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In pursuit of understanding structure{property relationships for the melting point depression of binary eutectic
mixtures, the in uence of the anion on the solid{liquid (S{L) phase behaviour was explored for mixtures of
glutaric acid + tetraethylammonium chloride, bromide, and iodide. A detailed experimental evaluation of
the S{L phase behaviour revealed that the eutectic point is shifted towards lower temperatures and higher
salt contents upon decreasing the ionic radius. The salt fusion properties were experimentally inaccessible
owing to thermal decomposition. The data was inter- and extrapolated using various models for the Gibbs
energy of mixing tted to the glutaric-acid rich side only, which allowed for the assessment of the eutectic
point. Fitting the experimental data to a two-parameter Redlich{Kister expansion with Flory entropy, the
eutectic depth could be related to the ionic radius of the anion. The anion type, and in particular its size,
can therefore be viewed as an important design parameter for the liquid window of other acid + salt-based

deep eutectic solvents/systems.

I. INTRODUCTION

The term deep eutectic solvents (DESs) was coined
at the beginning of this century!. This has caused a
paradigm shift in the application of eutectic mixtures;
their liquid phase has since then been regarded as sol-
vent phase. The exact de nition of DESs is still under
discussion;2{* here we adopt the following: deep eutectic
solvents/systems are mixtures that melt signi cantly be-
low the ideal eutectic temperature. Being eutectic mix-
tures, the melting point of DESs is lower than that of
its pure constituents, showing a minimum at the eutec-
tic composition. As many binary mixtures show eutectic
behaviour, this has given rise to a wide variety of ap-
plications in addition to the traditional use of eutectic
systems. Up to some extent, DES properties (e.g. Vis-
cosity, electric conductivity, density) can be tailored to
an application by adapting the composition or by choos-
ing the appropriate components. Current development
of novel DESs is mostly application driven, while a ratio-
nal design of DESs is viable only once structure{property
relationships are established.

The solid{liquid (S{L) phase behaviour of a eutectic
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mixture determines the compositions and temperatures
at which it can be applied as a liquid. The phase di-
agram of a DES, and with it its eutectic depth, can be
steered by the proper selection of its constituents. Al-
though the evaluation of the S{L phase diagram for novel
eutectic solvents is gradually becoming the norm, system-
atic studies to how the S{L phase behaviour of DESs de-
pends on its constituents are relatively scarce. A study
on mixtures of dicarboxylic acids and quaternary am-
monmium bromide salts showed that the liquid window
is mostly controlled by the acidity of the carboxylic pro-
ton, the displacement of the bromide, and the bulkiness
of the cation®. Other work showed that changing the
alkyl-chain length of fatty acids and tetraalkyl bromide
ammonium salts has a moderate e ect on the eutectic
phase behaviour when mixed with a weak hydrogen bond
donor*®. This is corroborated by the minimal interac-
tions between the alkyl side-chains of the ammonium
cation and the acceptor site of urea’ and minor interac-
tions between carboxylate anions and ammonium cations
in solution®. However, when two quaternary ammonium
salts are combined, the cation functionalisation has a
large e ect on the resulting phase diagram via the chlo-
ride anion®. Other studies have as well ascribed a pivotal
role to the chloride anion in eutectic systems, both in the
resulting liquid structure and bulk properties’-1%-11. Apb-
bott et al.! hinted on a strong in uence of the anion on
the S{L phase behaviour of choline salts + urea derivates.
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FIG. 1. Structural formula and abbreviations of the studied
components

However, only mixtures with a molar ratio of 2:1 have
been evaluated, while the eutectic point is not limited by
stoichiometry and a wide composition range should be
considered to gain insight in the S{L phase behaviour.

Inspired by the choline-based systems, we studied
mixtures of glutaric acid (GIluA) and tetraethylammo-
nium halide salts (Et;NX) in the present work (Fig.
1). GIuA is a naturally occurring dicarboxylic acid
that was selected because it exhibits versatile phase be-
haviour when mixed with other organic components,
ranging from eutectic mixtures'?{*” to liquid miscibil-
ity gaps'?'3 and co-crystals’®{?3, Eutectic mixtures of
GluA and choline chloride (ChCI) show strong melting
point depressions.*16 However, carboxylic acids can re-
act with the alcohol moiety of choline,'6-24 which is why
the more inert tetraalkylammonium salt was selected in-
stead of ChCIl. Previous work?® showed that GIuA +
Et4NCI forms a chemically and physically stable liquid
at room temperature, implying a large melting point de-
pression and strong negative deviations from ideal eutec-
tic behaviour.

It may be expected that exchanging the Cl anion
with the bulkier Br and | signi cantly a ects the eu-
tectic phase behaviour. To elucidate this shift, the S{L
phase diagrams of GIuA + Et4NCI, GIuA + Et,NBr, and
GIuA + Et4NI were constructed experimentally over a
broad composition range using a wide variety of analysis
techniques. Additionally, the solid phase was evaluated
using wide-angle X-ray scattering (WAXS) at miscella-
neous temperatures and compositions, since both GIuA
and Et,NX are polymorphic materials?®t2° and can form
co-crystals'®23:30 The resulting phase boundaries were
described quantitatively using various suitable thermo-
dynamic models3132, Through these steps, the in uence
of the anion on the transition from an ideal to a deep
eutectic mixture was unravelled.

1. EXPERIMENTAL
A. Chemicals

GIuA (>99 %), Et4NI (=98 %), Et4NBr (=98 %), and
Et4NCI (>98%), were purchased from Sigma-Aldrich
and dried for more than 48 h under high vacuum at 293{
298 K before usage. Using a Metrohm 899 coulometric
Karl-Fischer titrator with Merck CombiCoulomat fritt-
less medium, the water mass fractions of the dried solids

were determined from ethanol solutions (Wsolig 20 %)
to be approximately 800, 185, and 70 ppm for GIuA,
EtyNBr, and Et4NCI, respectively. Anhydrous ethanol
(= 99:5%, wh,0 90 ppm) was also acquired from
Sigma-Aldrich, all chemicals were stored in a glovebox
with dry nitrogen atmosphere (Wn,o0 < 2 ppm, typically
< 0:1ppm). Cyclohexane (100 %, gas-chromatography)
was obtained from TCI chemicals.

B. Sample preparation

All samples were prepared in a glovebox with dry ni-
trogen atmosphere. The pure components were weighed
separately on an analytical balance with a resolution of
0:1mg before being mixed at the desired composition.
GluA + Et4NI and GIuA + Et4yNBr samples were typi-
cally mixed by grinding the weighed solids with a mor-
tar and pestle at ambient temperature (291{295K). The
solid mixtures were either used directly, or stored in
glass vials and added to the appropriate sample holders
when needed for analysis. Depending on the ratio of its
constituents, GIuA + Et4NCI would (partially) liquefy
upon mixing at ambient temperatures. This resulted in
a sticky paste, a viscous liquid with solids, or a clear lig-
uid. Samples that could be lique ed at temperatures at
or below 333 K were handled as a liquid.

C. Thermal analysis
1. Thermal stability

The thermal stability of the samples was evaluated
with thermogravimetric analysis (TGA) using a TA in-
struments Q500 TGA, the furnace was continuously

ushed with 40mL min ! dry nitrogen. The temper-
ature and weight accuracies were 0:1K and 2ug. The
sample holder was tared, then the sample (10{20 mg)
was prepared and transported to the equipment in a con-
cealed vial with dry nitrogen atmosphere. While loading
the sample into the furnace, it could not be prevented
that the sample was shortly (<2 min) exposed to the lab
atmosphere. The TGA data were acquired at a heating
rate (d =dt) of d =dt=1K min 1.

2. Di erential scanning calorimetry

A TA Instruments Q2000 di erential scanning
calorimeter (DSC) was used, equipped with a liquid ni-
trogen cooling system (LNCS). The cell was continuously

ushed with 50mL min * dry nitrogen. Samples of 5{
7mg were crimped into a hermetic Tzero pan under dry
nitrogen atmosphere, and an empty pan was used as ref-
erence. The samples were subsequently subjected to a
sample-speci ¢ heating program. Typically, d =dt =



1K min ! was applied, but other heating rates were ex-
plored as well. The melting points and solid{solid (S{S)
transitions of the pure components as well as the solidus
temperatures of the eutectic mixtures were determined
from the onset temperature of the corresponding peak
in the DSC thermogram unless stated otherwise. The
liquidus temperatures were extracted from the in ection
point, i.e. the minimum of the temperature derivative
of the heat ow at the descent of the liquidus peak. A
detailed description of the instrument calibration, tem-
perature programs, and data processing can be found in
the ESI. After data acquisition, the DSC pan was cut
open and its contents were dissolved in 1 mL of D,0O for
composition analysis with 1H-NMR.

3. Centrifuge method

Previous work3® gives a detailed description of this
method. The centrifuge tubes were sealed in dry and in-
ert atmosphere and the applied temperature calibration
is described in ESI 1.2.

4. Cloud point method

Mixtures of 5g with known composition were kept at
constant temperature under magnetic stirring at 250 rpm
by an IKA RCT basic hot plate with ETS D-5 controller
immersed in a stirred vial with glycerol (accuracy
0:5K, precision 0:1K). 0.01{0:1 g of pure solid was added
to the liquid, after which the mixture was equilibrated.
The mixture was then visually inspected; smaller addi-
tions and longer equilibration times were applied if the
solids did not readily dissolve. When the necessary equili-
bration time exceeded 3 h, the sample was left overnight.
If the sample remained turbid, we considered that the
liquidus phase boundary was crossed. The composition
was followed by correcting the initial composition with
the sum of the additions. The nal liquidus composition
was determined by *H-NMR spectroscopy for a small lig-
uid sample (collected without solids).

D. Crystal structure analysis

Crystal structures of the pure components and binary
mixtures were analysed with WAXS. WAXS data were
collected using a SAXSLAB GANESHA vacuum sys-
tem with a Pilatus 300 K solid-state photon-counting 2D
detector using a high brilliance Microfocus Cu Source,
Xenocs Genix3D, wavelength 1:541 84 A—\easurements
were performed in the transmission mode using a sample
to detector distance of approximately 60 mm and an ex-
posure time of 15min. Prior to each measurement series,
a silver behenate standard was used to correct for devia-
tions in the sample to detector distance. The scattering
intensity was measured as a function of the momentum

transfer vector: g =4 sin = , where is the radiation
wavelength and is the scattering angle. Samples were
transferred into a 1 mm, thin-walled (0:01 mm thickness),
glass capillary. The capillaries were prepared under dry
nitrogen atmosphere in a glovebox and sealed using a dot
of thermal glue before being transferred to atmospheric
conditions. The capillaries were loaded horizontally into
a Linkam temperature controlled stage connected to a
Dewar vessel with liquid nitrogen as coolant. A temper-
ature program was set for each sample, using a heating
rate of LK min ! and acooling rate of 10K min !, and
the samples were equilibrated for 10 min at each temper-
ature.

E. Composition analysis
1. 1H-NMR spectroscopy

Samples were dissolved in approximately 1mL D,0O
and added to a 5 mm thin-walled economic Wilmad NMR
tube. A Bruker BZH 400/52 spectrometer equipped
with an autosampler carousel was used, the spectra were
recorded in 16 scans with a relaxation time of 5s. The
TopSpin software used to control the equipment auto-
shimmed and auto-phased the spectra. The peaks were
integrated using MestReNova 10.0.2 software, after ap-
plying a Withaker Smoother baseline correction and
small phase corrections if necessary. Peak assignments
and the translation of peak integrals to mole fractions
are described in the ESI.

2.  Water content

Water content was determined via Karl-Fischer titra-
tion using a Metrohm 899 Coulometer equipped with a
generator electrode without diaphragm. Merck Combi-
Coulomat fritless was used as titration medium. 1g of
solids was dissolved in 4g anhydrous ethanol prior to
measurement. Approximately 1g solution was injected
per measurement. For each sample, the average value
of at least three measurements was taken into account.
The water content of the solids was calculated from mass
balance accounting for the water content of ethanol (typ-
ically 90 ppm).

1. THERMODYNAMIC MODELLING

At the S{L binodal (liquidus phase boundary), the
solid and liquid phase are in equilibrium and the cor-
responding chemical potentials of each component, j,
are equal:

S
i

i (€]
In simple eutectic systems, the solid phase is completely
immiscible. Therefore the chemical potential of solid i



equals that of the pure solid, § = TS Since the liquid
phase is considered to be completely miscible, the chem-
ical potential of component i in the liquid follows from
the molar Gibbs energy of mixing34, gb, as:

Ii_= L @(ng")

i @n;

@

T;PiNjei

By combining Egs. (1) and (2) the molar Gibbs energy
of fusion ( fusg;) and mixing (g-) of the liquid can be
related as:

@(ngL) — ;S ;L

an; i i (3a)
L
-+ (1 x»%ixi = i (3b)

We denote | as the change in liquid chemical poten-
tial of i upon mixing:
b=t " (42)
L
=gt )l ; 4b
gh+ (LX) g (4b)

combining Egs. (3) and (4) and normalising with RT
yields the liquidus temperature used to describe the eu-
tectic phase diagrams:

L

i — fusgi
RT _ RT (5a)
T= WGR (5b)
®rT

Here, fus0; can be written in terms of the molar en-
thalpy h; and entropy s; of fusion. At the melt-

fusg; at T can be obtained via the heat capacity di er-

ence between the solid and liquid phase c,.;(T):
usGi (T) = hi(T) T s(T)
T 2T
hy 1 — + i (T)dT
T pii(T) ©
T ¢, (T)
pii .
T . T dT:

Only for GIuA  c,,;(T) was taken into account, since the
cp of the liquid was inaccessible for the salts.  c,.;(T)
was described by a rst order polynomial:
pi(T) =AF A+ (Bf BY)T R
=209 0:340T

for which the values of parameters AL, AS, BL, and B}

were adopted from literature®®. For the salts Eq. (6) was
approximated as:

T
h; 1 T ®

fusQj =

When the liquidus temperature falls below the S{S tran-
sition temperature of the equilibrium solid, Egs. (6) and
(8) were expanded:

T T
h; 1 Tl whi 1 =
ZTtr;i ZT

e (T)dT + e, (T)dT
i Ttr;i

Z: L Z:
wi =C(T) Cp:i(T)
— B YT T — BT
T T - T

i tri

fusdi = +

tr;i

T

)
and

T T
fusdj = hy 1 — + hy 1 ;
e l T; o Ttr;i

(10

where and
transition (tr).

The g- of the binary mixtures was based on Flory
entropy in combination with two expressions for the
enthalpic contributions to the molar Gibbs energy of
mixing: the zero and rst order Redlich{Kister (RK)
polynomial®®, and the non-random two-liquid (NRTL)
model®®. The two tting parameters of RK, ko and
ki, respectively correspond to the binary interaction pa-
rameter from regular solution theory, , and what can
be seen as a three-body interaction parameter that de-
scribes enthalpic asymmetries in the molar Gibbs energy
of mixing32:

refer to the solid states in the ¥ S{S

gL
2= + +
RT X1 In 1+ Xo In 2 (11)
X1Xo[kg +Ki(X1  X2)];
where the volume fraction ; is de ned as:
iVi
i= ; 12
= (12)

with v; the molar volume of component i, assuming iso-
metric mixing. For k; = 0 Eq. 11 is also called the
Margules equation®’. For NRTL the molar Gibbs energy
of mixing is de ned as:

gt
=— =x1Iln 1 +Xx5In >+
RT
(13)
X1%o 21G21 12G12
Y2 X+ %G X1Gz +Xp
where
G =ex
12 p( 12) (14)
Go =exp( 21);
with  being the non-randomness parameter and
12 = 912
021,

21T RT



012 and @p; are the di erences in interaction energy
between mixed pairs (1{2 and 2{1) and the pure pairs (2{
2 and 1{1)3°, respectively. However, the values for gi»
and gp1 should be interpreted with care, because the
NRTL model is prone to solutions with local minima.
The phase diagrams tted with Eq. (13) were there-
fore optimised using a two-step approach. The rst step
comprised the identi cation of the (local) minima for 200
randomly generated initial parameter sets, by minimising
objective function:

(T (TP XE0; )

Tobj,ini = in TXP)2; (16)

n
where n is the number of experimental data points
(T&*P; x**P) and p is a vector of tting parameters. The
solution with the lowest residuals was used as initial guess
for nal objective function:

>
(T (X205 P)

fObj = in? Tgxp)z: (17)

n

The RK model is less sensitive to local minima and could
be tted directly using Eq. (17).

In the diluted regime deviations from ideal mixing be-
haviour as a result of intermolecular interactions are neg-
ligible. However, salts can dissociate and carboxylic acids
can associate e.g via dimerisation. In those cases, colliga-
tive properties | such as the melting point depression |
are governed by the e ective mole fraction of diluted con-
stituent j. The mole fraction x; and the e ective mole
fraction X, .j can be related via the Van 't Ho factor,
Fvtn:

(18a)
(18b)

In order to determine whether salt dissociation or acid
dimerisation should be taken into account, the deviations
from ideal eutectic behaviour (Fyiy = 1) in the dilute
regimes were evaluated.

The fusion properties of the Et;NX salts could not be
determined experimentally because they decompose be-
fore melting. The tting parameters where therefore de-
termined by tting the S{L phase boundary at the GIuA-
rich side only.

Xe :j = FyvthX;j

Xe ;i =1 FvXj:

IV. RESULTS AND DISCUSSION
A. Pure components

Prior to studying the eutectic mixtures of GIuA and
Et4NX salts, the thermal properties of the pure compo-
nents were determined and veri ed with literature.

1. Glutaric acid

The DSC thermograms of GIuA (Fig. S6) exhibit
two endothermic phase transitions upon heating: the

S{S transition from the -phase to the -phase, and
the melting of the -phase. The ¥  transition
was con rmed with WAXS (Fig. S7), the di raction
patterns are similar to those in literature?”-38. The

T transition temperature (343.8 0:8 K) and enthalpy
(2.46 0:10kJ mol 1) are in agreement with literature
values, considering the transition temperature is sensi-
tive to the applied heating rate. The GIuA melting
point (369:0 K) was slightly lower than that reported in
literature (370.9{372:2K), while the enthalpy of fusion
(21.2 1:0kJ mol 1) matched literature values (19.8{
23kJ mol 1)12:26:38.39 The GluA was extensively dried
but not recrystallised before use, which might be nec-
essary for a higher onset temperature. A table with the
relevant literature values and a comprehensive discussion
are available in the ESI.

2. Tetraethylammonium halides

All studied Et,;NX salts decompose before melting.
EtyNI, EtyNBr, and Et4NCI start decomposing at 493,
468, and 450 K, respectively. The weight loss curves (Fig.
S9) are similar to those in literature*®, but the extracted
temperatures are (slightly) lower owing to the di erence
in reported heating rate and data extraction methodol-
ogy. One or two relatively small step-wise weight losses
were observed before complete decomposition, these are
unlikely to impact the phase behaviour of the studied
salts and are discussed in more detail in the ESI. The
DSC thermograms were obtained until 493, 468, and
443 K for Et4NI, Et4NBr, and Et4NCI, respectively.

For each of the Et4NX salts one or more S{S transitions
were observed with DSC and WAXS, analogous to other
studies?829-41.42 where S{S rearrangements have been ob-
served with infrared?® and solid-state *H-NMR*142 spec-
troscopy. The recorded DSC thermograms and WAXS
patterns can be found in sections 2.3{2.5 of the ESI, along
with tables in which the obtained transition temperatures
and enthalpies are compared to those in literature. Et;NI
showed a clear endothermic S{S transition from phase
Il to phase | at 466:5K (23:0kJ mol 1), the structural
changes in the crystal were con rmed with WAXS. For
Et;NBr two S{S transitions were observed, one (I11 ¥ II)
at 440K (19:1kJ mol 1) and asecond (11 ¥1) at 463:3K
(1:5kJ mol 1), which is at the brink of decomposition.
Only the 111 ¥ |l transition was con rmed with WAXS,
since the stability of the sample could not be guaranteed
above 463:3 K under vacuum. Et4NCI exhibited four en-
dothermic S{S transitions at the rst heating cycle, of
which only the transition at 394:0K (7:2kJ mol 1) re-
occurred on the second and third cooling{heating cycle of
the DSC thermograms and WAXS patterns. A detailed
discussion on the initial S{S transitions can be found in
the ESI.

For Et4NI and Et4NBr the S{S transitions occur close
to the boiling temperature of GIuA; hence, it is unlikely
that these will a ect S{L the phase behaviour of their
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FIG. 2. T{x phase diagram of the glutaric acid + tetraethy-
lammonium iodide (GIUA + EtsNI) system. Three transitions
can be recognised: the solid{solid of GIuA ( ¥ , triangles),
the solidus (sol, squares), and the liquidus (lig, circles) tran-
sition. The phase diagram was constructed with DSC (solid
symbols) and the cloud-point method (CP, half-open sym-
bols). Each phase is marked with either L (liquid mixture);
or (solid GIuA); or Et4NI (solid Il-phase).

mixtures with GIuA at atmospheric conditions. The S{S
transition temperature of Et;NCI lies approximately 20
K above the melting point of GIUA and is present in the
S{L phase diagram of GIuA + Et4NCI. In recent studies,
the Et4NCI decomposition temperature®43 (527 K) was
interpreted as melting point. In present work, no liquid
formation was observed visually for any of the studied
Et4,NX salts and amorphous peaks in the WAXS pat-
terns implying liquid formation were absent. Hence, our
results con rm that Et4;NX decomposition occurs before
melting*? (see also Fig. S10) and no experimental melt-
ing points or enthalpies of fusion can be obtained for
these components.

B. Construction of the S{L phase diagrams
1. Glutaric acid + tetraethylammonium iodide

Fig. 2 shows the S{L phase diagram of GIuA + Et4NI.
Three major transitions can be recognised: the ¥
transition (onset 343 K) of GIuA, the solidus transition
(onset 365K), and the liquidus transition. In the DSC
thermograms (Fig. 3) the GIuUA ¥ transition appears
at temperatures corresponding to that of pure GIUA over
the whole composition range. The WAXS patterns (Fig.
4 and Fig. S17) clearly show the GIUA ¥ transi-
tion together with peaks of Et4NI, emphasizing that the
solidus transition occurs above the ¥ transition.

The solidus transition appears slightly below the {L

FIG. 3. DSC thermograms | heat ow vs. temperature T |
of the glutaric acid + tetraethylammonium iodide (GIUA +
Et4NI) system at various mole fractions Xeg,ni (endotherms
up). The type of transition temperature is identi ed at the
top of the gure: ¥ of GIuA, the solidus (sol), and the
liquidus (lig) transition. The heating rate was 1K min 1,
note that the composition increment in in the top half of the

gure is larger than the bottom half.

transition of pure GIuA. The corresponding DSC peaks
can be recognised in the thermograms over the whole
composition range. Upon heating GIuA + Et;NI above
the measured solidus temperature, partial liquid forma-
tion was observed visually (Fig. S18) as well as via the
appearance of broad amorphous peaks in the WAXS pat-
terns on both sides of the eutectic composition.

The construction of the liquidus phase boundary was
less straightforward. Up to Xgr,ni 0.15, the DSC ther-
mograms exhibited the characteristic solidus and liquidus
peaks. However, no liquidus peaks could be observed
with DSC in the hypertectic region. This is most likely
caused by the low dissolution rate of the Et4NI in the eu-
tectic liquid. If the dissolution rate is very low, the heat

ow rate corresponding to the continuous dissolution of
the salt cannot be distinguished from the baseline and
only a solidus transition can be recognised with DSC.

The cloud-point method could overcome this limita-
tion: the liquidus phase transition was observed upon an
isothermal shift in composition via the addition of ex-
cess solid to the eutectic melt. The low dissolution rates
were con rmed by the equilibration times at composi-
tions near the liquidus phase transition, which exceeded
1 h for additions of approximately 0:01g Et4NI to a to-
tal of 5g. Additionally, Fig. S18 shows that a mixture of
Xet,N1 = 0.175 contains solids above the liquidus temper-
atures when heated at a rate of 0:1K min . Consid-
ering the long equilibration times using the cloud-point



FIG. 4. Wide angle X-ray scattering patterns of tetraethy-
lammonium iodide (EtsNI, grey), pure glutaric acid (GIuA)
inthe (black) and (red) phase, and their mixture at Xee,ni
= 0.5 (blue) at di erent temperatures. Speci ¢ peaks of the
pure components are marked for clarity.

method, 398 K was the highest temperature at which the
liquidus temperature was evaluated. At higher tempera-
tures evaporation of GIuA, or decomposition of the salt
were anticipated.

The obtained liquidus temperatures suggest that the
eutectic point can be found at a composition of Xg¢,Ni
0:15 and a temperature of Teye  364:5K. The eutec-
tic composition could not be extracted from a Tammann
plot because the solidus and liquidus peak overlapped too
much to determine the enthalpy of each transition sep-
arately. Given the constant ¥ and solidus transition
temperatures as well as the absence of new peaks in the
WAXS patterns simple eutectic behaviour is assumed for
GluA + EtyNl, i.e. no solid solution or co-crystal forma-
tion.

2. Glutaric acid + tetraethylammonium bromide

Fig. 5 shows the S{L phase diagram of the GIuA
+ EtyNBr system. Et;NBr signi cantly depressed the
GIUA melting point as compared to Et4NI. Upon cool-
ing below the solidus temperature the mixtures did not
crystallise readily, hampering DSC analysis within prac-
tical time-scales. Instead, the samples became super-
cooled and subsequently vitri ed at Ty 215K, also at
low heating rates. Crystallisation typically only occurred
above Ty upon heating (cold-crystallisation). An opti-
mised DSC heating/cooling program (ESI 1.1) allowed
the determination of the solidus, ¥ , as well as the
liquidus temperature.

The solidus transition shows a slight discontinuity near
Xet,ner = 0:25, which was attributed to the supercool-
ing of the GIUA -phase?’ based on WAXS (Fig. S20).
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FIG. 5. T{x phase diagram of the glutaric acid + tetraethy-
lammonium bromide (GIuA + Et4NBr) system. Three types
of transitions can be recognised: the solidus (sol, squares), the
solid{solid (triangles) of GIuA ( ¥ ) and EtsNBr (111 ¥ 11),
and the liquidus (lig, circles) transition. The phase diagram
was constructed with DSC (solid symbols), the cloud-point
method (CP, half-open symbols), and the centrifuge method
(Cen, open symbols). Each phase is marked with either L
(liquid mixture); or (solid GluA); or EtaNBr (solid I1I-
phase).

The metastable -phase forms a eutectic with Et;NBr
at a lower temperature than the -phase. Above the
solidus temperature an exothermic crystal rearrangement
towards the thermodynamically stable -phase was ob-
served with DSC (Fig. S19) as well as with WAXS (Fig.
S20). Probably, the liquefaction of Et4NBr facilitated
this rearrangement. The ¥ transition remains at
constant temperature until it merges with the liquidus
phase boundary, after which the solidus transition also
appeared at constant temperature.

The liquidus phase boundary was constructed us-
ing DSC, the centrifuge method3, and the cloud-point
method. In the hypertectic region (Xgt,ner = 0:44), no
clear liquidus peaks could be recognised with DSC owing
to the low dissolution rates of EtyNBr, similarly to Et4NI.
The solidus enthalpy did not show a clear trend with
composition, inhibiting the construction of a Tammann-
plot. Nonetheless, the three analysis methods allowed for
a complementary construction of the phase diagram up
to 413 K. The phase transitions were con rmed by the
WAXS patterns of the solid fractions that were studied
as a function of temperature at three key-compositions
(Fig. S21{S23). No solid solution or co-crystal forma-
tion was observed, therefore simple eutectic behaviour
was assumed for GIUA + Et4NBr as well.
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FIG. 6. T{x phase diagram of the glutaric acid + tetraethy-
lammonium chloride (GIuA + Et4NCI) system. Various tran-
sitions were observed: the solidus (sol, squares), the solid{
solid (triangles) of GIUA ( ¥ ) and Et4NBr (I11 X 11), the
liquidus (lig, circles), and other transitions. The phase dia-
gram was constructed with DSC (solid symbols), the cloud-
point method (CP, half-open symbols), and the centrifuge
method (Cen, open symbols). Each phase is marked with ei-
ther L (liquid mixture); or (solid GluA); or Et4NCI; (solid
i-phase).

3. Glutaric acid + Tetraethylammonium chloride

The phase diagram of GIuA + Et4NCI (Fig. 6) shows
that the chloride salt induces the strongest GIUA melt-
ing point depression. Similar to the GIuA + EtyNBr
system, GIuA + Et4NCI mixtures showed limited crys-
tallisation owing to supercooling. In fact, none of the
prepared samples fully crystallised, neither at low cool-
ing/heating rates (<0:5 K min 1) nor after equilibration
at 255K for 1 week. As a result, no clear solidus peak
was observed with DSC for any of the studied GIuA +
Et,NCI mixtures (Fig. S24). WAXS patterns (Fig. S28{
S31) con rmed the lack of eutectic crystals in the mix-
tures that did exhibit partial crystallisation upon cooling
(Fig. S26). After method optimisation, a weak endother-
mic peak was observed at Xgt,nc1 = 0.321, which might
be ascribed to the solidus transition (ESI 3.3 and Fig.
S27).

Above the solidus temperature other endothermic
transitions emerged, at higher compositions (0:720 <
Xet,nel < 0:947) only one transition was observed. The
intensity of the DSC peak decreased with increasing salt
content, indicating that GIuA is involved with the transi-
tion. At T < 295K and Xgt,nci1 = 0.74, WAXS patterns
at (Fig. S31) do not clearly correspond to pure GIUA
or one of the mesophases of Et4NCI. Hence, a co-crystal
with a lower melting point than the liquidus temperature
might have formed. The transitions at Xgt,nci < 0:7 are

brie y discussed in ESI 3.3. Considering the rather lim-
ited impact of the observed transitions on the liquidus
phase boundary, the exact mechanisms were not further
investigated.

As expected, both the excess GIuA and Et4;NCI show
S{S transitions corresponding to their pure components
for T > 295K. However, no transitions were observed
with DSC for compositions 0:45 < Xgg,nel < 0:6. The
cloud-point and centrifuge method could not be applied
at these compositions, as the temperature control was
not reliable below ambient temperature. Hence, GIUA
+ Et,NCI exhibits such strong melting point depressions
that the analysis of the solidus and liquids transition was
complicated by supercooling and lower temperatures lim-
its of the analyses.

At compositions outside this supercooled window, the
liquidus phase boundary was determined with a comple-
mentary combination of analysis methods. At the hypo-
tectic side, the liquidus temperatures obtained with the
centrifuge method slightly deviate from the trend ob-
served with DSC. At the hypertectic side of the phase
diagram, the DSC signals were very weak (Fig. S25).
Similarly to the other halide salts, slow Et4NCI disso-
lution kinetics lead to a restricted heat ow signal. De-
spite these di culties, we showed that the combination of
analysis techniques | DSC, the cloud-point method, the
centrifuge method, and WAXS J o ers a toolbox for the
construction of eutectic phase diagrams and assignment
of the corresponding phase regions.

C. Interpretation of the S{L phase diagrams

While the dilute GIUuA regime (salt-rich) was inaccessi-
ble owing to decomposition, the dilute salt regime could
be evaluated and is shown in Fig. 7. Both GIuA +
Et,;NCI and GIuA + Et4;NBr follow ideal eutectic be-
haviour up to relatively high mole fractions, not show-
ing any signs of salt dissociation. For GIUA + Et4NI
quite intriguing behaviour was observed: Fyiy = 0:5
best describes the melting point depression of GIUA (Fig.
7). Such low Van 't Ho factors imply salt aggregation,
rather than the ion dissociation observed for Et;NI in
molecular solvents**. The quality of the SLE data was
evaluated using a framework proposed by NIST“°; good
consistency was observed for GIUA + Et4NCI and GIuA
+ Et4NBr. The results are summarised in Table S12 and
reiterate that Fyy = 0:5 is the most consistent with the
SLE data of GIuA + Et;NI.

In order to explore the e ect of the anion on the
complete liquid window, the experimental liquidus phase
boundaries were inter- and extrapolated (Fig. 8, Ta-
ble I) using the models described in the thermodynamic
modelling section. Decomposition hampered the di-
rect measurement of the fusion properties of the three
salts involved. The model parameters were therefore
obtained by tting the hypotectic (GluA-rich) side of
the phase diagram only. Subsequently, these parameters
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FIG. 7. Liquidus (lig) temperatures (circles) as a function
of the salt mole fraction (Xet,nx) for the glutaric acid +
tetraethylammonium halide (GIuA + Et4NX) systems at the
diluted salt region. Dashed, dash-dot, and dash-dot-dot lines
correspond to the ideal liquidus phase boundaries for a Van
't Ho factor Fyn Of 0.5, 1, and 2, respectively.

were used to estimate the salt fusion properties and to
construct the corresponding hypertectic liquidus bound-
aries (Xer,nx ¥ 1). For clarity, the activity coe cient
data in Fig. 8 was limited to the hypotectic side (see Fig.
S32 for the full range).

Extracting model parameters from the liquidus phase
boundary of only one of the components has some im-
plications: (i) The intersection of the two liquidus phase
boundaries ] the eutectic point | cannot be assessed di-
rectly. The solidus data can therefore not be used for
the tand ky (or ) cannot be determined from the eu-
tectic temperature, contrary to the systems described
previously®1-32; (ii) A relatively narrow region of the
phase diagram is used to describe the phase behaviour
over the full composition range. All data (phase bound-
aries, activity coe cients, etc.) at compositions beyond
that of the tted region are therefore e ectively extrap-
olations, their physical meaning should be interpreted
with care; (iii) Since the invariant eutectic point is ab-
sent and a limited amount of data is available, extra care
should be taken not to introduce too many degrees of
freedom in the g- models. In this study, the RK poly-
nomial was therefore limited to the rst order, and the
non-randomness factor of the NRTL model was xed at
0.3; both yielding at most two free tting parameters.

Apparent salt fusion properties were estimated from a
linear t (Fig. S33) of the  ;=RT (or logX; ;) vs. 1=T
plot ] as described by Lohman et al.*® | based on the g-
model parameters. All are listed in Table | along with
the experimentally obtained decomposition temperatures
and S{S transition properties. The extrapolated appar-
ent melting points con rm the experimental observation
that these salts melt at temperatures close to or above
their decomposition temperature. It should be noted

that the most reliable region for this t | the dilute re-
gion of GIUA on the salt-rich side ] is inaccessible. This
is is probably the reason that fushap is smaller than
the sum of the h for the Redlich{Kister-based ts.
Hence, if the S{S transitions would be taken into account,
a negative enthalpy of fusion would be obtained, which
is physically not realistic. Nonetheless, the apparent fu-
sion properties allow for the interpolation of the eutectic
point, revealing the most interesting part of the phase
diagram: the liquid window below the melting point of
GluA.

For all studied mixtures, the rst order Redlich{Kister
expansion described the hypotectic activity coe cients
most accurately (Fig. 8). For GIuA + Et4NCI the gap
between the hypo- and hypertectic liquidus boundaries
is signi cant, hence considerate di erences can be ob-
served between the estimated eutectic points. These dif-
ferences can be traced back to the unrealistic estima-
tions of salt fusion properties and the narrow composi-
tion range at which the liquidus temperatures were ac-
cessible. Although the NRTL model does not provide
the best description of the corresponding GIUA activi-
ties, the shape of the hypertectic phase boundary and
derived apparent fusion properties seem more realistic
than those obtained with the Redlich{Kister polynomi-
als. The apparent fusion temperature is close to the de-
composition temperatures and the apparent enthalpy of
fusion is larger than the sum of the S{S transition en-
thalpies (Table 1). This could be explained by the NRTL
temperature dependency of g-, as opposed to Redlich{
Kister. The NRTL model is, however, quite sensitive
to local minima when minimising the objective function.
The gi2 and go; are therefore rarely a direct measure
of the binary interactions, while  (ko, Redlich{Kister
polynomial) can be interpreted as such.

Interaction parameters and k; re ect the depth of
the eutectic and the di erence between the activity coef-
cient of GIuA and the salt at in nite dilute conditions,
respectively. When is plotted against the ionic radius
of the anion, it becomes clear that smaller less polarisable
anions lead to stronger intermolecular interactions, lead-
ing to stronger negative deviations from ideal eutectic be-
haviour and thus a larger melting point depression (Fig.
9). Thee ect on becomes more pronounced when ki
is introduced, which essentially represents three-body in-
teractions. This allows for asymmetrical deviations from
ideal eutectic behaviour through an asymmetric enthalpy
of mixing. While and k; are orthogonal when deter-
mined from the full phase diagram®?, they are not when
only the GluA-rich side is used for the tting due to the
implications discussed previously. The large di erences
between the order of the RK t are thus a direct result of
the unusual ideality of the GIuA liquidus phase boundary
at Xge,nx < 0:2 (Figs. 7 and 8) and strong non-ideality
at Xgg,nx = 0:2 (Fig. 8). Although outside the scope of
this work, it would be interesting to explore how these
observations emerge from the GluA{cation and GIuA{
anion interactions at di erent salt-contents and how they
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TABLE I. Results of the inter- and extrapolation of the S{L equilibria for glutaric acid + tetraethylammonium halides (GIuA +
Et4sNX) using an nth-order Redlich{Kister (RKn) expansion or a non-random two-liquid model with a non-randomness factor
of 0:3 (NRTLo:3). For each of the EtaNX salts the experimental decomposition onset temperatures (Tq), and S{S transition
temperatures (Ttr) and enthalpies ( «h) are listed. The Van 't Ho factor was set to 0.5 for GIUA + Et4NI. Fitting parameters
po and p; correspond to the dimensionless ko and ki for RK,, and g1z and gz1 (J mol 1) for NRTLo.3. For each model
the eutectic composition (Xeut), eutectic temperature (Teut), sum of residuals (Res), apparent melting points (Trus,ap), and
apparent fusion enthalpies ( fushap) are presented.

Salt Ta Ter wh  Model Po p1 Xeut Teut R€S Trus,ap  fushap

K K kJmol ! K K K kJmol ?

Et;NI 493 466.5 23.0 RKo -0.9557 0.162 366 5.14 483 31.2
RK1 -0.9557 0.00439 0.162 366 5.15 483 31.3

NRTLo.z -2946 0.01 0.163 366 5.36 477 32.7

EtsNBr 468 463.3 15 RKo -3.149 0.438 314 75.3 671 8.9
440.0 19.1 RK3 -8.907 -3.512 0.421 308 44.5 799 19.4

NRTLo:z -29026 0.1789 0.425 311 60.5 644 50.9

EtsNCI 450 395.1 7.2 RKo -5.699 0.524 263 147 785 6.4
RK1 -17.81 -6.896 0.466 240 100 852 21.0

NRTLo:z -38703 0.1022 0.514 232 142 557 53.6

b“@'ee‘—-ee_

|

FIG. 8. Model ts to the SLE data (top) and activity coe cients ( i, bottom) for the three glutaric acid + tetraethylammonium
halide (GIuA + Et4NX) systems studied: GIuA + Et4NCI (left), GIUA + Et4sNBr (middle), and GIuA + Et4NI (right, with
a Van 't Ho factor i = 0:5). Symbols represent the liquidus (liq) and solidus (sol) data, as well as In gjua derived from it.
The lines are the ideal melting point of GIUA (id), the model ts using the Redlich{Kister polynomial (RK) of order n, or the
non-random two-liquid (NRTL) model with non-randomness constant = 0:3. The insets enlarge the tted area for GIUA +
EtsNI.

relate to ion dissociation. stituent. This is controlled by the properties of salt as

The trend observed for in Fig. 9 corroborates V\_/eII as its counterpart, often through com_plex synergis—
the pivotal role of the anion revealed by experimen-  tC routes®. For instance, a bulky ammonium cation fa-
tal and molecular simulation studies towards the inter-  Cilitates the displacement of a chloride anion to a less

molecular interactions and liquid nanostructure in eu- ~ PUlKy cation yielding strong negative deviations from
tectic mixtures”*11. The anion is displaced from the ideal behaviour®, while for mixtures of similar salts with

ammonium cation via the stabilisation of the other con-  fatty acids the alkyl chain length of the cations showed



FIG. 9. Binary interaction parameter (or ko) as a func-
tion of the anionic radius rion.  was determined using the
Redlich{Kister (RK) polynomial of order n.

a minor e ect®.

Similarly to the aforementioned systems, hydrogen
bonding between GIuA and the halide anion might facil-
itate a displacement of the latter from the Et4N™ cation.
Smaller anions are easier to transfer and form stronger
hydrogen bonds owing to their higher electronegativity
and lower polarisability. This might explain the observed
trends in Fig.9. An in-depth study towards the liquid
nanostructure of quaternary ammonium iodide salts in
molten acids using e.g. molecular dynamics simulations
or neutron scattering experiments is outside the scope
of this work. We do recognise, however, that studying
similar systems on a molecular scale could elucidate the
anticipated in uence of anion displacement on thermody-
namic bulk properties, such as the deviation from ideal
eutectic behaviour. The transferability of the observed

{rion relationship to small non-halide anions, such as
nitrate or hydroxide, is yet to be con rmed.

V. CONCLUDING REMARKS

This comprehensive experimental study towards the
binary mixtures of glutaric acid (GIuA) and tetraethy-
lammonium halide salts (Et;NX) con rms that the an-
ion plays a pivotal role in the formation eutectic mix-
tures containing functionalised ammonium salts. The
large polarisable iodide anion shows positive deviations
from ideal eutectic behaviour, best described with an un-
usual Van 't Ho factor of 0.5. Replacing iodide with
the smaller less polarisable bromide or chloride anion
yields signi cant negative deviations from ideal eutec-
tic behaviour and a large melting point depression. For
GIuA + Et4NCI, the eutectic point was shifted below ex-
perimentally accessible temperatures. Since all studied
ammonium salts decompose before melting, their fusion
properties had to be estimated from the GluA-rich side

11

of the phase diagram. As a result, the values for the
apparent salt fusion properties and derived hypertectic
phase boundaries are uncertain and their physical mean-
ing is limited. Nevertheless, this approach allowed us to
evaluate the eutectic point for all systems.

Thermodynamic evaluation of the studied systems re-
vealed that the binary intermolecular interactions be-
come stronger when decreasing the anionic radius. A
possible explanation can be found in charge delocalista-
tion of the anion. While adding the iodide salt to GIuA
does not lower the Gibbs energy, bromide and chloride
seem to be stabilised via the formation of hydrogen bonds
with GIuA lowering the Gibbs energy of the acid as well
as the salt. This suggests that the eutectic depth is for
a large part controlled by the nature of the anion and
its preferential interactions with either the cation or the
molecular counterpart. The anion can therefore be con-
sidered as an important design parameter that allows the
transformation from ideal eutectic mixtures towards deep
eutectic systems.

VI. SUPPLEMENTARY MATERIAL

See supplementary material for an extensive discussion
on the thermal analysis using DSC and the centrifuge
method. Also included are the *H-NMR peak assign-
ments; tabulated pure component properties and their
corresponding thermograms and WAXS spectra; tabu-
lated phase diagram data and their corresponding ther-
mograms and WAXS spectra; tabulated tting param-
eters and corresponding thermodynamic modelling de-
tails.
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1 Experimental

1.1 Thermal analysis using DSC

Instrument calibration

The baseline calibration was performed with two sapphire disks, the enthalpy was calibrated with 4:684 mg
certified indium standard (Tr,s = 429:75K, ,sH =28:71J g 1). The temperature calibration was based
on the onset of the melting point of indium, the onset of the melting point 279:86 K, as well as the onset
of the solid-solid (S-S) transition (186:18 K) of cyclohexane (sample mass 7:276 mg). Owing to the Tzero™
technology of the Q2000 DSC, this three-point temperature calibration yielded a reliable baseline with min-
imal curvature over the applied temperature range. The validity of the calibration was verified periodically
using reference materials from the same batch. The temperature and enthalpy accuracy for the calibration

standards were found to be 0:05 K and 3 %, respectively.

Sample preparation

Empty sample pans were pre-weighed in triplicate on Sartorius CPA2P microbalance with a resolution of
1pug. Samples of 5mg to 7 mg were prepared, crimped into a hermetic Tzero pan under inert atmosphere

and weighed again in triplicate on the same balance before being loaded to the DSC.

Temperature program

For the three studied systems different heating programs were applied. GIuA + Et4;NI mixtures readily

crystallised upon cooling, thus a straightforward temperature program was applied:
1. Heating to 393K at 10K min %, 10 min isotherm for homogenisation;
2. Coolingto 263K at 10K min *;
3. Heatingto 393K at1K min 1.

The transition temperatures were extracted from step 3, the reproducibility and reversibility of the phase

transitions were verified by repeating steps 2 and 3.

GIuA + Et4NBr mixtures did not crystallise readily from the liquid phase below the solidus temperature,
hampering the analysis with DSC within practical time-scales. Instead, the samples became supercooled
upon cooling, also at low heating rates of 0:25K min ! to 1K min 1. Atapproximately 215K the super-
cooled liquid was vitrified. Crystallisation typically occurred only upon heating (cold-crystallisation) above
the glass transition temperature (Tg). Extensive method optimisation resulted in a DSC heating/cooling
program that allowed analysis of the solidus as well as the liquidus temperature:

1. Heating to 403K at 10K min 1, 10 min isotherm for homogenisation;
2. Cooling to 193K or 233K (below and above Ty, respectively) at 10K min 1;

3. Heating to 278 K at 10K min 1, 30 min isotherm to allow crystallisation;



4, Heatingto 403K at1K min 1.

The transition temperatures were extracted from step 4, the reproducibility and reversibility of the phase
transitions were verified by repeating steps 2-4. For GIUA + Et;NCI mixtures the cold-crystallisation tem-
perature depended on the composition, therefore no general temperature program could be derived. Tem-
perature programs for GIUA + Et;NCI mixtures are discussed along with the DSC thermograms.

Data processing

The solidus and liquidus temperature of a eutectic mixture can be determined from DSC thermograms
based on various peak events (figure S1). The onset temperatures, peak maxima, inflection points, and
offset temperatures were determined using TA Instruments Universal Analysis software (version 4.5A).
For transition enthalpy determination the linear peak integration tool was used, typically also resulting
in an onset temperature and a peak maximum. If analysed separately, the onset and offset temperatures
were obtained with the onset tool, setting the limits at the inflection point and its corresponding baseline.
The peak inflection points were determined from the minimum of the first derivative of the heat flow rate
(d =dT), after the peak maximum. If a shoulder rather than a clear peak maximum was observed for the
liquidus peak, the minimum of the second derivative of the heat flow-rate (d> =dT ?) was taken as reference

for the inflection point, see also figure B.2 of the supplemental material of previous work?.
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Figure S1. A typical DSC thermogram with highlighted solidus (red) and liquidus (blue) peak events for a binary
eutectic mixture. The d =dT derivative (grey dashes) and extrapolations of the baseline or peak inclination (black

dashes) are shown as well.

The initial and final deviation from the baseline were calculated from the thermograms using Matlab®
(R2017a). The baseline was fitted linearly over a sufficiently large temperature range before or after the
peak of interest. The linearity of the fits was evaluated with the coefficient of determination (R? > 0:995).
Subsequently, the first deviation of the data from this linear baseline fit was determined based on a threshold



value. The threshold value was set by the relative standard deviation of the linear fit multiplied with a con-
stant, here set at 2. A relative standard deviation of 0:02 % would thus define Tinitia > 1:0004T5;. Typically,

the initial and final temperature could be determined with a precision of + 0:2 K.

Selection of peak events for construction of phase diagrams

The transition temperature of the GIUA T transition was derived from the peak maximum when it
appeared simultaneously with the liquidus peak (e.g. Figure S19 and S24).

DSC thermograms provide transition temperatures for the phase diagrams based on the peak events shown
in figure S1. For the solidus the conventional peak event is the onset temperature, while for the liquidus
temperature there no typical convention?=. Theoretically, the divergence of the liquidus peak events should
diminish in the limit of heating rate d =dt ¥ 025, In order validate this and to select the most appropriate
peak events for the studied systems, a sample with a clear solidus and liquidus peak (Xgt,ngr = 0.349) was
evaluated at seven heating rates. The resulting thermograms and the evolution of the transition tempera-
tures with DSC heating rates are presented in figures S2 and S3, respectively.

Figure S2. DSC thermograms (endotherms up), heat flow rate ( ) vs. temperature (T), at various heating rates of
glutaric acid + tetraethylammonium bromide (Et4NBr) with Xgi,ner = 0.349. Heating rates of the second heating cycle
are, from bottom to top, 0.25,0.5,1, 2,5, 10 and 20K min 1. The lower heating rates are highlighted in the insert in the

upper right corner.

The solidus temperature is the temperature at which the first solids start to melt at the eutectic composition.
Hence, the one could argue that the initial temperature suits the definition of the solidus temperature best
and the peak maximum the worst. If the solidus peak is sharp (e.g. for most pure metals), all peak events
occur over a very narrow temperature range®. However, figure S3 shows that each of the solidus peak
events has a very distinct temperature, alsoatd =dt ¥ 0.
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Figure S3. Influence of the DSC heating rate (d =dt) on the different solidus (left) and liquidus (right) transition tem-
peratures that could be extracted from the thermograms of glutaric acid + tetraethylammonium bromide (EtaNBr) with
Xeguner = 0.349. Symbols represent data points, while the solid lines are linear approximations to these data (outliers ex-
cluded, see text). The initial temperature of the solidus transition is presented for two threshold values: 2 and 10, shown
in light grey and black, respectively. The final temperature of the liquidus transition was calculated with a threshold

value of 2.

The onset temperature was selected as solidus temperature for the following reasons:

The onset temperature showed the smallest heating rate dependence, leadingtod =dt ¥ 0 extrapo-

lations with a higher precision than for the initial temperature;

The onset temperature is less sensitive to baseline aberrations than the initial temperature; this is
especially relevant for samples subject to isotherms close to the thermal event of interest;

The equipment was calibrated on onset temperatures of the reference materials;

It matches convention, which allows comparison with literature data.

The liquidus peaks were evaluated at different heating rates as well. All peak events converge with de-
creasing heating rate, resulting in a temperature difference of 3K to 4 K between the highest (final) and the
lowest (peak maximum) event at d =dt ¥ 0. The largest variation with heating rate can be seen for the
final temperature. This peak event comes the closest to the definition of the liquidus phase boundary;, i.e.
the temperature at which the last solid disappears. However, that is assuming that the liquid and solid
phase are in equilibrium. At high heating rates that assumption is not valid and dynamic processes such
as thermal conductivity of the sample, diffusion, and rate of dissolution start to play a role. As a result, the

final temperature can be stretched to temperatures significantly above the equilibrium temperature.

The other peak events are less influenced by the heating rate, but all show a remarkable contrast between
low (d =dt 2K min 1) and high heating rates (d =dt 5K min ). This contrast originates from



the liquidus peak shape that is largely defined by the heating rate. At low heating rates, the sample has
more time for relaxation, causing the peak maximum to shift to lower temperatures. Consequently, the
inclination from the peak maximum towards the baseline is less steep; hence, the inflection point and offset
temperature will appear at higher temperatures. At high heating rates, however, the sample is heated faster
than the solids can initially liquefy. Near the liquidus boundary, all solids need to be melted and a steep
increase in heat flow is observed. This is followed by a steep decrease in heat flow when all solids have been

liquefied, resulting in the peak maximum at relatively high temperatures.

Of all peak events, the inflection point is the least influenced by the heating rate. Also, it approximately falls
together with the average of all peak events at equilibrium (d =dt ¥ 0). Therefore, for the construction of

all phase diagrams, the inflection point was taken as liquidus temperature.

1.2 Temperature calibration centrifuge method

The custom made temperature sensors used for the centrifuge method were verified by logging the temper-
ature of a vial with 10 mL of glycerol simultaneously with a calibrated Pt100 sensor at various temperatures.
In figure S4 can be seen that the differences between the two sensors were small, 0:3K to 0:9 K over a tem-
perature interval of 298 K to 373 K. The resulting linear fit was used as a temperature calibration for the
sensors. The error on temperature analysis for the centrifuge method was estimated at 0:5 K, derived from
the sensor precision and accuracy, and assuming there is no temperature gradient over the samples.

- - -

Figure S4. Temperatures acquired with the centrifuge method temperature loggers (Tcen) Versus those obtained with
a calibrated pt100 sensor (Tpuoo). Circles are the data points, the dashed line represents the linear fit through the data
points. Slope = 0.9937 and intercept 1:560 K.

1.3 1H-NMR peak assignments
In figure S5, the peak assignments are shown for a representative sample. The integrals were normalised
to the protons of the central carbon of glutaric acid (labelled 4). The ratio between the components was

calculated from integrals following 1-3:

NEL,NX 1)

XEtuNX = ——————————
Neg,nx + NGlua



_ I, + 14 (2)

NE,NX = 20
I, + 1
Notua = 5 ®3)

where Xgi,nx S the salt content, n; is the amount of relative moles of i, and I is the integral of the peak

number as assigned in figure S5.
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Figure S5. H-NMR spectrum and structural formulas of the glutaric acid + tetraethylammonium bromide (Et4NBr)
system with Xgy,ner = 0.35. At a chemical shift () of 4.7 the water peak emerges. In the insert, the peaks corresponding
to the protons of the molecules of interest are enhanced and labelled with their equivalent carbon number. The integrals

of the peaks are shown below the baseline of the insert.



2 Pure component properties

2.1 Glutaric acid

The effect of the heating rate on the pure GIUA transition temperatures was evaluated by recording DSC
thermograms at heating rates 1, 5, 10, and 20 K min ! (figure S6). The melting point is not strongly affected
by the DSC heating rate, but the ¥ transition temperature increased significantly with the scanning
rate. This might be explained by slow kinetics of the S-S transition: if the crystal is heated slowly, it will
restructure at lower temperatures than if it is (over)heated at high rates. At temperatures far above the
transition temperature, the driving force towards the -phase becomes limiting, thus the increase of the

T transition temperature with heating rate becomes smaller (inset figure S6).

endo T

Figure S6. DSC thermograms—heat flow rate ( ) vs. temperature (T )—of glutaric acid at different heating rates (en-
dotherms up). The type of transition is labelled near their corresponding peaks. The insert at the upper left corner

shows the onset temperatures of both phase transitions as a function of the DSC heating rate (d =dt).

The diffraction patterns recorded by wide-angle X-ray spectroscopy (WAXS, figure S7) show a clear shift
of peaks below and above the ¥ transition temperature. The peaks of the -phase shift to slightly
lower g (reciprocal lattice vector length) or 2 (scattering angle) at higher temperatures, because of ther-
mal expansion. As expected, a completely amorphous state can be recognised above the melting point of
GluA.



Figure S7. Wide angle X-ray scattering patterns for glutaric acid at different temperatures (left), the phase is given at

the right in the same colour as the patterns.

Figure S8 shows that applying numerous heating and cooling cycles with DSC did not significantly affect
the transition temperatures or enthalpies upon heating. Upon cooling, the ¥  transition temperature
showed significant supercooling and the peak shape was not uniform. This did not reflect on the transition

enthalpy, which remained constant, implying thatthe ¥  transition was complete.

In table S1 our data is compared to literature data. The rough peak shape (figures S8 and S6) and the
kinetic character of the ¥  transition might explain the variety of literature values. Literature data on
the melting point of the -phase is also not entirely consistent, the most commonly reported melting point
range is 370:9K to 372:2K.

10



Figure S8. DSC thermograms—heat flow rate ( ) vs. temperature (T )—of glutaric acid (endotherms up), two consecu-
tive heating and cooling cycles (see arrows) are shown. The sample was analysed at 1K min 1; the type of transition

is labelled near the corresponding peaks.

Table S1. Transition temperatures and enthalpies of pure glutaric acid. Super- and subscripts , , and fus correspond
to the S-S and S-L phase transition, respectively. When available, the DSC heating rate (d =dt) and whether the
components are purified or used as received (y/n) are reported.

T u Hm Trus wsHm d =dt Pur Ref
K klmol 1! K kimol *! K min 1
3438 0.8(344.69 246 0.1 360.0 0.6(371.79 212 10 1 n®  this work
3451 1.3(346.09 235 0.1 369.1 0.3(3715) 200 03 5 n®  this work
338.0 2.4 371.0 23 5 y 6
340.5 2.3 363.9 211 5 Yy 7
3485 0.5 2464 0.025 371.02 2090 0.21 2 y 8
349.22 2.34 0.06 372.2 (371.29 213 0.6 5 n 9
3412 04 2.37 0.03 3641 04 198 0.3 5 n 10
370.9 20.7 10 n 1

2 peak maximum was taken instead of onset temperature; P Samples were dried prior to analysis;
¢ Onset estimated from figure 2 of Ha et al.® using Scanlt software.

11



2.2 Decomposition tetraethylammonium halides

The first weight loss (figure S9) can be attributed to water release, since upon loading the salt into the
TGA furnace short (< 2min) exposure to humid air could not be avoided. The observed weight loss and
hygroscopicity*? increase with decreasing anion size: Et;NI < Et;NBr < Et;NCI. The other weight losses
before complete decomposition typically coincide with S-S transitions observed in DSC. Possibly, impurities
like water are released from the crystal upon the S-S transition.

- O

O

Figure S9. Thermogravimetric analysis of tetraesthylammonium iodide (EtsNI), bromide (Et4NBr), and chloride
(EtaNCI); where w is the weight of the sample. The region above the grey dashed line in (A) is enhanced at the bottom

(B).

Some authors reported a melting point above the decomposition temperature, without presenting an anal-
ysis method'3-1°, For Et4NCI the reported melting point (527 K1) by Pontes et al. corresponds to the onset
of the DSC decomposition thermograms provided by Sawicka et al.'” upon request. Heating a DSC sample
just below this temperature clearly leads to decomposition. From figure S10 it is clear that all salts decom-
pose at 523 K and DSC results of these samples above Tq4 are not representative (nor recommended for the

equipment).

12



Et,NI  Et,NBr

=

S

Figure S10. DSC pans with 5 mg (from left to right) tetraethylammonium iodide (Et4sNI), bromide (EtsNBr), and chloride
(EtaNCI), heated on a heating plate at 523 K outside of the DSC measuring cell. A beaker was placed on top, the beaker
was clear and clean before heating the samples. In the enhancement on the right, a leakage site is highlighted for Et4NI.
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2.3 Tetraethylammonium iodide

Figure S11 clearly shows an endothermic S-S transition, the peak became less sharp after the first heating-
cooling cycle. The transition temperature and enthalpy were slightly lower after each run, which could be
the result of minor decomposition corroborating the TGA results. The transition was reversible upon cool-
ing, but the released energy deformed the exothermic peak and hampered the comparison of the transition
enthalpies upon heating and cooling. The values reported in table S2 are therefore extracted from the first

heating cycle, rather than the second or third cycle.

-1
363K 453 K 473K 466.5 K
5=~
23.0kJ-mol
5 4297 K f\
o (213) kJ-mol L
S 466.0K
22.6 kJ-mol”
420.4K ﬂ
(20.8) kJ-mol”’ JL
465.9K
22.4kJ-mol”
endo T

L I e L A A B
313 333 353 373 393 413 433 453 473
T/K

Figure S11. DSC thermograms—heat flow rate ( ) vs. temperature (T)—of tetraesthylammonium iodide (EtsNI) at
1 K=min (endotherms up). Three heating (black) and two cooling (blue) traces are shown, the onset temperature and
enthalpy of every transition are placed near their corresponding peaks. At the top, three photographs are shown of cap-

illaries with Et4NI at different temperatures. Enthalpies between brackets are estimates from approximate integrations.

The S-S structure-change is believed to be non-conformational, because the entropy change was not big
enough compared to the conformational transitions of the larger tetraalkylammonium cations®%°, That
means the crystal will instead change its configuration or orientation, leading to the formation of a stable
plastic crystal before decomposition®®. Besides the change in the WAXS patterns upon the S-S transition

only minor effects of thermal expansion can be recognised in figure S12.

14



Table S2. Transition temperature and enthalpy of transition for tetraethylammonium iodide (EtsNI). Super- and sub-
scripts 1711 correspond to the S-S transition from crystal structure Il ¥ 1. When available, the DSC heating rate (d =dt)

and whether the components are purified (pur, y/n) are reported.

Tum lHm d =dt  Pur Ref

K kimol ¥ Kmin 1

466.5 0.3 (467.0* 230 03 1 n®  this work
467.02 20.57 5 y 2

465.0 21.34 n 19

4713 20.88 10 n 18

a peak maximum was taken instead of onset temperature;  ® Samples were
dried prior to analysis.

Figure S12. Wide angle X-ray scattering patterns for tetraethylammonium iodide at various temperatures.

15



2.4 Tetraethylammonium bromide

Upon cooling three, instead of two, transitions appeared in the DSC thermograms (figure S13); the sum of
the enthalpy of the two lowest transitions was equal to the enthalpy of the 111 ¥ I transition upon heating.
This is possible if upon heating two structural changes of the crystal occur in conjunction, while upon
cooling the restructuring is split in several steps®®. The 11 ¥ I1l transition was very irregular and probably
involved crystal perfection, which can result in exothermic spikes. Upon heating, the 11-1 transition appears
at the brink of decomposition, so the enthalpy could not be determined reliably. Upon cooling the transition

was supercooled and resulted in a neat peak that gave a better integral.
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Figure S13. DSC thermograms—heat flow ( ) vs. temperature (T )—of tetraethylammonium bromide (EtsNBr) (en-
dotherms up). Three heating and two cooling traces are shown, the onset temperature and enthalpy of every transition
are placed near their corresponding peaks. The first cooling cycle (grey) was done at 10K min %, all other thermo-
grams were obtained at 1K min 1. At the top, three photographs are shown of capillaries with Et;NBr at different

temperatures. Enthalpies between brackets are estimates from approximate integrations.

Both transition temperatures obtained with DSC were reported in literature. Burns et al. interpreted the first
transition as a melting transition,?* but other authors attributed both peaks to a S-S transition matching
the observations done in this work®2°, The transition temperatures and enthalpies from literature and this

work are collected in table S3.

Figure S14 shows that up to the 111 ¥ Il transition only thermal expansion occurs; the intensity of the peaks
change, but no new peaks appear. Above the 111 ¥ |l transition temperature, the appearance of extra peaks

verified the formation of another crystal structure.

16



Table S3. Transition temperature and enthalpy of transition for tetraethylammonium bromide (Et4NBr). Super- and
subscripts 111, 11, and | correspond to the S-S transition from crystal structure 11l to Il and Il to I. When available, the
DSC heating rate (d =dt) and whether the components are purified (pur, y/n) are reported.

Tmwn Hm  Tus IHm d =dt Pur Ref

K kimol ' K kimol ¥ Kmin !

4406 0.7 191 03 4633 01 15 018 1 nP this work
437.2 17.6 460.2 1.4 5 y  [17]
448.4 19.9 462.7 1.48 10 n [18]
446-448 203 y  [50]

a Determined upon cooling;  ° Samples were dried prior to analysis.

Figure S14. Wide angle X-ray scattering patterns for tetraethylammonium bromide at various temperatures.
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2.5 Tetraethylammonium chloride

At temperatures below and above the endothermic transition observed with DSC at 353 K (figure S15 and
table S5) different WAXS patterns were observed (figure S16). Hence, the DSC peak was ascribed to a S-S
transition. Between the first and the last endothermic transition, two minor transitions were recognised with
DSC. To study those transitions in more detail, the WAXS sample was measured at several temperatures
increasing with steps of approximately 2:5 K up to 403 K. From 395:5 K on, the peaks of the Il-phase start to
deform and new peaks start to appear. It is not entirely clear when the transitions are complete, butat T >
403 K no new peaks emerge. The two minor DSC peaks around 373 K and 388 K can therefore probably be
assigned to small re-configurations towards the I-phase and do not correspond to a transition of separate

well-defined crystal structures.

343 K 363 K 370 K 393 K 403K
353.3K 388.6 K 394.0 K
4.7 kJ-mol (0.4) kJ-mol |
~ 1
3743K7 0 O
(1.3) kJ-mol 390.6 K
5 / 8.3 kJ-mol”
S TN 1
g 394.0K
7.2 kJ-mol”
389.9 K
/ 8.3 kJ-mol”
394.0K
7.1 kJ-mol”
endo T
L LA R A B B B B R B S B B
313 333 353 373 393 413 433
T/K

Figure S15. DSC thermograms—heat flow rate ( ) vs. temperature (T )—of tetraethylammonium chloride (EtsNCI) at
1 K=min (endotherms up). Three heating (black) and two cooling (blue) traces are shown, the onset temperature and
enthalpy of every transition are placed near their corresponding peaks. At the top, three photographs are shown of cap-
illaries with Et4NI at different temperatures. Enthalpies between brackets are estimates from approximate integrations.

The lllI-phase was not observed with WAXS after applying a heating—cooling (233 K) cycle similar to the
temperature program of the DSC, instead only the Il-phase could be recognised. To exclude a Kkinetic effect,
the samples of both the DSC and WAXS were kept at room temperature for more than 72 h and re-measured,
the results remained the same. A possible explanation for the absence of the Ill-phase after heating could
be that the salt was crystallised into a crystal structure that can only be formed in the presence of a solvent
during synthesis. Literature data for Et;NCI is very scarce, its transition temperatures were compared with

the known values in table S5. The temperatures obtained in this work are significantly higher than those
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reported in literature. The disposition of the first peak could be due to a different recrystallization medium,

which was ethanol in the case of both Szafrahska?® and Sawicka et al.1”, but unknown for the Et;NCI used

in this work. The transition temperature of the second peak obtained in this work remained constant after

several heating/cooling cycles and matches with that of Sawicka et al.'’.

Table S4. Transition temperatures and enthalpies of transition for tetraethylammonium chloride (Et4NCI). Super- and

subscripts 111, 1l and I correspond to the S-S transition from crystal structure Il to Il and 1l to I. The DSC heating rate

(d =dt) and whether the components are purified (pur) or used as received (y/n) are reported.

Tmwn WHm  Tux IlHm d =dt Pur Ref

K kimol ' Kmin ?

3547 08?2 53 038 3951 04 72 04 1 n this work
346.2 2.6 368.2 6.0 5 y 20
349.20¢ n.r. 396.20 n.r. 2or5 y 17

@0Only observed on first heating;

b peak maxima, data extracted with Scanlt software from

thermograms provided by corresponding author of the reference;

¢ First maximum in peak with clear shoulder (peak maximum at 359:2 K)

Table S5. Transition temperatures and enthalpies of tetraethylammonium chloride on the first heating cycle for three

separate samples analysed with DSC from 293 K to 443 K at a heating rate of 1 K min 1. Lastcolumn contains enthalpy

resulting from the integral from baseline to baseline of the three transitions with the highest transition temperature.

Tveiv YHm T MHm T NHm T IHm totHm
K ki mol ! K kimol ! K ki mol ! K kimol ! kImol?!
354.7 5.3 375.4 15 388.4 0.3 393.9 7.6 10.0
353.3 4.7 374.3 1.3 388.6 0.4 394.0 7.2 9.6
353.3 4.7 3745 13 388.7 05 393.9 7.2 9.8
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Figure S16. Wide angle X-ray scattering patterns for tetraethylammonium chloride at various temperatures.

20



3 Eutectic mixtures

3.1 Glutaric acid + tetraethylammonium iodide

Table S6. DSC results for glutaric acid + tetraethylammonium iodide

Solidus® | I liquidusd
XEt4NIa T H T H T
K Jg ! K Jgt K
0.000 162.4 342.6 19.89 371.4
0.027 363.9 344.8 371.0

0.029 3648 161.7 3431 18.01 3709
0.040 3652 1650 343.6 1815 370.6

0.048 364.6 345.1 370.3
0.069 364.8 345.1 369.6
0.077 3654 1625 3441 1647 3693
0.095 3640 157.1 343.0 369.0
0.096 364.4 344.8 369.1
0.100 3644 1599 3436 15.72

0.117 364.8 3454 367.9
0.124 3645 159.0 34438 367.9
0.154 363.0 145.0 34438

0.159 364.7 345.2

0.159  364.7 345.3

0.183 364.0 146.2 3435

0.189 364.6 152.8 343.7 14.88
0.273  364.5 344.2

0.338 364.6 1108 3440 9.29
0435 3647 8386 343.1 3.802
0.553 364.8 49.70 343.8 1.528
0.583 364.7 57.48 3440 2.489
0.622 364.1 344.8

0.813 3645 16.35 344.0 0.7796
0901 3639 3148 3441 2602
0916 3644 8.848

Uy = 0:001 Putr =03K,u g4 =2% Cut =0:8K,u y =
2% dur =0:8K
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Table S7. Liquidus temperatures of glutaric acid + tetraethylammonium iodide obtained via the cloud point method

Xeun® TP
K
0.086 368.2
0.168 368.2
0.188 373.2
0.210 378.2
0.234 383.2
0.251 388.2
0.278 393.2
0.299  398.2
2ux = 0:002
Pur =0:5K

Figure S17. Wide angle X-ray scattering patterns of pure glutaric acid (GIuA;
iodide (Et4NI), and their mixtures (GIuA + Et4NI Xgi,ni = 0.05) at different temperatures.
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Figure S18. Photographs of heated capillaries with glutaric acid + tetraethylammonium iodide (EtaNI) mixtures at
different temperatures (left) and molar compositions Xei,ni = (a) 0.025, (b) 0.05, (c) 0.075, (d) 0.1, (e) 0.125, (f) 0.15, (g)
0.175, (h) 0.27, and (i) 0.7. At the bottom, the compositions and temperature are highlighted in the phase diagram

derived from Fig. 3 of the main article.
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3.2 Glutaric acid + tetraethylammonium bromide

Table S8. DSC results for glutaric acid + tetraesthylammonium bromide

Solidus® ¥ ¢ Jiquidus®
XetyNert T T T

K K K

0.000 273.2 343.5 371.4
0.053 297.6 343.4 369.6
0.098 298.3 343.1 367.4
0.127 299.5 343.2 365.6
0.141 299.8 343.6 364.5
0.180 299.9 343.4 361.2
0.211 299.9 343.3 355.6

0.257 302.6 348.1
0.306 302.6 340.9
0.335 302.0 330.5
0.359 301.8 327.1
0.379 303.0 319.9
0.400 302.3 317.7
0.423 303.3 307.5
0.426 303.4
0.493 303.5
0.589 303.4
0.627 303.5

auyx = 0:001 Put =0:3K Cut =0:8K

dur =0:8K
Figure S19 shows the DSC thermograms for the studied GIuA + Et4;NBr mixtures. At compositions close to
the intersection of the liquidus phase boundary and the ¥  transition temperature, solidus peaks based
on the -phase and -phase can be distinguished simultaneously. One of the two solidus transitions is
expressed as a shoulder of the main solidus peak. The ¥  transition temperature is clearly expressed by
the DSC thermograms (Fig. S19); a relatively sharp third peak can be distinguished in between the solidus

and liquidus peaks.

The diffraction patterns of a Xg,nsr 0.1 sample (figure S20) show that the glutaric acid is in the -phase
prior to heating. After heating to 403 K, the sample became completely amorphous. A consequent cooling
step to 233K at 10K min ! led to the crystallisation and supercooling of the -phase, which was main-
tained up to 288 K, just below the solidus temperature. Heating the sample through the solidus transition
(288-308 K at 1K min 1) resulted in a clear transition to the -phase. A second heating and cooling cycle

24



Table S9. Liquidus temperatures of glutaric acid + tetraethylammonium bromide obtained via the cloud point method
and the centrifuge method

Cloud point method? Centrifuge method®
Xet,NBr T Xet,NBr T XeguNBr T
K K K

0.065 368.2 0.501 348.2 0.404 316.1
0.138 363.2 0.502 348.2 0.412 315.7
0.232 353.2 0.509 353.2 0.417 315.8
0.277 343.2 0.510 353.2 0.425 316.3
0.459 328.2 0.517 358.2 0.426 310.0
0.463 328.2 0.518 358.2 0.428 310.0
0.466 328.2 0.524 363.2 0.428 315.8
0.473 333.2 0.525 363.2 0.430 315.8
0.473 333.2 0.526 363.2 0.432 310.1
0.476 333.2 0.533 368.2 0.432 310.2
0.484 338.2 0.539 373.2 0.437 320.2
0.486 338.2 0.548 378.2 0.439 320.1
0.486 338.2 0.559 383.2 0.445 324.8
0.492 343.2 0.566 388.2 0.447 324.9
0.493 343.2 0.575 393.2

0.494 343.2 0.583 398.2

auyx = 0:002, ur =0:5K  Puy = 0:002, ut =0:5K

showed similar results.

The diffraction patterns shown in figures S21-S23 were recorded from mixtures that were given enough
time to recrystallise glutaric acid in the -phase, contrary to the diffraction patterns of supercooled samples
used for figure S20. Directly after sample preparation, the components were not well mixed and only the
signals of glutaric acid could be distinguished. This emphasises the need to pre-heat the mixed solids prior

to analysis.
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Figure S19. DSC thermograms, heat flow rate ( ) vs. temperature (T), of the glutaric acid + tetraethylammonium

bromide (EtaNBr) system at different molar compositions (endotherms up). These thermograms represent the second

heating cycle of the sample acquired at 1K min ?, the temperature program can be found in section 1.1

Figure S20. Wide angle X-ray diffraction patterns of the glutaric acid + tetraethylammonium bromide (GIuA + Et4NBr)

system with Xg,nsr = 0.1. Temperatures are given above each pattern, characteristic peaks of the

highlighted with vertical dashed lines.
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Figure S21. Wide angle X-ray diffraction patterns of the glutaric acid + tetraethylammonium bromide (GIuA + Et4NBr)
system with Xeq,ner = 0.1. The order at which the patterns were recorded is from bottom to top (see arrow), temperatures

are given above each pattern. As a reference, the patterns of pure GluA and Et4NBr are shown.
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Figure S22. Wide angle X-ray scattering patterns of the glutaric acid + tetraethylammonium bromide (GIuA + Et4NBr)
system with Xey,ner = 0.3. The order at which the patterns were recorded is from bottom to top (see arrow), temperatures

are given above each pattern.
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Figure S23. Wide angle X-ray diffraction patterns of the glutaric acid + tetraethylammonium bromide (GIuUA + Et4NBr)
system with Xey,ner = 0.6. The order at which the patterns were recorded is from bottom to top (see arrow), temperatures
are given above each pattern. Vertical reference lines were added to the most distinctive peaks of GIUA in the -phase
(grey solid line), GIuA in the -phase (red dashes), and EtaNBr (green dash-dot).
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3.3 Glutaric acid + tetraethylammonium chloride

At the hypotectic compositions, the DSC thermograms exhibited an exothermic transition at 293-303 K (fig-

ure S24). Similarly to the GIuA + EtyNBr system, this transition was ascribed to the supercooling of -

glutaric acid and the subsequent crystal rearrangement from ¥ . At Xg,ne 0.24, the liquidus and
T peaks merge, and at higher salt contents the liquidus transition is expressed by a single peak.
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Figure S24. DSC thermograms, heat flow rate ( ) vs. temperature (T), for the glutaric acid + tetraethylammonium
chloride (GIuA + Et4NCI) system at different molar fractions (endotherms up). Shown is the second heating cycle at
1K min 1. The dashed rectangle displays the part of the traces that are enlarged in figure $25. Vertical exothermic
discontinuities are isotherms introduced to promote crystallisation.

At hypertectic compositions, the intensity of the liquidus DSC peak was very low and therefore hard to
distinguish from the baseline. Figure S25 shows a strongly enhanced region of the thermograms presented
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in figure S24. From the heat flow derivative it can be concluded that the peaks are more significant than the

baseline noise, albeit the signals remain very weak.

P T N i NP g S

Figure S25. Enlargement of the highlighted area in figure S24. Additionally, derivatives of the traces with respect to

temperature are shown to emphasize the determination of the position of the inflection point (minimum).

For samples with 0:621 < Xg,nc1 < 0:673 endothermic peaks appear below the liquidus temperature. In
some cases two peaks can be distinguished, showing peak shapes similar to those of eutectic systems. The
first peak did not appear on all compositions, and sometimes (dis)appeared during additional runs of the
same sample. The onset temperatures of the first were similar for mixtures with different compositions. The
second peak was highly asymmetric with a tail towards lower temperatures, resembling a liquidus peak.
Therefore, the inflection point was taken as the transition temperature for this peak.

Upon cooling an exothermic crystallisation peak was observed at the hypotectic compositions, most likely
corresponding the crystallisation of glutaric acid to the -phase. The peak is supercooled and its inten-
sity decreases with increasing Et4NCI content until it completely disappears for Xg,nci = 0:27. With the
disappearance of the crystallisation upon cooling, a cold-crystallisation peak emerged upon heating at tem-
peratures below 273 K (figure S24). This peak moved to slightly higher temperatures with increasing Et;NCI
content. Since the liquidus peak is still visible for the systems showing cold-crystallisation around 273K,
and considering the disappearance of the second cold-crystallisation peak ascribed to the crystal rearrange-
ment from ¥ | the supercooled liquid probably crystallised directly into the -phase. This is supported
by the WAXS diffraction patterns (see Fig. 6.27) for Xgi,nci = 0.3, where initially the -phase was crys-
tallised.

Figure S27 shows the heating program optimisation that yielded the endothermic signal ascribed to the
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Figure S26. DSC thermograms at cooling, heat flow rate ( ) vs. temperature (T), for the glutaric acid + tetraethylammo-

nium chloride (GIuA + Et4NCI) system at different hypotectic molar fractions (Xe,nc1  0.443, endotherms up). Shown
1

is the first cooling cycle at 1K min
solidus transition. Initially, two isotherms were set; one at 263 K to ensure complete cold-crystallisation and
another at 293 K to allow the complete rearrangement of glutaric acid from ¥ . For the EtyNBr system,
an isotherm at the start of the cold-crystallisation led to the separation of the endothermic solidus and the
exothermic crystallisation peak, therefore the isotherm was lowered to 253 K. Indeed, a endothermic event
emerged, although the signal was very weak indicating that the eutectic crystallisation was incomplete.
Nonetheless, the peak allowed for the extraction of an approximate solidus temperature. Repetitions of
the DSC program for the same and a second sample prepared from the same batch yielded virtually the
same thermograms. This peak could not be observed at other compositions, probably because at lower
salt contents the eutectic peak would be even smaller. At higher salt contents supercooling would prevent
eutectic crystallisation, since supercooling becomes stronger near the eutectic composition?23,
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Figure S27. DSC thermograms, heat flow rate ( ) vs. temperature (T), for the glutaric acid + tetraethylammonium
chloride (GIUA + Et4NCI) system at (Xg,nci = 0.321, endotherms up) obtained upon heating at 1K min * using dif-
ferent heating programs. The top signal corresponds to a sample that was cooled to 233 K, kept isothermally at 233 K
for 30 min, and subsequently heated to 383 K. The bottom signal corresponds to a sample that was cooled to 193K,
kept isothermally at 263 K and at 283 K for 30 min, and subsequently heated to 383 K. An enlargement of the high-
lighted area is presented on the right. The tangents and depicted onset temperature are illustrative. Vertical exothermic
discontinuities were caused by isotherms that were introduced to promote crystallisation.

Figure S28. Wide angle X-ray scattering patterns of pure tetraethylammonium chloride (EtaNCl, top), glutaric acid
(GIuA, middle), and their mixture with mole fraction 0.11 (bottom). Temperatures or crystal structure are given next to
each pattern.

33



Table S10. DSC results for glutaric acid + tetraethylammonium chloride

Solidus® ¥ ¢ liquidus® HIX1IC [1X1° other®

Xene® T T T T T T
K K K K K K
0.000 371.4
0.041 3427 3700
0.110 3442 3658
0.137 3433 364.0
0.217 3421 3502
0.228 3415  346.7
0.266 336.8
0.307 324.8
0321 2615 321.3
261.08 321.3
3215
0.341 314.3
0.361 306.6
0.621 336.9 300.4
0.624 3425 283.8
340.8 2835
302.4
302.1
0.631 341.4 301.9
0649  281.69 367.1 306.2
0.650 304.1
0.673 389.4 300.9
2935
0.720 3744 3955 2948
294.8
0.742 3823 3956 2954
0.816 380.3 3955 295.2
0.866 382.1 3954 2954
0.909 3810 3954 2955
0.947 379.8 3953 2954
1.000 3758  395.1

auy =0:001 Pur =0:3K C‘ur =0:8K
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Table S11. Liquidus temperatures of glutaric acid + tetraethylammonium chloride obtained via the cloud point method

and the centrifuge method

Cloud point method? Centrifuge methodP
XetyNel T Xeg,Nel T XetyNel T
K K K

0.057 368.2 0.634 348.2 0.385 298.2
0.134 363.2 0.635 348.2 0.389 3105
0.218 353.2 0.640 353.2 0.391 310.5
0.258 343.2 0.640 353.2 0.391 304.6
0.603 328.2 0.643 358.2 0.399 304.6
0.603 328.2 0.643 358.2 0.591 298.3
0.604 328.2 0.647 363.2 0.596 304.7
0.616 338.2 0.649 363.2 0.596 304.7
0.617 333.2 0.649 363.2 0.598 3105
0.618 333.2 0.652 368.2 0.601 310.6
0.620 338.2 0.657 373.2 0.604 316.3
0.621 338.2 0.664 378.2 0.605 316.4
0.626 333.2 0.665 383.2 0.607 320.3
0.628 343.2 0.679 393.2 0.610 320.3
0.629 343.2 0.681 388.2 0.610 325.0
0.630 343.2 0.681 398.2 0.612 325.1

auy = 0:002, ur =0:5K  Puyx = 0:002, ur =0:5K
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Figure S29. Wide angle X-ray scattering patterns of pure tetraethylammonium chloride (EtsNCI, top), glutaric acid
(GluA, middle), and their mixture with mole fraction 0.31 (Xg,nci = 0.31, bottom). Temperatures or crystal structure are
given above each pattern.

Figure S30. Wide angle X-ray scattering patterns of pure tetraethylammonium chloride (Et2NClI, top), glutaric acid
(GIuA, middle), and their mixture with mole fraction 0.624 ( bottom). Temperatures or crystal structure are given next

to each pattern.
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Figure S31. Wide angle X-ray scattering patterns of pure tetraethylammonium chloride (Et4NCI, top), glutaric acid
(GIuA, middle), and their mixture with mole fraction 0.74 ( bottom). Temperatures or crystal structure are given next to

each pattern.
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3.4 SLE consistency test

We assessed the quality of the phase equilibrium data using a framework proposed by NIST?*. For each
system, a quality factor Qg g was determined; the results are listed in Table S12. Qg ¢ is obtained by com-
paring the melting temperature and limiting slope at Xs5r ¥ 0 calculated from (i) the fusion properties of
pure GIuA with (ii) those calculated from Eq. 4:

Inx=A+BT +CInT (4)

where X is the mole fraction of GIUA and T the liquidus temperature. Parameters A, B, and C were fitted to
the liquidus data at 0 < Xgt < 0:2, or 0 < Xgat < Xeut When Xeyt < 0:2. From Eq. 4, the difference in melting

temperature and the difference in slope can be determined:

Trus = Teqaxw1r  Trus (5a)
slope = 1 slopeg, ,=slope,,; ; (5b)
where
H
slope, = —us (6a)
- RTf%IS
slope =B+ A (6b)
Eq. 4 Teqaxu1
Separate quality factors were calculated as described by NIST %:
8
<1:00 if Ts 05K
FTfus = > (78.)
-0:5= Tgs if T =>05K
8
<1:00 if slope 0:2
Fsiope = - (7b)

-0:2= slope if slope > 0:2:

Since the fusion properties of the salt were not accessible, the original equation for Qs g was adapted to the

GIuA side only:

QsLe = 0:5F,,, + 0:5Fjgpe: (8)
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The analysis reiterates that the limiting slope for GIuA + Et4NI is not consistent with that obtained from
the GIUuA fusion properties and ideal eutectic behaviour, but matches the slope obtained from a Van 't Hoff
factor of 0.5.

Table S12. Fitting parameters for Eq. 4 and solid-liquid equilibrium (SLE) consistency test results.

Salt Glutaric acid SLE fit Consistency test
Trs  slope A B C Trus  slope  Fry,  Fsope Qsie

EtaNI 3717 0.01837 3771 2115 -770.0 3717 0.04329 100 0.15 057
EtaNI 371.7 0.03674* 3771 2115 -770.0 3717 0.04329 100 1.00 1.00
Et;NBr 3717 0.01837 661.7 0.3898 -136.3 3719 0.02308 1.00 0.79  0.89
Et,NCI 371.7 0.01837 4752 0.2848 -98.19 371.8 0.02068 1.00 1.00 1.00

a Calculated from a Van 't Hoff factor of 0.5
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4  Thermodynamic modelling
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Figure S32. Model fits to the SLE data (top) and activity coefficients ( i, bottom) for the three glutaric acid + tetraethy-
lammonium halide (GIUA + Et4NX) systems studied: GIUA + Et4NCI (left), GIUA + Et4NBr (middle), and GIuA + Et4NI
(Van 't Hoff factor Fyiy = 0:5, right). Symbols represent the liquidus (lig) and solidus (sol) data, as well as In ; de-

rived from it. The lines are the ideal melting point (id, dotted), the model fits using the Redlich-Kister polynomial

(RK, solid/dashed) of order n or the non-random two-liquid (NRTL, dash—-dot) model with non-randomness constant

=0:3.
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Figure S33. Normalised chemical potential difference ( i/RT) of EtaNCI (left), EtaNBr (middle), and EtsNI (right) as a
function of the inverse temperature (symbols). i was determined from the model parameters fitted to the hypotectic
side of the phase diagrams, using the Redlich—Kister polynomial (RK, solid/dashed) of order n or the non-random
two-liquid (NRTL, dash—-dot) model with non-randomness constant = 0:3. The lines are linear fits through the data.
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