamic contact angle measurements

The dynamic contact angles between the DES and the flat
surface of Teflon were measured using a Drop Shape Analyzer
KRUSS DSA100M instrument (Hamburg, Germany, Gmbh).
Sterile syringe needles (stainless steel, NE 44, KRUSS, Gmbh)
were used for each new measurement in automatic mode. The
instrument recorded images with a digital camera (200 fps),
and were further processed using a digital image processing
algorithm to calculate the droplet’s contact angle by tangents
or by Laplace–Young approximations. Measurements were con-
ducted under constant conditions of temperature (22 ± 0.3 °C)
and humidity. For each sample, more than three successive
measurements were carried out.

Cytotoxicity test

Sample preparation. All the samples described in this manu-
script were tested for their toxic impact on living mammalian
cells. Each sample was mixed with cell culture medium to
reach a concentration between 100 and 500 μg ml−1. In total,
70 samples containing living MEF 3T3 cells were prepared on
multiwall plates. After 24 h of incubation, the cells were
removed from the medium, stained and scanned with a fluo-
rescent microscope.

Cell cultures. For the cytotoxicity studies, a mouse embryo-
nic fibroblast cell line was used (Sigma Cat. No. 86052701 3T3
L1 Cell Line from mouse). Cells were grown in plastic culture
dishes under sterile conditions in an incubator (Thermo
Scientific 8000 Series WJ) maintaining a constant environment
(37 °C, 5% CO2). The medium used was DMEM (Dulbecco’s
modified Eagle medium) supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotics (penicillin and streptomycin)
(Sigma Aldrich®). The cell culture was split using a standard
passage procedure when the confluence reached approximately
80%. Cells used in the study were after the third, but not
beyond the ninth passage.38

Cytotoxicity assessment. The fluorescein diacetate/propi-
dium iodide (FDA/PI) test was used to distinguish dead and
living cells. The mouse embryonic MEF 3T3 fibroblasts were
suspended in PBS. To 0.2 ml of this suspension, a solution of
FDA (0.02 μg) and PI (0.6 μg) was added. After 3 min of incu-
bation at room temperature, the fluorescence was observed
under a Zeiss Axio Observer Z.1 fluorescent microscope and
the percentage of necrotic cells, cells in early apoptosis and
the live cells were determined. In order to make an accurate
assessment of the impact of the DES solutions on living cells,
a tile-scan technique was used to allow imaging of a large
sample area at a relatively high magnification. In the experi-
ment, a sample image was made consisting of 121 captures of
a single field of view. When using a 10× magnification lens,
the final image included cells located on the 200 mm2 area.
Lasers with wavelengths of 488 and 561 nm were used to excite
the fluorescent dyes; additionally, a channel of bright field
imaging (T-PMT) was switched on to be able to assess whether
the stained object was actually a cell.

Biodegradation test

The biodegradation studies were based on principles outlined
in the OECD 301 test. Briefly, we adapted the minimal salt
medium (MSM) from this method, which was made up as
follows: 0.085 g L−1 KH2PO4, 0.217 g L−1 K2HPO4, 0.34 g L−1

Na2HPO4·2H2O, 0.005 g L−1 NH4Cl, 0.0364 g L−1 CaCl2·2H2O,
0.0225 g L−1 MgSO4·7H2O and 0.00025 g L−1 FeCl3·6H2O.
Activated sludge (AS) was sourced from Waterworks Karków,
Poland. The inoculum (300 ml of AS) was preconditioned in
the MSM (700 ml) for a period of 5 days without any carbon
source, with vigorous shaking (200 rpm) and at a constant
temperature of 20 °C in the dark. For the degradation studies,
the DES samples (50 mg L−1 in MSM) were inoculated with
preconditioned activated sludge (30 mg L−1). The experiments
were conducted with vigorous shaking (200 rpm) and at a con-
stant temperature of 20 °C in the dark for 21 days. During that
period, the samples were collected and analysed with
HPLC-MS as described below.

High-pressure liquid chromatography with mass detection
(HPLC-MS)

The analyses were performed by HPLC measurements on an
Agilent 1290 Infinity system with an automatic autosampler
and MS Agilent 6460 Triple Quad Detector equipped with an
Agilent Zorbax Eclipse Plus C18 column (2.1 × 50 mm,
1.8 µm). For separation of the DES’s components, the column
was eluted at 30 °C at a flow rate of 0.4 mL min−1 and devel-
oped with a gradient elution of solvent A (10 mM ammonium
formate in water) and solvent B (methanol) as follows:
0.00 min (50% A/50% B) to 1.90 min (10% A/90% B) to
1.91 min (50% A/50% B) to 2.60 min (50% A/50% B). The injec-
tion interval was 2.6 min. An MS Agilent 6460 Triple Quad
tandem mass spectrometer with an Agilent Jet Stream ESI
interface was used in negative ion mode for the HBDs and in
positive mode for the HBAs. Nitrogen at a flow rate of 10 L
min−1 was used as the drying gas and for collision-activated
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dissociation. The drying gas and sheath gas temperatures were
set to 350 °C. The capillary voltage was set to 3500 V, while the
nozzle voltage was set to 500 V. Compounds were monitored in
multiple reaction monitoring mode (MRM) with the following
transitions, polarity, fragmentor (F) and collision energies
(CE): ESI+: ([EMIm]Cl) 111.1 → 83.1 m/z, F = 102 V, CE = 18 V;
([TBMA]Cl) 200.1 → 58.1 m/z, F = 122 V, CE = 34 V; ([Ch]Cl)
111.1 → 83.1 m/z, F = 98 V, CE = 18 V; ESI−: heptanoic acid
129.1 → 129.1 m/z, F = 78 V, CE = 2 V; nonanoic acid 157.1 →
157.1 m/z, F = 88 V, CE = 2 V; (R)-3-hydroxyheptanoic acid
145.1 → 59.1 m/z, F = 73 V, CE = 8 V; (R)-3-hydroxynonanoic
acid 173.1 → 59.1 m/z, F = 83 V, CE = 10 V. Standard curves
were prepared in 50% v/v of solvent A to B and were used for
quantitative analysis. MassHunter software (Agilent) was used
for HPLC-MS system control, data acquisition and data
processing.

Lignin solubility studies

10 mg of lignin (Kraft lignin, Sigma-Aldrich cat. no. 471003)
was mixed with a known weight of DES in a range of
150–250 mg, placed in a shaking incubator at 50 °C and then
left for 4 days. This followed an estimation of the solubilised
lignin by spectrometric measurement at 280 nm; whereby for
each particular sample, a blank measurement was deducted by
measuring the pure DES absorbance. The concentrations were
calculated from the lignin calibration curve obtained in
DMSO.

Results and discussion
Deep eutectic solvents’ syntheses

Ternary DESs were prepared according to the method
described in the M&M section by mixing the HBDs and HBAs
in molar ratios of 1 : 1 or 2 : 1. A mixture of (R)-3-hydroxylated
acids originating from depolymerised polyhydroxynonanoate
containing 30 mol% of (R)-3-hydroxyheptanoic and 70 mol%
of (R)-3-hydroxynonanoic acids (herein referred to as HAs), and
for comparison purposes, a mixture of nonanoic (70 mol%)
and heptanoic (30 mol%) acid, were used as HBDs. We found
that, at room temperature, both tributylmethylammonium
([TBMA]Cl) and 1-ethyl-3-methylimidazolium chlorides
([EMIm]Cl) produced liquids with either aliphatic (Aliph) or
hydroxy fatty acids (HAs) at both ratios. Interestingly, choline

chloride ([Ch]Cl) did not produce a liquid when mixed with
aliphatic fatty acids at room temperature, neither did it
produce a liquid when reacted at a 1 mol : 1 mol ratio with
HAs. However, when the molar ratio was increased to 1 mol
ChCl : 2 mol Has, a homogeneous mixture was formed. All of
the prepared DESs were transparent to slightly yellow in
colour, and were very viscous liquids with densities ranging
between 0.92–1.08 g cm−2 (Table 1, Fig. S1–S3†).

Spectroscopic insight into the novel DESs’ structures

It is commonly accepted that DESs are hydrogen-bonded
supramolecular complexes and the presence of these bonds is
responsible for the formation and stability of these systems.39

To study the interactions between DESs’ components, we used
two complementary techniques, namely 1H NMR and FTIR
spectroscopies.

Initially, we proved by 1H NMR spectroscopy (Fig. 1) that
both the hydroxy- and aliphatic acids-based DESs were physical
mixtures of the starting materials, and the components did
not undergo any undesired side reactions during melting. The
spectra of solutions of the DESs showed only the proton reso-
nances of their constituents, shifted in some cases due to
HBD–HBA intermolecular interactions.

It was reported that 1H NMR can confirm the presence of
hydrogen bonds in DESs, both in bulk systems as well as in
mixtures with D2O (which could disrupt the supramolecular
structure).39,40 It is well known that hydrogen bonding shifts
the resonance signal of a proton to lower field (higher fre-
quency). The 1H NMR spectrum of ([EMIm]Cl) : HAs (Fig. S8†)
showed that the protons in the imidazole ring experienced sig-
nificant upfield shifts from 7.55 and 10.42 ppm to 7.38 and
10.12 ppm, respectively (see Fig. 1A, marked by bullet and tri-
angular symbols). Furthermore, the labile hydroxy proton of
HAs was shifted from 6.75 to 5.05 ppm. The upfield shifts in
([EMIm]Cl) : 2HAs DES (Fig. S9†) were greater than in ([EMIm]
Cl) : HAs (Fig. S8†), suggesting the formation of stronger
hydrogen bonds. In the spectrum of DESs prepared from ali-
phatic acids as a HBD, the upfield shift was visible only for
signals from imidazole ring protons (see Fig. 1B, marked by
bullet and triangular symbols).

The spectra of ([TBMA]Cl) : Has (Fig. S10†) and ([TBMA]
Cl) : 2HAs (Fig. S11†) exhibited small shifts of the signals in
comparison with the spectra of the individual DESs’ com-

Table 1 Densities and viscosities measured for DESs at 60 °C

DESs Density, ρ [g cm−3] Kinetic viscosity, η [mPa s] Dynamic viscosity, ν [mm2 s−1]

([EMIm]Cl) : Aliph 1.0166 20.80 20.46
([EMIm]Cl) : 2Aliph 0.9728 19.84 20.39
([TBMA]Cl) : Aliph 0.9312 69.50 74.63
([TBMA]Cl) : 2Aliph 0.9230 47.78 51.77
([EMIm]Cl) : HAs 1.0784 123.26 114.30
([EMIm]Cl) : 2HAs 1.0443 51.18 49.01
([TBMA]Cl) : HAs 0.9710 103.80 105.80
([TBMA]Cl) : 2HAs 0.9815 220.18 226.80
([Ch]Cl) : 2HAs 1.0504 — —
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ponents. Thus, the 1H NMR spectrum of ([TBMA]Cl) : 2HAs
showed upfield shifted signals of protons attached to the
carbons adjacent to the nitrogen atom CH̲3–N–(CH̲2)3– from
3.28 and 3.42 ppm to 3.23 and 3.37 ppm, respectively. The
proton on C3 in the HAs was shifted from 4.03 to 3.98 ppm. In
the ([TBMA]Cl) : Has, we observed signal shifts of the same
protons. Interestingly, the hydroxy proton signals were not
present on both [TBMA]Cl-based DESs spectra.

Finally, the 1H NMR spectrum of ([Ch]Cl) : 2HAs (Fig. S12†)
showed that the protons between carboxylic and hydroxy
groups as well as the proton adjacent to the hydroxy moiety
were shifted from 2.51 and 4.04 to 2.23 and 3.04 ppm, respect-
ively (see Fig. 1A, marked by cross and asterisk symbols). This
might be a result of intermolecular ChCl–HAs interactions, or
a solvent effect of DMSO-d6 on the chemical shifts.

The formation of H bonds between quaternary ammonium
chlorides and carboxylic HBDs was also confirmed by FTIR by
shape changes and shifts in the ranges characteristic for the
given chemical compounds.41 We prepared and analysed the

spectra for the single components of the newly synthesised
DESs, which can be found in the ESI.† Further, we used infra-
red spectroscopy to visualise the new hydrogen-bond for-
mation in our new systems. First, we observed a characteristic
red-shift due to a shift of CH2–CH2–O, from 1092 to 1082 cm−1

for ([Ch]Cl) : 2HAs42 (Fig. S17†). This shift corresponded to the
reduction of the intermolecular hydrogen bonds present in the
choline chloride and the formation of new hydrogen bonds.
Second, we observed blue-shifts in the DES spectra for the
stretching vibrations of the CvO groups, e.g. for ([Ch]
Cl) : 2HAs, from 1707 to 1716 cm−1 (Fig. S17†). Zhu et al.
observed a similar blue-shift when aliphatic fatty acids were
used as DES components and further postulated that car-
boxylic acids in the liquid phase form dimers, and as the
carbon chain length of the carboxylic acid increases, the
hydrogen bond of the two molecules of the acids becomes
stronger.42 The strong hydrogen bond created between the
acid molecules was changed to a weak bond between the DES
components. For other DESs, we also observed the blue-shifts,

Fig. 1 1H NMR spectra of HAs-based DESs and their pure components (Panel A) and Aliph-based DESs and their pure components (Panel B). The
range between 7.2 and 4.5 ppm is magnified ten times to better visualise the broad hydroxy proton resonances. For signals assignment, see the ESI.†
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which resulted from the reduction of intramolecular hydrogen
bonds. For ([EMIm]Cl) : HAs, ([EMIm]Cl) : 2HAs, ([TBMA]
Cl) : HAs and ([TBMA]Cl) : 2HAs, blue-shifts were observed
from 1707 cm−1 for hydroxycarboxylic acids to 1716, 1716,
1716 and 1720 cm−1, respectively (Fig. S18 and S19†). Similar
results were also observed for DESs, which were composed of
carboxylic acids. For ([EMIm]Cl) : Aliph, ([EMIm]Cl) : 2Aliph,
([TBMA]Cl) : Aliph and ([TBMA]Cl) : 2Aliph, blue-shifts were
observed from 1713 to 1716, 1716, 1716 and 1723 cm−1,
respectively (Fig. S20 and S21†).

The hydrogen bonds had a significant effect on the OH
stretching vibrations for (R)-3-hydroxycarboxylic acids. In all
the prepared mixtures in which the hydrogen bond donors
were HAs characteristic we noticed bigger red-shifts. This may
have been due to the stronger involvement of HAs in hydro-
gen-bonding interactions with hydrogen-bond acceptors
through the hydroxyl group located on the third position of
the aliphatic chain. For ([Ch]Cl) : 2HAs, ([EMIm]Cl) : HAs,
([EMIm]Cl) : 2HAs, ([TBMA]Cl) : HAs and ([TBMA]Cl) : 2Has,
red-shifts were observed from ∼3392 cm−1 for hydroxycar-
boxylic acids to ∼3314, ∼3312, ∼3326, ∼3299 and ∼3334 cm−1,
respectively (Fig. S17–S19†). The red-shifts also indicated the
creation of more stable interactions between the DESs’ com-
ponents. The IR spectra of hydroxylated carboxylic acids
underwent changes in the vibration states of molecules, simi-
larly to other hydroxylcontaining compounds.43

The generation of intermolecular hydrogen bonds could
also be demonstrated by shifts associated with the vibrations
of CH2 and CH3 groups. In the case of ([EMIm]Cl) DESs, we
observed changes of the peaks’ shape and shifts of the imid-
azole rings. Moreover, in the case of ([EMIm]Cl), the inter-
action was preferred with the C–H groups closest to the nitro-
gen atom.44 Therefore, we were interested in the shifts of the
methylene bonds (CH2). Analysis revealed blue-shifts of the
C4-H and C2-H. For ([EMIm]Cl) : HAs, ([EMIm]Cl) : 2HAs,
([EMIm]Cl) : Aliph and ([EMIm]Cl) : 2Aliph, the shifts were as
follows: from ∼3140 and ∼3068 cm−1 for ([EMIm]Cl) to ∼3145
and ∼3075 cm−1; ∼3148 and ∼3087 cm−1; ∼3145 and
∼3074 cm−1; ∼3144 and ∼3075 cm−1, respectively (Fig. S18 and
S20†). Additionally, for ([EMIm]Cl)-based DESs, we noticed
characteristic shifts corresponding to N–H bonding at
1550–1570 cm−1. We observed a similar phenomenon for
([TBMA]Cl)-based DESs, whereby red-shifts occurred for
([TBMA]Cl) : HAs, ([TBMA]Cl) : 2HAs, ([TBMA]Cl) : Aliph and
([TBMA]Cl) : 2Aliph from ∼3438 to ∼3295, ∼3322, ∼3409 and
∼3405 cm−1, respectively (Fig. S19 and S21†).

Based on the above-described results, we can conclude that
the formation of intermolecular hydrogen bonds in DESs
based on choline chloride was involved through the hydroxyl
group derived from choline chloride and the hydroxyl and car-
boxyl groups of (R)-3-hydroxycarboxylic acids. In the case of
the other DESs, to determine which compounds were charac-
terised by a higher strength of newly formed hydrogen bonds,
one can consider a postulate formed by Cao et al., in which
they state that the higher the red-shift observed, the stronger
the hydrogen bond would be.45 In our case, an exception to

the rule was in the case of ([EMIm]Cl) : 2HAs, which was prob-
ably characterised by a higher hydrogen bond strength com-
pared to ([EMIm]Cl) : HAs, based on the data analysed.

Polarity of the DESs

We used Nile Red (NR) dye for determination of the hydroxyl-
ated- and aliphatic acids-based DESs’ polarities. It is well
known that in contrast to Reichardt’s dye, NR is uniquely
stable in acidic media,46 and the absorbance maximum shift
is less sensitive to acidic solvents, such as acidic DESs.37 As
can be seen (Table S1†), the values of ET(NR) for the investi-
gated DESs were very similar to each other and were in the
range of 51.2 (([Ch]Cl) : 2HAs) to 52.3 ([EMIm]Cl) : Aliph). As
expected, the DESs were less polar in comparison to deep
eutectic systems based on short-chain carboxylic acids or
sugars (ET(NR) = 44–49).47 Our data indicate that the polarities
of hydroxylated- and aliphatic acids-based DESs were close to
typical organic solvents; for instance, acetic acid (51.3), metha-
nol and dimethyl sulfoxide (52.0),46 as well as close to the
polarities of [Ch]Cl–glycerol 1 : 1 mol (50.9)48 or [Ch]Cl–propa-
nediol 1 : 2 mol (50.7)49 DESs.

Thermal properties of the DESs

The melting temperatures and the beginning of thermal
decomposition are among the most important properties that
determine the use of a particular DES as an alternative to tra-
ditional solvents. These parameters determine the temperature
range in which a deep eutectic solvent can maintain its liquid
form and, consequently, the scope of its application.

We performed differential scanning calorimetry for the syn-
thesised DESs and their components (see ESI, Fig. S23† for the
R-3-hydroxyacid-based DESs and Fig. S24† for thermograms of
the aliphatic-based DESs). First, we analysed the hydroxylated
DESs. For HAs, there were two broad exothermic peaks and
one endothermic peak observed on the solidification and
melting curve, respectively. We could see that the onset temp-
erature of melting was about 18 °C. The addition to the HAs of
the alkylammonium ([TBMA]Cl), ([Ch]Cl), or imidazolium
([EMIm]Cl) salts had a great impact on the thermophysical
properties of the DESs formed. The DSC scans presented
almost flat lines, and in the range from −60 °C to 60 °C, no
thermal events were observed. It could be speculated that at a
higher scan rate and/or at lower temperature, a glass transition
might have been observed.

Consecutively, we analysed the DESs based on aliphatic
fatty acids. The DSC curves of the pure components, namely
C7 and C9, agreed with the published data.50 One melting and
one crystallisation process were observed for C7, whereas for
C9, in spite of melting and crystallisation, an additional solid–
solid phase transition could be seen. The aliphatic acids C7
and C9 were miscible in a liquid state, but formed two separ-
ated crystal phases upon cooling. The binary phase diagram
showed an eutectic point at 48 mol% of C7 and 2 °C.50

Mixtures of C7, C9 and the organic salts ([TBMA]Cl) and
([EMIm]Cl) exhibited complex thermal behaviour, and it was
obvious that detailed separate studies, using DSC, XRD and
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hot-stage microscopy, would be needed to fully understand the
behaviour. However, at this stage it could be safely assumed
that the addition of the salts decreased the temperatures of
the thermal events of the mixtures, and this effect was
especially visible for ([TBMA]Cl) : 2Aliph and ([EMIm]
Cl) : 2Aliph DESs.

Analysis of the TGA curves revealed that in the case of the
DESs, with the exception of ([Ch]Cl) : 2HAs, a one-stage
process of sample decomposition occurred (see ESI for the raw
data, Fig. S25–S29†). Further analysis may suggest (by DTG) a
more detailed degradation sequence of the components
(Table 2).

By analysing the DTG curves of the DESs composed of
([EMIm]Cl), we can propose the following mechanism for the
one-stage thermal degradation processes (Fig. S25 and S26†).
The first step may be the evaporation of acids from the
mixture. This process proceeded at the highest rate at tempera-
ture TDTG1. The temperatures observed coincide with the avail-
able literature data for heptanoic (Tboil = 223 °C), nonanoic
(Tboil = 255 °C) and (R)-3-hydroxyheptanoic acid (Tboil =
266 °C). The Tboil for (R)-3-hydroxynonanoic acid was not
found; however, it is known that the boiling points of ana-
logues from the same group increase with the chain length.
Therefore, knowing the temperatures for hydroxylated hepta-
noic and dodecanoic (Tboil = 343 °C) acids, we could assume
the hydroxylated nonanoic acid has a boiling point of
290–310 °C. In the next stage, the degradation of ([EMIm]Cl)
would possibly take place, by dissociation, where the products
are the corresponding EMIm+ ions and methyl halide, occur-
ring at a maximal rate at TDTG2. Further, the imidazole ring
was completely broken as proposed by Efimowa et al.,51 with
the greatest rate at TDTG3.

In the case of the DESs composed of aliphatic acids and
([TBMA]Cl), we could propose a similar mechanism (Fig. S27
and S28†). First, organic acids may vaporise, with the
maximum rate at TDTG1, followed by the degradation of
([TBMA]Cl), similarly with the highest rate at TDTG2. This is
due to a β-elimination reaction leading to the breakdown of
the cation to the ammonium and aliphatic hydrocarbons.52

When it comes to the DESs constructed from ([TBMA]Cl) and

(R)-3-hydroxyalkanoic acids, we observed an interesting depen-
dence. In the case of these mixtures, the boiling point of the
acids may be higher than the end temperature of the ([TBMA]
Cl)-based DES decomposition (T99%). Therefore, we can
assume that decomposition of these compounds occurs in the
reverse order, i.e. initially, TBMA TDTG1 degradation is pre-
sumed to occur, followed by acid evaporation at TDTG2. In the
case of the choline-based DES degradation, a two-stage process
is associated with adsorbed water. Kadhom et al. observed
a similar relationship, whereby the rate of the onset of
decomposition increased with growing water content. This was
due to the priority of water evaporation before the choline-
based DESs degradation53 (Fig. S29). Therefore, it can be con-
cluded that the decomposition of DESs based on choline
chloride began at 196 °C (TONSET).

When analysing the DESs containing 1-ethyl-3-methyl-
imidazolium chloride and choline chloride, we noticed a
decrease in the onset temperature of thermal degradation
(Tonset), when compared to the ionic liquid used. A similar
relationship was observed for DESs based on choline chloride
and other hydrogen carboxylic acid donors, i.e. levulinic acid
(Tboil = 245 °C), phenylacetic acid (Tboil = 265 °C) and phenyl-
propionic acid (Tboil = 279 °C).54 As presented in Table 2, when
the content of (R)-3-hydroxycarboxylic acids was increased in
the mixtures, the decomposition temperature (TONSET) also
increased. As for the mixtures in which the acid had a lower
boiling point than the temperature of the end of the DES
degradation, e.g. ([EMIm]Cl) : HAs, we observed the opposite
effect on thermal stability. The thermal stability of the DESs
prepared from the (R)-3-hydroxycarboxylic acids was character-
ised by a slightly increased stability compared to their aliphatic
analogues, and this enables wider possible applications. In
all the analysed groups of DESs (e.g. ([TBMA]Cl) : HAs and
([TBMA]Cl) : 2HAs), regardless of the ratio of hydrogen donors
and acceptors, we observed a similar temperature for 99%
weight loss.

Wetting properties of the DESs

Measurements of liquid contact angles on solid surfaces are
an important tool for characterising the degree of adhesion

Table 2 Thermogravimetric analysis of the DESs and their components

TONSET [°C] TONSET2 [°C] TDTG1 [°C] TDTG2 [°C] TDTG3 [°C] Δm 99% Weight loss up to 150 °C [%]

([EMIm]Cl) 245 — 291 311 — 328 1.0
([Ch]Cl) 97 196 282 — — 344 2.0
([TBMA]Cl) 190 — 232 — — 255 2.0
HAs 155 — 272 — — 292 4.4
Aliph 177 — 246 — — 253 1.5
([EMIm]Cl) : Aliph 192 — 251 282 302 317 1.2
([EMIm]Cl) : 2Aliph 196 — 251 277 300 310 1.2
([TBMA]Cl) : Aliph 205 — 249 — — 271 1.2
([TBMA]Cl) : 2Aliph 206 — 252 — — 272 0.9
([EMIm]Cl) : HAs 230 — 272 293 — 318 1.2
([EMIm]Cl) : 2HAs 206 — 267 287 311 321 3.2
([TBMA]Cl) : HAs 203 — 242 272 — 288 3.0
([TBMA]Cl) : 2HAs 213 — 264 275 — 287 2.6
([Ch]Cl) : 2HAs 97 197 269 — — 345 2.6
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and the wettability of liquids on a solid surface.55 We obtained
the experimental values for the contact angles of the investi-
gated DESs at 22 °C (Fig. 2). The wetting angles with a Teflon
surface for ([EMIm]Cl)–aliphatic acids-based DESs were 29.8 ±
2.1° and 16.2 ± 1.3° for equimolar and 1 : 2 molar ratios,
respectively. When (R)-3-hydroxycarboxylic acids were used as
hydrogen donors, we observed increased contact angle values
for the analogues (49.5 ± 2.6° and 36.4 ± 4.9°, respectively). In
the case of ([TBMA]Cl)-based DESs an inverse relationship was
observed. One can notice a general relationship that by
increasing the ratio of the donor to acceptor in the case of
DESs based on ([TBMA]Cl), the contact angle measurement on
Teflon surfaces increased. However, ([TBMA]Cl)-based DESs
showed higher values for the contact angles, revealing their
more hydrophilic character. The wettability of a Teflon surface
for ([TBMA]Cl)–aliphatic acids-based DESs were 42.8 ± 4.5°
and 51.2 ± 2.9° for ([TBMA]Cl) : Aliph and ([TBMA]Cl) : 2Aliph,
respectively. When (R)-3-hydroxycarboxylic acids were used as

hydrogen donors, the contact angles were 52.8 ± 3.2° and
60.0 ± 2.3° for equimolar and 1 : 2 molar ratios, respectively.
For choline chloride-based DESs, a contact angle of 55.9 ± 3.3°
was observed. The hydrophilicity of DESs based on choline
chloride and tributylmethylammonium chloride can be justified
by the properties of the cation used to construct these DESs.
Both cations are often used as components of surfactants.56,57

Generally, the increase in the basicity of hydrogen bond in
DESs leads to higher contact angles on a non-polar surface,
such as Teflon, thus reducing the wetting ability of this
surface.58,59 In our case, the least basic alkalinity of hydrogen
bond was represented in the ([EMIm]Cl)-based DESs, thus they
proved to have the most hydrophobic properties.

Biodegradability and cytotoxicity of the DESs

Features such as the biodegradability and cytotoxicity of novel
solvents are important parameters that influence their usabil-
ity in particular applications. Here, we conducted studies in
order to determine whether the newly synthesised DESs are
easily decomposed in the environment and whether they bare
any cytotoxicity against fibroblast cells. First, we submitted each
of the synthesised DESs to biodegradation studies with activated
sludge over the period of 21 days. HBDs (both aliphatic and
hydroxylated fatty acids) were decomposed within 5 to 6 days in
each of the tested DESs, as analysed by HPLC-MS (Fig. S30 and
S31†). However, neither ([TBMA]Cl) nor ([EMIm]Cl) HBAs were
degraded during the course of the experiment. Promisingly, the
DES based on choline chloride and hydroxylated fatty acid was
biodegraded fully already after 5 days of incubation (Fig. 3A). It is
well known that choline chloride, simple organic acids and (R)-3-
hydroxyacids are well biodegradable,60,61 whereas ([TBMA]Cl)
and ([EMIm]Cl) only reluctantly degrade in nature,62 thus our
results are in line with current state of the art.

Subsequent cytotoxicity tests revealed a moderate toxicity of
the DESs based on either ([TBMA]Cl) or ([EMIm]Cl) to the
fibroblast cells. The IC50 values for the aliphatic or hydroxyl-
ated fatty acids for (([TBMA]Cl)-based DESs) were within the

Fig. 2 Contact angles of the prepared DESs.

Fig. 3 A. Biodegradation of prepared choline chloride-based DES; B. Cell viability MEF 3T3 cells after 24 h of exposure to different concentrations
of prepared choline chloride-based DES, (R)-hydroxyacids and choline chloride.
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standard deviation of the hydrogen-bond acceptor used (Fig. 4
and Fig. S32†). Aliphatic ([EMIm]Cl)-based DESs in 2 : 1 mol :
mol HBD to HBA ratios revealed similar IC50 values to this
obtained for hydroxylated DESs (281 μg ml−1 vs. 272 μg ml−1);
however, when the molar ratio was decreased to 1 : 1 (HBA to
HBD), the IC50 value was higher by 1.5-fold for the hydroxyl-
ated ([EMIm]Cl) DES (Fig. 4 and Fig. S32†). In general, for
these two HBAs, namely ([TBMA]Cl) and ([EMIm]Cl), aliphatic
DESs were characterised with higher IC50 values. When DESs
were constructed with choline chloride, they did not reveal any
cytotoxicity in the tested range (IC50 ≫ 500 μg ml−1, Fig. 3B),
which in turn confirms their environmental friendliness.

Application example: lignin solubilisation

Lignocellulosic biomass is the world’s most abundant renew-
able resource. It consists primarily of cellulose, hemicellulose
and lignin.63 These compounds, through bioprocessing in
biorefineries, can be converted into many valuable products,
ranging from simple fermentation feedstocks to advanced bio-

materials.64 However, there is still scope for providing bioin-
dustries with environmental friendly, efficient and selective
solvents for the extraction of a given lignocellulosic fraction.
We tested our constructed DESs for this purpose on model
substances. The prepared solvents were not able to solubilise
cellulose; however, they proved to be good solubilising agents
for lignin. The best performing solvents were those based on
([EMIm]Cl) cation and aliphatic fatty acids (60.8% and
80.4% of lignin solubilisation, Table 3). When ([EMIm]Cl) and
([TBMA]Cl) were supplemented with HAs, only ([EMIm]
Cl) : 2HAs enabled 49.5% solubilisation of lignin. However,
from a green perspective, the most promising result was
obtained for the DES based on choline chloride and hydroxya-
cids; here a 43.6% solubilisation of lignin was demonstrated. As
stated above, this particular DES was shown to be readily bio-
degradable and demonstrated no cytotoxicity against mamma-
lian cells. Therefore, the application of DESs based on ([Ch]Cl)
and (R)-3-hydroxyacids for lignin extraction from biomass seems
a green alternative to the currently used solvents for these pur-
poses. Moreover, there are more than 150 different (R)-3-hydro-
xyacids synthesised by bacteria into polyhydroxyalkanoate poly-
mers;65 therefore, the possibilities of constructing appropriate
DESs for a particular purpose have a high probability.

Conclusions

Bacteria are able to synthesise PHA polymers from numerous
carbon sources of different origins, i.e. biomass derived (i.e.
fatty acids, glycerol, sugars, phenols), waste derived (i.e. chemi-
cally altered synthetic polymers, municipal solid wastes, waste-
waters, pollutants, such as methanol) and even gaseous sub-

Fig. 4 Inhibitory concentration values (IC50) for the prepared DESs. IC50 values are expressed as an average of 3 independently replicated experiments.
For aliphatic acids, (R)-hydroxy acids, choline chloride and the prepared DES–([Ch]Cl) : 2Has, the obtained values were IC50 ≫ 500 μg ml−1.

Table 3 Solubility of lignin in the DESs at 50 °C (mg mL−1)

HBD

HBA (1 mol)

([TBMA]Cl) ([EMIm]Cl) ([Ch]Cl)

HAs (1 mol) 0.6 0.8 —
HAs (2 mol) 0.9 26.9 25.6
Aliph (1 mol) 7.2 29.8 —
Aliph (2 mol) 15.6 30.7 —

Lignin solubility was also tested in DES building fatty acids and other
typical solvents; the values in parentheses are in mg mL−1 – aliph
(0.2), HAs (0.3), water (>100.0), DMSO (20.0) and methanol (7.0).
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strates (carbon monoxide, carbon dioxide). PHA-synthesising
microorganisms convert these substances via complex bio-
chemical processes to enantiopure (R)-3-hydroxylated fatty
acids that further are polymerised into PHA molecules, which
enable bacteria to survive hard environmental conditions.
Years of PHA research have brought numerous applications for
PHA polymers and their monomers – HAs. However, to the
best our knowledge, this is a first proof-of-concept report that
employs HAs in the construction of deep eutectic solvents. In
parallel to ([EMIm]Cl)- and [TBMA]Cl-based DESs, we demon-
strated that a given mixture of HAs derived from polyhydroxy-
nonanoate enables the synthesis of natural DESs with choline
chloride as a hydrogen-bond acceptor. An in-depth characteris-
ation of each synthesised DES was performed that allowed us
to describe the intramolecular interactions alongside several
physical parameters of these new solvents. Further, we showed
that DESs based on choline chloride and bacterially derived
monomers of PHA are fully biodegradable and are not cyto-
toxic. Moreover, we also demonstrated the usability of HAs-
based DESs as potential alternatives for lignin solubilisation.
We believe that in the near future new members belonging to
this new family of natural DESs will be constructed based on
HAs derived from so far underutilised biomass resources (i.e.
waste glycerol from biodiesel production, post frying waste
fatty acids). This plausible path could lead to the generation of
a series of solvents that are environmentally friendly and that
enable the upcycling of bioresources.
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