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Introduction

Extensive characterization of choline chloride and
its solid—-liquid equilibrium with waterf
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The importance of choline chloride (ChCl) is recognized due to its widespread use in the formulation of
deep eutectic solvents. The controlled addition of water in deep eutectic solvents has been proposed to
overcome some of the major drawbacks of these solvents, namely their high hygroscopicities and
viscosities. Recently, aqueous solutions of ChCl at specific mole ratios have been presented as a novel,
low viscous deep eutectic solvent. Nevertheless, these proposals are suggested without any information
about the solid—liquid phase diagram of this system or the deviations from the thermodynamic ideality
of its precursors. This work contributes significantly to this matter as the phase behavior of pure ChCl
and (ChCl + H,O) binary mixtures was investigated by calorimetric and analytical techniques. The
thermal behavior and stability of ChCl were studied by polarized light optical microscopy and differential
scanning calorimetry, confirming the existence of a solid—solid transition at 352.2 + 0.6 K. Additionally,
heat capacity measurements of pure ChCl (covering both ChCl solid phases) and aqueous solutions of
ChCl (xchc < 0.4) were performed using a heat-flow differential scanning microcalorimeter or a high-
precision heat capacity drop calorimeter, allowing the estimation of a heat capacity change of (ChCl) ~
39.3 + 10 J KX mol™ between the hypothetical liquid and the observed crystalline phase at 298.15 K.
The solid-liquid phase diagram of the ChCl + water mixture was investigated in the whole concentration
range by differential scanning calorimetry and the analytical shake-flask method. The phase diagram
obtained for the mixture shows an eutectic temperature of 204 K, at a mole fraction of choline chloride
close to xche = 0.2, and a shift of the solid—solid transition of ChCl-water mixtures of 10 K below the
value observed for pure choline chloride, suggesting the appearance of a new crystalline structure of
ChCl in the presence of water, as confirmed by X-ray diffraction. The liquid phase presents significant
negative deviations to ideality for water while COSMO-RS predicts a near ideal behaviour for ChCl.

core collection on January 9th, 2022, for the topic ‘“choline
chloride”, showed 5300 scientific articles, whereas the results

Choline chloride (ChCl) is an organic salt used as an x additive
in animal feed." The interest of the research community in this
compound has increased significantly in the last two decades,
mainly due to its use in the preparation of deep eutectic
solvents (DESs). A search conducted on the Web of Science
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were reduced to just 815 papers by limiting the search up to
2003, when Abbott and co-authors suggested using ChCl-based
eutectic mixtures as novel solvents.? Since then, several ChCl-
based DESs have been proposed®™® for an extensive range of
applications.’** Apart from the hydrogen bond acceptor nature
of ChCl,™ this ionic compound presents desirable properties to
be explored in the formulation of DESs, such as low toxicity,
biodegradability, low cost and large scale availability.'®™®
Although DESs have been proposed as promising solvents to
be applied in several areas, including metal processing® and the
extraction of a broad set of substances,'? its use at an industrial
scale often encounters some practical obstacles, mainly due to
their high hygroscopicities and viscosities."®*° An alternative
recently proposed to overcome this issue is the controlled
addition of water to these mixtures,” which generally leads to
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a decrease of their viscosity,” but it might also modify other
relevant physicochemical properties, such as ionic conductivity
and density.! In fact, the use of water in the formulation of
DESs is economically and environmentally desirable since
water is abundant, cheap, non-flammable, and nontoxic.
However, its presence in the mixture should be carefully
investigated since water might bring structural changes in the
DES intermolecular network due to its highly polar nature.>*

The large majority of studies investigating the role of water in
DESs are related to mixtures of choline chloride with well-known
hydrogen bond donors, such as lactic acid,”** urea,>™
glycols,””*! and sugars.” Recently, it was suggested that aqu-
eous solutions of choline chloride, with a certain mole ratio, were
also deep eutectic solvents.*>** Triolo and co-authors®* proposed
“the first water-in-salt (WiS) natural deep eutectic solvent
(NADES), hereinafter indicated as aquoline, a mixture of choline
chloride (ChCl) and water with a molar ratio of 1:3.33” without
considering adequately the solid-liquid phase diagram (SLPD) of
the choline chloride + water mixture. Although the authors used
the available solid-liquid equilibrium (SLE) information,**?3
those data covered only part of the SLPD of this important
mixture. Moreover, as we discussed elsewhere,'® to name a
certain proportion (1:3.33) of two compounds as a new sub-
stance (aquoline®?) is not adequate. Additionally, the attraction to
have fixed proportions to define eutectic compositions is unwise
and sometimes drives to intriguing statements. Zhang et al.,*>
instead of presenting the mole fraction composition of the
eutectic point found in their study, preferred to write, “We found
that the aqueous dilution of ChCl/2H,0O with a ChCl/2H,0
content of ca. 80 wt% was an eutectic”.

In this context, a detailed characterization of the thermal
behavior of pure choline chloride and a full description of the
solid-liquid phase diagram of the choline chloride + water
mixture is proposed here. First, the thermal behavior and
stability of pure ChCl were investigated by differential scanning
calorimetry and polarized light optical microscopy. Additionally,
the heat capacity measurements of pure ChCl were conducted
using a high-precision heat capacity drop calorimeter at 298.15 K
and then in the temperature range from 283 to 419 K covering
both ChCl solid phases using a heat-flow differential scanning
microcalorimeter. Lastly, the heat capacity measurements were
extended to aqueous solutions of ChCI (mole fractions ChCl <
0.4) at 298.15 K, enabling the estimation of the hypothetical heat
capacity of ChCl in the liquid phase at this temperature. Then, to
characterize the phase diagram of the choline chloride + water
mixture, measurements were carried out for mixtures in the
entire composition range, by differential scanning calorimetry
and the analytical shake flask method. The results are discussed
in terms of the non-ideality of the liquid phase.

Experimental

Chemicals

Choline chloride (>99% Sigma, CAS 67-48-1) was purified
under vacuum (<10 Pa) at T = 353 K for 72 h and kept under
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vacuum before use. The water content of the purified sample
(<110 ppm) was checked using a Karl-Fischer titrator
(Metrohm, model 831 KF Coulometer) equipped with an
860 KF Thermoprep system. All samples were prepared and
manipulated in a glove box under dry nitrogen and maintained
in hermetic flasks under inert atmosphere. Double distilled
water, passed through a reverse osmosis system and further
treated with a MilliQ plus 185 water purification apparatus, was
used in the preparation of all binary solutions. Purity analyses
of water revealed a resistivity value of 18.2 MQ c¢m and a TOC

(total organic carbon content) of lower than 5 pg dm™>.

Microscopy studies of choline chloride

The solid-solid transition of choline chloride was studied by
polarized light optical microscopy using an Olympus micro-
scope model BX51. The sample images were acquired using an
optical Olympus C5060 digital compact camera. The samples,
finely powdered, were prepared in a glove box under a dry
nitrogen atmosphere and the experiments were also performed
under a dry nitrogen atmosphere. The temperature was accu-
rately controlled using a Linkam TMHS600 heating stage
(£0.1 °C) controlled by a TP94 unit.

Powder X-ray diffraction of choline chloride

The dry and air equilibrated (for 24 h) samples of choline
chloride were ground and homogenized in an agate mortar and
analyzed by in situ powder X-ray diffraction (air room conditions
296.2 K and relative humidity < 37%) for crystalline phase
characterization. Powder X-ray diffraction (PXRD) data were
collected using a Empyrean PANalytical diffractometer (Almelo,
Netherlands) equipped with an Anton Paar TTK chamber and
the TCU temperature control unit, in the Bragg-Brentano para-
focusing optics configuration with Cu Ko, , X-radiation (4; =
1.540598 A; 1, = 1.544426 A), equipped with a Ni filter (0.020 mm
thickness) and a linear PIXcel 1D detector (active length 3.3473°),
and a flat-plate spinner sample holder in the Bragg-Brentano
para-focusing optics configuration (45 kV, 40 mA). The intensity
data were collected using the continuous counting method (step
0.0131°) in the ca. 10° < 20 < 60° range, at 298, 348 and 358 K.
The difractograms of the dry samples are in good agreement
with the structures of the o and § phases of choline chloride
previously reported. The wet diffractograms at 348 and 358 K are
similar and the indexation of the 358 K diffractogram was
performed.

The collected powder X-ray diffraction pattern was indexed
using the LSI-Index algorithm implemented in TOPAS-Academic
V5.*%%” The crystal structure was determined in TOPAS-Academic
V5°® by using a simulated annealing approach. Rietveld structural
refinements®® were performed in the same programme using a
Chebychev polynomial throughout the entire angular range to
model the background contribution. The peak shapes of the
powder pattern were described using the fundamental para-
meter approach.’ In the ESIt (Section S1), all the details
pertaining to the powder X-ray data collection, crystal data
and structure refinement details of the wet ChCl structure at
358 K are gathered.

Phys. Chem. Chem. Phys., 2022, 24,14886-14897 | 14887
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Solid-state NMR studies

BC{'H} cross-polarization magic-angle spinning (CP MAS)
NMR spectra were acquired using a Bruker Avance III 400
spectrometer operating at a magnetic field of 9.4 T with a *C
Larmor frequency of 100.6 MHz.

The spectra of pure choline chloride, packed into a ZrO,
rotor with a Vespel cap, were recorded at room temperature and
at 358 K using a triple-resonance 4 mm probe and a BVT3000
unit for the temperature control. The "*C{"H} CP MAS spectra
were acquired with a "H 90° pulse set to 3.0 us, 3 ms contact
time using a 70-100% RAMP shape at the 'H channel and using
a 55 kHz square shape pulse on the "*C channel, 5 s recycle
delays. During the acquisition, a SPINAL-64 decoupling scheme
was employed using a pulse length of 5.75 us at an RF field
strength of 83 kHz. Chemical shifts are quoted in ppm from
a-glycine (secondary reference, C—O0 at 176.03 ppm).

Thermal behavior studies of pure choline chloride

The thermal behavior of choline chloride was measured using
a power compensation differential scanning calorimeter DSC,
PerkinElmer model Pyris Diamond DSC. The temperature and
heat flux scales of the DSC were calibrated by measuring the
temperature and the enthalpy of the fusion of reference
materials,’>*' namely, benzoic acid,** perylene,*' 1,3,5-triphenyl-
benzene,*" o-terphenyl,*’ anthracene,*’ naphthalene,*’ diphenyl
ether,*® 1,3-difluorobenzene,*® 1-heptanol,** and 1-hexanol,** at a
temperature scanning rate of 0.0833 K s *. All the experiments
were performed under an inert atmosphere using a constant flow
of N, (g) (50 mL min") and hermetically sealed aluminium
crucibles of 50 pL. The mass of the samples (about 5-20 mg)
was measured using an ultra-microbalance Mettler Toledo model
UMT2, with a readability of 0.1 pg and an experimental repeat-
ability of 0.2 ng. The detailed experimental results and procedure,
concerning the phase behavior of ChCl, are given in the ESIf
(Section S2).

High precision heat capacity measurements

The heat capacities at T = 298.15 K of choline chloride were
measured using a high-precision heat capacity drop calorimeter,
already described in detail in the literature.**™” Details concerning
the calibration and accuracy tests as well as the row experimental
data are provided in the ESIt (Section S3). The stated accuracy of
this methodology for the measurements of the heat capacities of
liquids and solids at T = 298.15 K is better than 0.5%.

Temperature dependence of the heat capacity

The standard molar heat capacities (p = 10° Pa) of the o
crystalline phase of the pure choline chloride were measured
(more details in ESI,} Section S4) in the temperature range
between 283 and 333 K with an uncertainty of 0.5%, via heat-
flow differential scanning microcalorimetry (HC-DSC), using a
SETARAM microDSC III. Furthermore, the heat capacity of the
crystalline phase was also measured, with an estimated
uncertainty of 3%, in the temperature range between 363 and
419 K by power compensation differential scanning calorimetry
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(DSC), using a PerkinElmer PYRIS Diamond DSC. In the latter
apparatus, highly pure (99.999%) gaseous nitrogen was used as
protective gas (50 ml min~'). Regarding the experimental
procedure, in both cases, the isothermal step method was used,
and the calibration was performed using highly pure synthetic
sapphire (a-Al,O3, NBS SRM-720).*>*® For the HC-DSC mea-
surements, AT, = 10 K, heating rate = 0.3 K min Y, isothermal =
2400 s and for the DSC measurements, AT, = 5 K, heating rate =
5 K min~ ", tigothermal = 600 s conditions were applied. All samples
were prepared in a glovebox under a dry nitrogen atmosphere.

The experimental solid-liquid equilibrium of ChCl + water
mixtures

The SLE of the choline chloride + water mixtures was investi-
gated using three different methodologies:

Procedure 1 - differential scanning calorimetry. The SLE
data of the aqueous solutions of mole fractions of ChCl
between 0.007 and 0.329 were investigated using a differential
scanning calorimeter (NETZSCH, model 204 F1 Phoenix,
combined with a closed-loop intracooler unit) using a nitrogen
flowing system. The methodology employed here is based on the
theory developed by Kousksou and co-authors,*>*° in which the
freezing points of ice in equilibrium with ethanol + water mixtures
were determined from the consecutive heating-cooling DSC cycles
with different heating rates. The authors found out that there is a
linear relationship between the measured peak melting tempera-
ture of ice and the specific flow rate registered by the DSC at
different heating rates, and then the equilibrium temperature can
be calculated at a hypothetical heating rate of 0 K min ",
corresponding to the corrected water freezing point in the
mixture. Besides the well-description of the SLE of the aqueous
solution of ethanol, this methodology has been successfully
employed to describe the freezing points of ice in other binary
aqueous solutions.”

Procedure 2 - differential scanning calorimetry. The SLE
data of the aqueous solutions of mole fractions of ChCl
between 0.100 and 0.901 were investigated using a differential
scanning calorimeter (PerkinElmer model Pyris Diamond DSC)
at a heating rate of 0.0833 K s ' (5 K min~ ') and a constant flow
of high purity (99.999%) gaseous nitrogen as the protective gas.
A detailed description of the sample preparation and thermal
procedures is presented in Sections S5 and S6 of the ESL¥

Procedure 3 - the shake-flask method. The solubility of the
aqueous solutions of choline chloride with salt mole fractions
within the range of 0.486-0.515 was carried out by the isothermal
shake-flask method, which is described in detail in previous
studies by our group.****>> A small excess amount of choline
chloride was added in a sealed glass flask containing around
50 ml of water. The flask was placed in an isothermal bath
equipped with an external temperature Pt100 sensor (+0.1 K).
The mixture was agitated for at least 6 hours, followed by at least
12 hours of settling, which was found to be the minimum
required conditions to reach the equilibrium. Then, at least three
independent samples of around 3 ¢cm® were removed from the
mother solution using all-glass syringes coupled with nylon filters
(0.45 um pore size). Each sample was diluted in ultra-pure water

This journal is © the Owner Societies 2022
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and analyzed by refractometry (Anton Paar, model Abbemat 500)
with a reproducibility within 4+5.107°. Each reported data point
was calculated as the average value of at least six readings.

Results and discussion
The thermal behavior and stability of choline chloride

Fig. 1 depicts the solid-solid transition from phase o to phase 8
of an experiment performed at a scanning rate of 0.083 K s~ *
(5 K min™"), where the crystals of choline chloride were heated
from 298 K to 353 K (an isothermal step of tisothermal = 200 S)
followed by cooling at a same scanning rate until 298 K. The
micrographs presented were taken at temperatures of 343 and
353 K in both the heating and the cooling cycles. It is possible
to see, from pictures A, B and D, that phase o shows birefrin-
gence crystals and that phase B (picture C) does not show an
observable birefringence.

The morphology change of the dry ChCl at relatively high
temperatures and scanning rates was also evaluated in order to
have an optical evaluation of the decomposition process. Fig. 2
presents optical images from 7; = 298 K to Tr = 673 K, at a
scanning rate of 1.5 K s~ ' (90 K min ™). At T = 607 K, the yellow
coloration indicates the beginning of the ChCl decomposition
in excellent agreement with the DSC results (Section S2 of the
ESIT). The crystalline type material of ChCl can be observed

View Article Online

PCCP

until T = 670 K; after this temperature, a full decomposition
occurs, which is also in agreement with the observed DSC
measurements performed at the same scanning rate.

In order to complement the study of the decomposition of
ChCl by polarized light optical microscopy, the kinetics of
decomposition was followed by DSC. The onset temperature
of the decomposition process, Tqec, Was evaluated at different
scanning rates (5, 10, 20, 90 and 200 K min ). The detailed
experimental data are available in the ESIT (Section S2). Fig. 3
depicts the fitting between the In(scanning rate/(K min~')) and
YT (K.

The linear dependency observed between In(scanning rate
/(K min™")) and 1/T (K™') is a strong indication of a kinetic
controlled decomposition process.

The solid-solid transition of choline chloride

In order to evaluate a possible effect of the thermal history in
the solid-solid transition of choline chloride, the same sample
and crucible were submitted to repeated temperature cycles by
DSC, submitting the sample to a successive increase of the oven
temperature (after the temperature of transition). Fig. 4 depicts
the thermograms of successive heating and cooling at a
scanning rate of 0.0833 K s™' (5 K min™") from T; = 298 K to
T¢ = 368 K in the first run; to T¢ = 423 K in the second run; and
in the last run the final temperature of the scanning run was

Fig. 1

Illustrative polarized light optical microscopy micrographs of the choline chloride solid—solid transition performed at a scanning rate of

0.083 K s, Magnification 400x. (A) o phase at 343 K (heating cycle); (B) o phase at 353 K; (C) p phase at 353 K; (D) o phase at 343 K (cooling cycle).

Fig. 2

This journal is © the Owner Societies 2022

Illustrative polarized light optical microscopy micrographs of pure choline chloride (scanning rate 90 K min™). Magnification 400 x.
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In{Scanning rate/(K-min-')}
N

0 1 1 1
0.00155 0.0016 0.00165 0.0017

1717 (K1)
Fig. 3 Plot of In(scanning rate/(K min~) as a function of the inverse

of the onset temperature of decomposition, 1/T (K™%): In(scanning
rate/(K min™1) = —29.7 x 10%/T (K™Y + 52.4.

0.00175

¢/ mW

T/K

Fig. 4 DSC thermograms for choline chloride (7.4 mg) heat flow versus the
temperature: scanning rate = 5K min~% — 1strun, T; = 298 K and T; = 368 K; —
2ndrun, T, = 298 Kand T; = 423 K; and — 3rd run, T, = 298 K and T; = 513 K.

T; = 513 K. No significant change on the shape and onset
temperature was observed from o to  upon the heating
process. The reverse solid-solid transition process (B to o, upon
cooling) presents a small (20 to 30 K) undercooled temperature
offset, which is dependent of the thermal history, temperature
scanning rate, sample size, etc. (e.g. as depicted in Fig. 4).
Overall, the observed solid-solid transition (o to B) is reversible
and associated with higher enthalpic and entropic changes.
Table 1 summarizes the results obtained by DSC, concerning
the (o to B) solid-solid transition at a standard pressure (p° =

0.1 MPa), namely: temperature Tgs, molar enthalpy A?EH;(TSS),

S
and molar entropy AS. (74) of the (o to B) solid-solid transition.
These results are in excellent agreement with the results by

Petrouleas and Lemmon.>® Moreover, the observed heat capacity
=16+
5J K~! mol™! (derived from the heat flow base line change at the
(o to PB) transition, following the methodology described by Serra
et al”’), is remarkably high, in line with the high enthalpic and
entropic changes associated with this phase.

change associated with the solid-solid transition A% C;m
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Table 1 Solid—solid transition temperature, Ty, standard (p° = 10° Pa)
molar enthalpy, A% H2 (Ty), and entropy, ASe (Ty), of the solid-solid

transition of ChCl

AGHA (T AGSH(Ts)]

Tss/K kJ mol™* JK ' mol™

This work 352.2 £ 0.6 16.3 + 0.1 46.4 + 0.8
Petrouleas and Lemmon®® 35143 16.5 + 0.2 47.0 £ 0.8

The expanded uncertainties of the experimental results, including the
calibration uncertainty, were assigned based on independent experi-
ments as ¢ X s/y/n, where ¢ is obtained from student’s ¢-distribution
(0.95 level of confidence), s is the standard deviation and n is the
number of independent experiments.

The high precision heat capacity of ChCl at 298.15 K

The heat capacities at T = 298.15 K of choline chloride were
measured using a high-precision heat capacity drop calorimeter,
previously described in detail in the literature.**™ Details
concerning the calibration and accuracy tests as well as the
raw experimental data are provided in Section 3 of the ESIL.{ The
stated accuracy of this methodology for the measurements of
the heat capacities of liquids and solids at 7 = 298.15 K is better
than 0.5%.

In Table 2, the standard molar heat capacities at 298.15 K of
choline chloride are listed, together with the mass of sample,
Msample, Used in two independent series of drop experiments,
Narop- The reported uncertainty is twice the standard deviation
of the mean and includes the calibration uncertainty. The
relative atomic masses used were those recommended by the
IUPAC Commission in 2016,°® the molar mass of choline
chloride, M = 139.6242 g mol .

The molar heat capacities of choline chloride have already
been measured by Chemat et al.>® using DSC in the temperature
range from 303.15 K to 353.15 K. The derived molar heat capacity
of choline chloride at T =298.15 K by Chemat et al.>® (ChCl at
298.15 K = 191.9 ] K" mol ") is significantly lower (10%) than
the results present here. The magnitude of the deviation is
attributed to the uncertainty of the results by Chemat et al.,*®
typical of heat capacity measurements performed by DSC.

The heat capacity temperature dependency of the solid choline
chloride

The heat capacity of the a phase of choline chloride was
measured by HC-DSC and the heat capacity of the B crystalline
phase was measured by DSC. Both sets of data are listed in
Table 3. The heat capacity for the o phase was additionally
evaluated by DSC (experimental details, raw data and addi-
tional information are available in Section S4 in the ESIY). Fig. 5
depicts the molar heat capacities as a function of temperature
for the o and B phases. The result obtained by drop calorimetry
at 298.15 K of the o phase is also depicted. The experimental
result derived by HC-DSC at 298.15 K (208.7 & 1.0 J K™ * mol ) is
in excellent agreement with that obtained by drop calorimetry
(209.2 + 0.8 ] K" mol™"). Considering the estimated uncertainty
of the DSC measurements, the heat capacity results obtained for
the o phase are in very good agreement with those obtained by

This journal is © the Owner Societies 2022
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Table 2 Molar heat capacity C; ,, results at T = 298.15 K for choline chloride. The calibration constant used to calculate C; , was derived from sapphire

INBS, SRM 720, (a-Al,O3)] calibration (6.6541 + 0.0206 W V™Y

Exp msamp1e/g Ndmp Tturnace/ K Teatorimeter/ K T/IK C;Am/-] K ! mol? C;‘m/.] K-! mol~?
I 0.36420 52 303.27 293.19 298.23 209.2 £ 0.8
i 0.40293 11 303.25 293.20 298.22 209.5 + 0.8 209.2 £ 0.8

Narop = number of drop experiments; Trymace = average temperature of the furnace; Teatorimeter = average temperature of the calorimeter; the
uncertainty reported is twice the standard deviation of the mean and the calibration uncertainty is included.

Table 3 Experimental molar heat capacities of ChCl (o« and B phases)

HC-DSC (o phase) DSC (o phase) DSC (B phase)

Conl K7 Conl K7 Conl K7
T/K mol ! T/K mol ! T/K mol "
283.34 200.98 282.9 205.1 363.6 261.7
293.38 206.39 287.9 207.1 368.6 262.8
303.42 211.60 292.9 208.5 373.7 264.1
313.45 216.79 297.9 211.9 378.8 266.5
323.47 222.30 303.0 214.9 383.9 267.6
333.50 227.50 308.0 215.1 388.9 269.9
322.9 219.3 394.0 272.0
328.0 221.9 399.1 273.0
333.0 224.1 404.2 274.4
338.1 225.2 409.2 276.0
414.3 278.0
419.4 278.6
HC-DSC:  heat-flow differential  scanning  microcalorimetry:
u(C, ) = 0.005; U(T) = 0.05 K. DSC: power compensation differential

scanning calorimetry: u(C, ) = 0.03; U(T) = 0.5 K.

HC-DSC, which supports the assigned uncertainty of the results
obtained by DSC for the f crystalline phase of ChCl.

The experimental heat capacity data of the o and f§ phases of
pure choline chloride were fitted with temperature, according
to the following equation:

Com=a+b-(T/K). (1)

The a and b coefficients are listed in Table 4 for o and B phases
considering the series of experimental results obtained in
HC-DSC and in DSC, respectively.

The extrapolation of the heat capacity using the fitted
equations was used to derive the heat capacity change of the
o to P transition, A:gC;,m, at the transition temperature (Tss =
352.2 + 0.6 K) as depicted in Fig. 5.

The  caleulated — A%C, . =C, . (B.Ts) = C, (0. Ty) =
20+3J K !'mol~!, taken as the difference between the
heat capacities of the o and P crystals at the solid-solid
transition, is in excellent agreement with the estimated result
(16 = 5 J K* mol ") obtained in the study of the o to B
transition of choline chloride by DSC. The temperature
dependency coefficient “b”’ observed in the B phase (0.320 +
0.007 J K> mol ") is significantly lower than the corresponding
coefficient of the o phase (0.528 & 0.003 ] K> mol "), which is
in agreement with the high entropy change observed in the o to
B phase transition.

This journal is © the Owner Societies 2022
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[(C;,,) = 0.005; U(T) = 0.05 K)I; [J:  phase, DSC [u(C,,,) = 0.03; U(T) =
0.5 K] A: o phase, Drop Cp; l: B phase, DSC.

The estimation of the heat capacity of the hypothetical liquid
ChCl

The heat capacities at T = 298.15 K of choline chloride and water
binary mixtures (mole fraction X < 0.4) were measured using
a high-precision heat capacity drop calorimeter. The detailed
experimental results and procedure are given in the ESI¥
(Section S3). Fig. 6 depicts the standard molar heat capacities of
choline chloride and water binary mixtures, at 7= 298.15 K, as a
function of the mole fraction of choline chloride, xchq. The
hypothetical heat capacity of the liquid choline chloride at
298.15 K was estimated to be C;}m (Chcl, 1, 298.15 K) = 249 +

10 J K ' mol " by the linear extrapolation of the heat capacities of

Table 4 The a and b coefficients of the molar heat capacity, C; . of the
pure crystalline phases of ChCl

Crystalline

Technique phase Trange/K a/J K ' mol ' b/J K> mol ' o,z (%)

HC-DSC o 283-333 51.3 £0.9 0.528 £ 0.003 0.2
DSC B 363-419 145 + 3 0.320 £ 0.007 0.4
oriit(%) = x 100, in which n is the number of points

used in the fit and m is the number of estimated parameters (in this
case m = 2).
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p,m

the binary mixtures (ChCl + H,O) in the molar fraction range of
0.2 < Xcha < 0.4). The same result was compared with the
estimated prediction of C, (ChCl, lig, 298.15 K) = 259 +
20J K ' mol ™", obtained by the combination of the experimental
result of the crystalline ChCl, C, (ChCl, cr, 298.15 K) = 209.2 +
0.8 J K' mol " and considering the typical solid-liquid heat
capacity change of ALC, A~ 50420JK™!mol~!.***" Both
results are in good agreement.

Moreover, the analysis of the heat capacities of the binary
mixtures indicates a negative excess heat capacity mixing in the
region of the low mole fraction ChCl (0 to 0.2), followed by a
quite linear relationship between 0.2 and 0.4 mole fractions
of ChCL

The solid-liquid phase diagram of choline chloride and water

The results of an extensive study of the solid-liquid equilibrium
of the ChCl + water binary system obtained by DSC are
presented in Fig. 7. The detailed information concerning the
raw data for each mixture composition (mole fraction xcha),
eutectic temperatures, solid-solid transition temperatures,
melting temperatures, and thermograms are available in the
ESIT (Section S6).

The results reported in Fig. 7 show that the (ChCl + H,0)
system presents a eutectic type behavior (comparison to the
literature in Fig. S7, ESIT) with a eutectic composition close to
Xchal = 0.2 and a eutectic temperature of 7 = 204 K. It is
remarkable that the solid-solid transition of the solid phase
of choline chloride in the presence of water is observed at a
temperature around 10 K below the temperature observed for
the solid-solid transition in pure ChCL This temperature shift
should be related to the incorporation of water into the ChCl
crystal structure observed by PXRD and discussed below.

The observed solid-solid transition, associated with the
choline chloride, Ty (ChCl) = 352.2 + 0.6 K, presents an

14892 | Phys. Chem. Chem. Phys., 2022, 24, 14886-14897
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H,0); B - solid—solid transition of ChCl; @ — eutectic transition. U(T) = 1 K.

endothermic and reversible transition which was correlated
with the mole fraction of ChCl as shown in the Tammann plot
presented in Fig. 8. The intercept composition (based on the
Tammann plot xcpg = 0.47) is in excellent agreement with the
composition where the solid-liquid derivative discontinuity is
observed in the correspondent phase diagram. However, its
value does not extrapolate to the solid-solid enthalpy of the
phase transition of pure ChCl. Instead, an estimated AHg =
17.3 + 1.0 k] mol ™" is obtained, which is 6% larger than that
observed for pure ChCl. The differences observed in AHy and
Tss converge into the idea that the ChCl B solid phase is
modified in the presence of water as discussed below.

Crystal structure resolution by PXRD

The hydrated sample of ChCl was studied at 358 K using
powder X-ray diffraction revealing the presence of a poor
crystalline material alongside with a significant amorphous
component (see Fig. 9). The structure details were investigated
using a long data acquisition which allowed the indexation of
the powder pattern solely in the triclinic crystal system, mostly

- 20|
E
—E' 150 | { by
%
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100 | }
9
50 | .
¢
. S .
0.0 02 0.4 0.6 0.8 1.0

Xchcl

Fig. 8 Tammann diagram of the solid—solid transition for the binary
system choline chloride and water. The solid—solid transition observed
at Tes = 340 &+ 1 K. Wl AHss = 16.3 + 0.1 kJ mol™? (this work).
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structure model.

motivated by the poorly resolved and low-intensity few reflections
available. A structure model could be derived only in P1 with the
unit cell (see Table S1, ESIt for details; please note: unit cell not
given as the Niggli reduced form) containing two chloride anions,
two choline cations and a partially occupied water molecule of
crystallization. Remarkably, this solution was reproducibly
obtained starting from distinct molecular conformations, with
the occupancy of the water molecule typically converging to a
value around 0.20, which gives a 0.10 value per choline cation, i.e.
a hydrated crystal with about xchcy = 0.9. The structure location of
the water molecule (the inset in Fig. 9) permits the existence of
supramolecular contacts (hydrogen bonds) with neighbouring
chloride anions and the hydroxyl groups of the choline cation.
This structural model fits well with the data acquired for the
ChCl + H,0 solid-liquid phase diagram, indicating that the solid-
solid transition occurs at a different temperature due to the
inclusion of a small amount of water in the ChCl crystal structure,
modifying it and creating a solid solution as suggested in the
sketched phase diagram.

BC{'H} CP MAS NMR studies (Fig. 10) on the starting
material and that obtained by heating in situ up to 358 K
corroborate the structural the aforementioned features: at
ambient temperature, the material is poorly crystalline with
the spectrum being dominated by a resonance centred at
around 52.9 ppm; at 358 K, the material becomes overall more

This journal is © the Owner Societies 2022

crystalline (structurally more organised), with the signal-to-
noise clearly improving and with the observation of a broad
resonance centred at around 70.5 ppm attributed to the -CH,-
moiety directly connected to the nitrogen of the choline cation.
Noteworthy, the full width at half maximum of this resonance
is larger than that attributed to the remaining resonances, in

358K

100 80 60 40 20 0

Fig. 10 C{*H} CP MAS NMR spectra of choline chloride collected at
room temperature (RT) and after heating in situ up to 358 K.
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agreement with the presence of two of such moieties in the P1
unit cell.

Thermodynamic assessment of the liquid phase non-ideality

The non-ideality of water in the studied system can be estimated
from the melting point depression data as briefly described in the
ESIt (Section S7). The resulting activity coefficients are presented
in Fig. 11, where they are compared with the activity coefficients
for water in the same system estimated from water activity
measurements at 298.2 K.°> The two sets of data are in good
agreement, with the data estimated from the SLE measurements
showing a slightly higher deviation from ideality due to being
measured at lower temperatures, and the interactions between the
two compounds, being dominated by hydrogen bonding and
electrostatic contributions, are expected to increase as the tem-
perature decreases. The COSMO-RS model®®* provides (for
details, see Section S7, ESIt) a good description of the experi-
mental data at 298.2 K, with some overestimation of the liquid
phase non-ideality that is related to the lack of a term in COSMO-
RS to describe the contribution of the long-range interactions. The
COSMO-RS predictions are, nevertheless, reliable enough to be
used to analyze the non-ideality of the liquid phase of this system.

The COSMO-RS predicted activity coefficients at 298.2 K for
water and ChCl are shown in Fig. 12. In spite of the known
tendency of the model to overestimate the non-ideality of this
system, as discussed above, the model predictions show
that for a ChCl composition range between mole fractions of
0.5 and 1, ChCl has a near-ideal behavior in the liquid phase.
These small deviations from ideality are certainly further
attenuated at the higher temperatures of this phase diagram.
In this concentration range, there is very little dissociation of
ChCl and the liquid phase is composed essentially of ion
pairs.*® This can explain the near-ideal behavior since, under
these conditions, the molecular interactions are dominated by
hydrogen bonding,***® and no longer by electrostatic interac-
tions, and water can supply broken hydrogen bonding resulting
from the dissolution of ChCl.
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View Article Online

Paper

0.0 0.2 0.4 0.6 0.8 1.0

Xwater

Fig. 12 COSMO-RS predicted activity coefficients at 298.2 K for water
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Conclusions

This work contributes significantly to increase knowledge on
the characterization of ChCl and the solid-liquid phase diagram
of the ChCl + H,O binary system. The solid-solid (« to ) phase
transition temperature (352.2 K) and enthalpy (16.3 kJ mol )
have been confirmed. Heat capacities of the o form have been
measured between 283 and 333 K. For the B form, heat capacities
are now known for the first time, in the temperature range
between 363 and 419 K, allowing the estimation of heat capacity
changes upon the solid-solid transition. Based on the data on
the heat capacities of aqueous choline chloride solutions, it was
possible to estimate the hypothetical heat capacity of the liquid
(ChCI) of ~ 249 4+ 10 ] K" mol " at 298.15 K.

Concerning the solid-liquid phase diagram, the eutectic
point has been estimated to be at 204 K and the ChCl mole
fraction close to 0.20. On the other hand, the solid-solid
transition of the solid phase of choline chloride in the presence
of water is observed at a temperature of around 10 K below the
temperature observed for the solid-solid transition in pure
ChCl. Therefore, a new structural model is proposed, including
a small amount of water in the ChCl crystal structure, modifying
it, and creating a solid solution that fits the SLE diagram and
PXRD data. Finally, it was shown that water presents a strong
negative deviation from ideality in the binary water + ChCl
mixture while, when the solid phase is ChCl, choline chloride
shows a behavior close to ideality.
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