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ABSTRACT: The present work describes an experimental study and the [Cmpyrd[PFe]
thermodynamic modeling for the solid—liquid phase diagram of an ionic liquid -
quaternary system constituted by hexafluorophosphate ([PF]”) as the common
anion and by 1-methyl-3-propylimidazolium ([C;mim]*), 1-methyl-1-propylpyr-
rolidinium ([Cympyrr]*), 1-methyl-3-propylpyridinium ([Cympy]*), or 1-methyl-
1-propylpiperidinium ([C;mpip]*) as the cations. The Modified Quasichemical
Model was used to model the liquid solution, and the Compound Energy
Formalism was used for the relevant solid solutions. The liquidus projections of
the four ternary subsystems (1) [Cymim][PF]— [C3mpip] [PFﬁ] [C3mpyrr] A
PF6 (2) [Csmpy][PF¢]—[Cympip][PF¢]—[Csmpyrr][PE], (3) [Cimpip]- \\
[PEe]—[Campy] [PE,]— [Cymim][PE,], and (4) [Cympyre] [PE]—[Campyl-
[PF¢]—[C3ymim][PF4] were predicted using a standard symmetric (for systems 3 [CompyPF
and 4) or asymmetric (for systems 1 and 2) interpolation method. In order to test
the accuracy of the thermodynamic model, two isoplethal sections were experimentally measured in each of the four ternary
systems using differential scanning calorimetry. Overall, agreement was very satisfactory, not requiring fitting of any ternary
interaction parameters for the liquid solution model. In each of the four calculated ternary liquidus projections, the region of
composition corresponding to room temperature ionic liquid mixtures was determined. The global minimum of the liquidus
temperature in the complete composition space was calculated to be about —16 °C, with a mole percentage composition of
(33.8% [Csmpyrr][PF4] + 33.9% [Cympy][PFq] + 32.3% [Cymim][PF]).

[Csmim][PF¢]
(39°)

1. INTRODUCTION hexafluorophosphate-based ILs investigated in this work have
been used in the preparation of dye-sensitized solar cells with
improved durability,” in microfabricated liquid junction
reference electrodes,'’ as electrolytes of electrochemical
capacitors,'’ and as a component of lithium-ion batteries."”
As reported by Stark and Seddon,'” at a zeroth-order
approximation, the physical properties of ionic liquids (such
as density, viscosity, and temperature of fusion) are controlled
by the cations, whereas the anions govern the chemistry and
reactivity. It may thus be required to fine-tune the properties of
ionic liquids to achieve a specific application. Plechkova and

Ionic liquids (ILs) are, by definition, salts with a melting point
below an arbitrary temperature of 100 °C.' Whereas many
inorganic salts are symmetric in shape, ionic liquids possess a
remarkably lower symmetry owing to their organic cation.
Also, the latter is often aromatic, which induces a
delocalization of the positive charge. For all these reasons,
the melting point of ionic liquids occurs at much lower
temperatures than for most inorganic salts. These ionic
compounds have also been designated as “designer solvents”
due to the possibility of changing a wide range of potential

cation and anion combinations in order to fine-tune their Seddon'" suggested that this can be achieved by mixtures of
physicochemical properties.” Owing to their distinctive ionic liquids. In particular, common-ion ionic liquid mixtures
characteristics including very low vapor pressure, and high (binary, ternary, or higher-order) may have a liquidus
chemical and thermal stability over a broad temperature range temperature substantially lower than the melting temperatures
(=40 to 200 °C),” they have found many potential
applications in various fields such as analytics,” chemical Received: August 7, 2019
processing,S solvents and catalysts,6 electrochemistry,7 and Revised:  September 13, 2019
biomass processing” among others. In particular, the Published: September 16, 2019
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of the corresponding pure compounds. A knowledge of the
solid—liquid phase equilibria for such systems is thus of great
importance. For instance, the CH;COOLi, CH;COOK, and
CH;COOCs compounds have relatively high temperatures of
fusion (between 190 and 306 °C) and in principle should not
be regarded as ionic liquids. However, the corresponding
ternary system is predicted to display a ternary eutectic at
about 95 °C."* Although ionic liguid mixtures have received
much attention in recent years,”'® a review of the literature'”’
showed that there are few publications dealing with phase
diagram measurements. The investigated ionic liquid systems
with organic cations are mainly binary systems (common-
anion'®™*® or common-cationl8’21’23’25’27_29) and ternary
reciprocal>***% systems (with two cations and two anions).
Attention has also been paid to common-anion binary’** and
ternary”> " systems of salts with ions commonly used for the
preparation of ionic liquids.

Very little effort has been also made to model the solid—
liquid phase diagrams of ionic liquid systems. For instance,
using the Schréder—Van Laar equation, Maximo et al?®
modeled the phase diagrams of nine [PF]-based binary ionic
liquid systems with imidazolium ([Cymim]* or [C;,mim]*),
pyrrolidinium ([Cympyrr]*), pyridinium ([Cympy]*), piper-
idinium ([Cympip]*), tetrabutylammonium ([N,4,]"), and
tetrabutylphosphonium ([P,444]") as the different cations. In a
previous study, ’ using a standard CALPHAD approach, a
thermodynamic model was developed for a pyrrolidinium-
based common-cation ternary ionic liquid system, and for a
pyridinium-based ternary reciprocal ionic liquid system. The
Modified Quasichemical Model**® was used to model the
liquid solution, and the Compound Energy Formalism®”** was
used to model the relevant solid solutions.

In 1970, CALPHAD (CALculation of PHAse Diagrams)
was introduced by Kaufman and Bernstein®” as the most
efficient method of developing thermodynamic databases and
calculating phase diagrams of complex systems. This method
enables prediction of the phase diagrams of higher-order
systems from the model parameters for their lower-order
binary and ternary subsystems.’” It is based on the
minimization of the Gibbs energy of the system. As a first
step, the Gibbs energy of the pure components is modeled, on
the basis of the available thermodynamic properties (enthalpy
of formation, heat capacity, etc.); it is usually expressed as a
polynomial function of temperature. Then, for every binary
subsystem, all available experimental data (phase diagram,
enthalpy of mixing of the liquid, activities, etc.) are collected
from the literature and critically evaluated in order to obtain a
set of model parameters for all phases involved. The
thermodynamic properties of any ternary subsystem can be
estimated from the optimized model parameters of the
corresponding binary subsystems using standard interpolation
methods. To obtain a quantitative description of the available
experimental ternary data, ternary interaction parameters
describing the mutual interaction between all three compo-
nents of the system may be included in the model. Such
parameters do not have any impact on the Gibbs energies of
the binary subsystems. All model parameters are stored in a
thermodynamic database. The models can then be used along
with Gibbs energy minimization software to predict the
thermodynamic properties of higher-order systems, using only
the estimated parameters from the lower-order subsystems
with experimental data available.*"
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The present article describes a thermodynamic model for
the common-anion quaternary system [Cymim][PF4]—
[C3mpy][PE¢]—[Csmpyrr ] [PE¢]—[Cympip ][PF] (where C,
refers to a propyl group) based on SLE data. The same
methodology applied before by us'” was used: as a first step,
the phase diagrams of the six binary subsystems ([Cimim]-
[PF¢]—[C3mpy][PF¢], [Cymim][PF4]—[Csmpyrr][PF¢],
[Cymim][PEs)—[Cympip][PEy], [Compy)[PE,]—[Compyre]
[PF,], [Cympy][PF¢]—[Cympip][PFs], and [Cimpyrr]-
[PF4]—[C;mpip][PF4]) were modeled on the basis of the
measurements of Maximo et al,”® obtained by optical
microscopy. Then, the liquidus projections of the four ternary
subsystems {(1) [Cymim][PF]—[C;mpip][PF4]—[C mpyrr]-
[PF,), (2) [Compy][PFcl—[Compip][PFe]—[Cympyr][PE,),
(3) [Cympip][PF¢]—[Cympy][PFe]—[Cymim][PF], and (4)
[Cympyrr][PF4]—[Cympy][PF¢]—[C3mim][PF4]} were pre-
dicted from the optimized binary parameters along with a
standard symmetric (Kohler-like)** or asymmetric (Kohler—
Toop-like)* interpolation method. In order to test the
accuracy of this approach, in this work two isoplethal sections
were experimentally measured for each of the ternary systems
using differential scanning calorimetry (DSC), with most of the
measurements performed for systems 1 and 3. The
thermodynamic model parameters were slightly refitted, and
in each of the four calculated ternary liquidus projections, the
composition region corresponding to room temperature ionic
liquid (RTIL) mixtures was determined. Finally, the
composition in the quaternary system corresponding to a
global minimum of the liquidus temperature was found using
the program FactOptimal,"* which is a coupling of the
FactSage thermochemical software*’ with the powerful Mesh
Adaptive Direct Search (MADS) algorithm.

2. MATERIALS AND METHODS

The [Cymim][PF4], [Cimpy][PF¢], [Csmpyrr][PFe], and
[Csmpip][PF,] pure compounds were purchased from Iolitec
with a mass purity of 99%. The compounds were dried under
vacuum at room temperature for at least 3 days, and the purity
of each sample was additionally confirmed by 'H, 13C, 1F, and
3P NMR spectra. A Metrohm 831 Karl Fischer coulometer
using the analyte Hydranal-Coulomat AG, from Riedel-de
Haén, was used to determine the water content of the
compounds, which was found to be less than 900 ppm.
Ternary mixtures were prepared inside a dry argon glovebox, at
room temperature using an analytical balance model ALS 220-
4N from Kern with an accuracy of +0.002 g. Vials with
mixtures were heated under stirring until complete melting and
then recrystallized at room temperature. Samples (2—S5 mg) of
mixtures of pure compounds were hermetically sealed in
aluminum pans inside the glovebox and then weighed in a
microanalytical balance AD6 (PerkinElmer, USA, precision = 2
X 107® g). The melting properties were determined using a
Hitachi DSC7000X model working at atmospheric pressure.
For most DSC measurements, one cooling run at 5 °C min~!
followed by one heating run at 2 °C min~' were performed (in
particular, the minimum temperature reached upon cooling
was —100 °C for the {[Cymim], [Cympip], [Csmpyrr]}[PF]
ternary system and —180 °C for the {[Cymim], [Cympip],
[Cympy]}[PF4] ternary system), and only the thermal
transitions of the heating run were taken into account. For a
few ternary mixtures, three consecutive heating/cooling cycles
were used with rates of 2 °C min~" (heating) and S °C min™"
(cooling), respectively. Only the thermal transitions of the last

DOI: 10.1021/acs.jpcb.9b07545
J. Phys. Chem. B 2019, 123, 8954—8969


http://dx.doi.org/10.1021/acs.jpcb.9b07545

The Journal of Physical Chemistry B

A[PFg]

(@

B[PF] CLPFq)

b

= constant

A[PFg]

(b)

constant
p

Ya=

B[PFg] b C[PFq]

Figure 1. Symmetric (a) and asymmetric (b) models for interpolation from binary to ternary liquid solutions.

two heating runs were then considered. The use of this latter
DSC protocol will be clearly stated in the text. The equipment
was previously calibrated with several standards with mass
percentage purities higher than 99%. The melting temperatures
reported were taken as the peak temperatures for the
endothermic changes in heat flows. Uncertainties of 1 °C in
the melting temperatures are estimated, on the basis of the
average standard deviation of measurements for the ternary
mixtures studied more than once.

3. THERMODYNAMIC MODELING

3.1. Liquid Phase. In this work, the Modified Quasichem-
ical Model in the Pair Approximation (MQMPA)*>*® was used
for the liquid phase. This model considers the distribution of
cations and anions on the sites of two different sublattices
(cationic and anionic), and each ion occupies exactly one site.
Let us consider first the A[PF4]—B[PF,] common-anion
binary system (abbreviated as A,B/[PF]), where A and B
are two different cations ([Cymim]*, [Cympy]*, [Cympyrr],
or [Csmpip]* in the present case), and [PF4]~ is the common
anion. In such conditions, the MQMPA takes into account
short-range ordering (SRO) between second-nearest-neighbor
(SNN) cation—cation pairs. The following pair-exchange
reaction is considered:

(A—[PE]-A)

+ (B—[PE]-B),,, = 2(A—[PE]-B)

pair’

(1)

pair pair

Agysipr,

where Ag,p[pp, is the Gibbs energy change for the formation

of 2 mol of the (A—[PF4]—B) pair. This is a model parameter,
which is expanded in terms of the pair fractions as

_ 0 i0 i 0j j
AgAB/ [PE] — AgAB/ [PE] + 2 gAB/[PFé]xAA + 2 gAB/[PFG]xBB
i>1 j>1
(2)

where AgAOB/[PFd, gAi%/[PFé], and g&/[Ppﬁ] are empirical
coefficients that can be temperature dependent, and x,, (or
xpp) is the mole fraction of (A—[PF¢]—A) (or B—[PF4]—B)
SNN pairs. As Agyg/[pr,] becomes progressively more negative,

reaction 1 is shifted to the right, (A—[PF4]—B) pairs
predominate, and second-nearest-neighbor cation—cation
short-range ordering results. Let us now consider the
A[PF4]—B[PF;]—C[PF;] common-anion ternary system (ab-
breviated as A,B,C/[PF]), where A, B, and C are three
cations, and [PF] ™ is the common anion. The Gibbs energy of
the A,B,C/[PF4] common-anion ternary liquid is given by
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— 0 0 0
G = (ny, (PE8a/pr) T 7B/1PEBy(pr T C/ [PFslgC/[PFG])

- config [ "'AB Tac
TASTTE + [( 5 )AgAB/[PFé] +( ) )AgAC/[PFé]

"BC
’ (T)AgBC/ U’Fd] 3)

where 1,15}, np/[pe,)y and ncpg,) as well as gg/[PFﬁ]; g%/[PFs];
and g¢/(pg,) are the number of moles and the molar Gibbs
energies of the A[PF], B[PF], and C[PF] pure components,
respectively; n,p, nsc, and npc are the number of moles of (A—
[PF¢]-B), (A—[PF¢]—C), and (B—[PF4]—C) cation—cation
pairs, respectively; Agap(pr.]y Agac/[pr,)y and Agpc)[pr,] are the
Gibbs energy changes for the formation of 2 mol of (A—
[PF4]-B), (A—[PF¢;]—C), and (B—[PF;]—C) pairs, respec-
tively; and AS“8 is an approximate expression of the
configurational entropy of mixing given by randomly
distributing the SNN cation—cation pairs.

Ageonfis — —R(ny In %, + ng Inx + nc Inx)

x x
W In[Y;A;] + nigp In(%]
A B

x x
+ ncc ln[%] + My ln[ AB ]
Y2 2Y,Y,

x x
+ nyc In —AC |4 figc In BC
2, Y, 2V, Y,

— R

J (4)

In eq 4, x,, xp, and x are the overall cationic site fractions; Y,
Yy, and Y are the “coordination-equivalent” fractions; and x4,
Xppy Xcoy ¥ap X¥acy and xpc are the SNN cation—cation pair
fractions according to

n.
M= —
(ny + ng + ng) (s)
"B
xAB =
(maa + gy + nee + myg + myc + npc) (6)
Y = Zx;
Y (Zyxy + Zxg + Zoxe) (7)

where i = A, B, C, and Z, is the SNN coordination number of
cation i. Z; should be regarded as a model parameter which
may differ from the actual physical coordination number. In
the present work, all SNN coordination numbers were set to
6.0. The same approach has been used successfully to model
several common-anion binary inorganic liquids*~* such as
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NaCl—-KCl, NaF—KF, and MgCl,—FeCl,, which display small
deviations from ideality. As will be shown later, the ionic liquid
binary mixtures investigated in this work are close to ideal.
Owing to all SNN coordination numbers being equal, Yj, Y5,
and Y. reduce to the mole fractions x,, g, and x¢, respectively.
For a liquid solution close to ideality, it can be shown that x;
— Y} and &; — 2Y}Y, (where i, j = A, B, C). The second term
in eq 4 is then equal to zero, and the configurational entropy
thus reduces to the Bragg—Williams (random-mixing)
expression. For further details, one is referred to the work of
Pelton and collaborators.*>*°

The Gibbs energy of the common-anion ternary liquid is
estimated from the optimized binary parameters using a
Kohler-like (i.e., symmetric model)** or a Kohler—Toop-like
(i.e., asymmetric model) interpolation method.*’

In a symmetric model like that presented in Figure 1la, the

three components are treated in the same way. Agyp/(pg,] in the

common-anion ternary liquid is given by

_AD
AgAB/[PF(,] = AgAB/[PF6]
i j
XAA BB
+ 2 ol )
AB/[PF,
(i+)=1 /[PFg] + x3p + Xpp J\ Xap + Xup + Xpp

i j
x
BB Yé
Xpp T X + Xpp

(8)

where the second summation in eq 8 consists of a ternary term

XAA
+ x5 + Xpp

+ 2 gAB(C)/[PFSJ[

i>0
j=0

which is zero in the AB/[PFq] binary subsystem, and which
gives the effect of the presence of component C[PF,] upon the
pair formation energy Agap/pr). The empirical ternary
coeflicients g‘;{%(c) /[pE,] are obtained using experimental ternary
data, but no ternary terms were required in the present work.

As AgAB/ [PF¢)s AgAC/ [PFe]r
solution approaches ideality, and x,, — Y3, xps — Y3, and xap

)~ (o) o

2
) . Equation 8 then approaches the

and Agpc/ipr,] become small, the

YA
Y, + Yy

XAA
Xap T Xz + Xpp

— 2Y,Ys. In this case, (

( )~ (55

Kohler equation (eq 20 in ref 36) for symmetric ternary

XBB
Xpp + x5+ Xpp

systems. Let us consider any ternary composition (point p in
Figure 1a). The first two terms on the right-hand side of eq 8
are constant along the line C[PF,;] — a and are equal to
Agyg[pr,) in the A,B/[PF¢] binary system at point a (where Y,
+ Yy = 1). That is, it is assumed that the binary (A—[PF¢]—B)

Y, .
“A ratio.
YB

Expressions similar to eq 8 give Agpc,(pr,] and Agac,pr,y With

pair interaction energy is constant at a constant

the binary terms equal to their values at points b and ¢,
respectively, in Figure la.

In an asymmetric model like that presented in Figure 1b,
one component (A[PF]) is treated differently than the other
two components. Agup/pr,] in the common-anion ternary

liquid is given by
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= AN ey + P oo (ea + pc + xc0)
(i+j)=1
)k
)
In the limit of ideality, x4, — Yx and (g + xpc + xcc) = (Vg
+Yc)? = (1 — Y,)* Equation 9 approaches the Kohler—Toop
equation (eq 21 in ref 36) for asymmetric ternary systems. The

first two terms on the right-hand side of eq 9 are constant
along the line ac in Figure 1b and are equal to Agag/(p,] in the

Agunprg

+ 2 gAB(C)/[pF Xaa (g + xpc + xcc) [

i>0
j20

Y+ Y

A,B/[PFq] binary system at point a. An equation similar to eq
9 gives Agyc/(pr,y While Agpc/pr,] is given by a result similar to
eq 8.

As will be discussed in Section 4.3, the [C;mpip][PF4]—
[Csmpy][PF4]—[Cymim][PFs] and [Cympyrr][PF¢]—
[Csmpy][PF¢]—[C3mim][PF¢] ternary systems are considered
to be “symmetric” while the [Cymim][PF4]—[Cympip][PF¢]—
[Csmpyrr][PF4] and [Cimpy][PF4]—[Cimpip][PF4]—
[Csmpyrr][PF,] ternary systems are considered to be
asymmetric with [Cymim][PFg] (respectively, [Csmpy][PF¢])
as the “asymmetric” component. The composition variables
Zap defined previously,®® that are relevant for the present
work, are given by eqs S1—SS in the Supporting Information.

As will be shown in Section 4.2, the optimized model
parameters Agyppr,] for the six binary subsystems of the
[C3mim][PE¢] [ Cympy] [PF¢]—[Cympyrr ][PFe] —[Cympip]-
[PF,] system are relatively small in amplitude. Therefore, the
investigated common-anion quaternary liquid exhibits rela-
tively little second-nearest-neighbor (cation—cation) short-
range ordering. Thus, the Bragg—Williams (random-mixing)
model could have been used successfully for this liquid. This
model is presented in detail in ref 49 and is briefly described in
ref 50. The Modified Quasichemical Model was finally selected
in the present work since it is suitable for diverse liquids (with
small or extensive short-range ordering, or with positive
deviations from ideality), making it possible to develop large
thermodynamic databases.

3.2. Solid Phase. The solid solutions relevant for the
present work are those for the binary system [C;mpip][PF4]—
[Csmpyrr][PF4] in the complete temperature range. They
were all described using the Compound Energy Formal-
ism.””*® The cations [Cympip]* and [Cympyrr]* reside on the
cationic sublattice C while the anion [PF¢]~ resides on the
anionic sublattice A. The molar Gibbs energy of each solid
solution is then given by the following equation:

_.C 0 C 0
G= y[C3mpip]+ G[C3mpip]+:[PF6]7 + y[C3mpyrr]+ G[C3mpyrr]+:[PF6]7

c c c c
* RTOIC mpipt 1Cmpipt” + 1 mpyt? 1 mpyr)
+G* (10)
The first two terms represent the reference Gibbs energy of the

solution, where y Cmpipl* + and y Cympyn] AT€ the site fractions of

[Cympip]* and [C3mpyrr] on the cationic sublattice C, and
G([)Cgmpip]*:[PF - and G [Cympyre] [P~ 3T€ the standard molar

Gibbs energies of the end-member components [Cympip]-
[PEs] (51, s, or s3) and [Cympyrr][PF] (s, 55 or s3),
respectively (where s, s,, and s; are the three allotropes of each
compound). The third term in eq 10 gives the ideal entropy of
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mixing (Temkin type®'), assuming a random distribution of
the cations on the cationic sublattice. The final term is the
molar excess Gibbs energy and is expressed as follows:
GE = yC . +yC +L it +. -
[C3mpip]™7[Csmpyrr] [C3mpip]™, [Csmpyrr]”: [PE] (11)

The L factor may depend on the temperature and also on the
composition, where Redlich—Kister terms as a function of site
fractions are generally used.

4. RESULTS AND DISCUSSION

4.1. Pure lonic Liquids. Figure 2 shows the chemical
structures of the four [PF4]-based ionic liquids investigated in

/:\ PFg- /@ PFg-
N Nt "
HC™ N\ \/\CH3 e X \/\CH3
(b)

(a)

PFe- PFg
Z \ N cHy N
| | CHs

CH3 Chs

© @

Figure 2. Chemical structures of the [PF]-based ionic liquids: (a)
[Comim][PFy), (b) [Cumpy][PE], (¢) [Cympyrr][PF), and (d)
[Csmpip ] [PF].

the present work. Maximo et al.”® measured their thermal
transitions by DSC and also measured their melting temper-
atures using optical microscopy. The crystal structures of the
pure compounds were determined by single crystal X-ray
diffraction at 180 K. Table 1 gives the thermal transition data
from Maximo et al.”® along with the data collected from the
literature. For the sake of consistency, the data of Maximo et al.
are used directly in the present work. In particular, [Csmpyrr]-
[PF,] and [C;mpip][PF,] both have three allotropes (s, s,,
53).

As mentioned previously,'” to model the phase diagram of a
common-anion system such as [Cymim][PF¢]—[Csmpy]-
[PF¢]—[Cympyrr][PF¢]—[Cympip][PF¢] for which measure-
ments are available, only the molar Gibbs energies of fusion
and the molar Gibbs energies of solid—solid transition (if
different allotropes exist) of the pure compounds need to be
known. The molar Gibbs energy of fusion of the pure
compound m may be written as

Tﬁlsion(m) (12)

where the enthalpy of fusion Ahgmon(m) is independent of the
temperature to a first approximation. Similarly, the molar
Gibbs energy of the solid—solid transition for a compound
displaying two or more allotropes (s, s,,...) may be written as

0 A0
Agl’usion(m) - AhﬁlSion(m)[l -

0 _ 0 T
Ag’cra\ns(si) - Ahtrans(si)[l - ]

trans(s;)

(13)

4.2. Binary Subsystems. The phase diagrams of the six
binary subsystems have been measured by Maximo et al.”°
using mainly optical microscopy. No intermediate compound
has been observed. The calculated phase diagrams are
discussed below.

4.2.1. Phase Diagrams with a Simple Eutectic Behavior.
Figure 3 displays the calculated phase diagrams for the
[Campy][PE,]—[Cymim][PE,], [C,mpip][PF,]~[Cymim]-
[PF,], [Cmpyrr] [PF,]—[C,mim][PE], [C,mpy][PF,]—
[Csmpyrr][PE,], and [Cympip][PFe]—[Cimpy][PF,] binary
systems along with the experimental data from Maximo et al.”
These are simple eutectic systems with negligible solid
solubility. The characteristics of the calculated binary eutectic
(temperature and composition) are shown for each system.
Agreement between the calculations and the measurements is
satisfactory. Table 2 gives the optimized Gibbs energy of
reaction 1 for each binary liquid. The composition variables
Xap used in this table are defined by eqs SI—SS5 in the
Supporting Information. These expressions are valid in the
quaternary system, and for any binary system A[PF4]—B[PF]
(where A, B = [Cymim], [Cympy], [Cympip], [Cympyrr]),
they reduce to

){AB = xAA (14)

Once numerical values are estimated for the empirical
coefficients in eq 2, the Gibbs energy of the A[PF;]—B[PF]
binary liquid is defined, which also applies to the A[PF4]—
B[PF4]—C[PF4] ternary liquid through eqs 3 and 4. The
equilibrium cation—cation pair composition (x,,, xpp, and x,p)
is the one that minimizes the Gibbs energy of the A[PF4]—
B[PFq] binary liquid at a given temperature, pressure, and
(global) composition. This permits to calculate all thermody-
namic properties, including the binary phase diagram. The set
of empirical coefficients in eq 2 permitting the best
reproduction of all available experimental binary data (the
phase diagram in the present work) was retained.

As seen in Table 2, the optimized parameters for the
[C3mpy] [PF¢]—[Csmim][PF4] binary system are somewhat

Table 1. Enthalpies of Fusion and of Solid—Solid Transitions from the Literature*>** for the Pure Compounds
[C3mim][PF4], [C3mpy][PF], [Cympyrr][PF(], and [Cympip][PF]

water content melting

enthalpy of fusion

ionic liquid (wt %) purity (%)  temp (K) (J mol™) solid—solid transition ref
mim <0. >

[C;mim][PF,] 0.5 99 312 14260 26

<20 ppm 313 52

C;m PF <0.5 >99 312 12640 26

3mpy 6

Cympyrr] [PE, <05 >99 383 3410 Tyt = 346.6 K, Ahyy = 2810 J mol™, Ty = 359.5 K, 26
3mpy’ 1
Ahyneo = 2310 J mol™

386 6565 Ty = 3552 K, Touy = 3702 K 53

[Cympip][PE] <0.5 >99 368 5110 Ty = 3117 K, Al = 8080 J mol™), Ty = 3524 K 26

Ahyn = 2740 J mol™

DOI: 10.1021/acs.jpcb.9b07545
J. Phys. Chem. B 2019, 123, 8954—8969


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b07545/suppl_file/jp9b07545_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.9b07545

The Journal of Physical Chemistry B

(@)

(b)

100 & 96°C 3
8 Liquid + [C;mpip][PF4](ss)

Liquid ]

70 E
o O 60 Liquid + [C,mpip][PF](s,) ]
s F 50F E
40 39°C
Liquid + [Comim][PF](s)
30 F ]
F Liquid + [C,mpy][PF4(s) Liquid + [C;mim][PFe](s) ] 20 3
5 Liquid + [C;mpip][PF](s,)
F 7 10F g
0 [Csmpy][PFe](s) + [Csmim][PFc](s) 0 [C.mpip][PF4](s,) + [C;mim][PF.](s)
0 01 02 03 04 05 06 08 09 1 0 01 02 03 04 05 06 08 09 1
X([C;mim][PF¢]) X([C;mim][PF¢])
c d
120 r r : : (.) . . . ; 120 . . . . (.) . . . .
1104 110°C 3 110 110°C
Liquid PF E L
100 iquid + [CympyrT][PF](s,) 100 Liquid + [C.mpyrriPF(s.)
&0 o ] 9 F
80 Liqid + [CompyrriPFol(e:) 3 80 Liquid + [Csmpyrr][PFl(s,)
_ 70 ] _. 70
ii 60 Liquid °; 60
"ok F 5
40 F > 40 ¢
30F 30
Liquid + [C;mpyrr][PF](s,)
20 F ) E 20
. ICampyrr][PFa](so+1%mlm][PF6] 10 fLiquid + [CompyIIPFIS
10 F - . iquid + [C;mpy][PF](s!
Liquid + [C PF,
e e e Cmimi(PR) o ICmPYIPFLIE) * ICmpy P, .
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 08 09 1
X(IC;mim][PF]) X(IC;mpyrrI[PF,])
100 (e)
£ : . . : . . . T
%0 Liquid + [C,mpip][PF¢(s,) 1
80 ]
- Liquid + [Csmpip][PFl(s,)
60 [ -
~ Liquid
5 iqui
= 50 ]
= " Liquid + [Csmpy][PFel(s)  3g°c
30 F
0k Liquid + [C;mpip][PF¢](s1)
10 F d
o [Csmpip][PF](s,) + [Csmpy][PFcl(s)
0 01 02 03 08 09 1

04 05 06
X([Csmpy][PF])

Figure 3. Calculated binary phase diagrams with a simple eutectic behavior, temperature versus mole fraction of the second component: (a)
[C3mpy][PFs]~[Csmim][PFg], (b) [C3mpip][PFe]—[Csmim][PF], (¢) [Csmpyrr][PFs]—[Csmim][PFy], (d) [Csmpy][PF]—[Csmpyrr][PE],
and (e) [C;mpip][PFy]—[Cympy][PF]. Experimental data are from Maximo et al.*® (optical microscopy (@), DSC (O)).

smaller in amplitude than those for the four other binary
systems with a simple eutectic behavior. This was expected
since the former system, which involves two aromatic cations,
should display smaller deviations from ideality than the latter,
which all involve an aromatic and a nonaromatic cation.
4.2.2. Phase Diagram with Complete Solid Solution. The
phase diagram of the [Cympip][PF4]—[Csmpyrr][PF,] binary
system has been measured by Maximo et al.*® using optical
microscopy, DSC, and powder X-ray diffractometry of the solid
phase. No intermediate compound has been observed. As

8959

shown in Figure 4a, the measured limiting slopes (thin red
lines) of the [Cympip][PF¢] and [Cimpyrr][PF4] liquidus
curves substantially disagree with eq 15, which assumes no

solid solubility:

daT
dxr]rilquidus

where R is the gas constant, and Tggon(,) and Ahglsm(m) are,
respectively, the temperature of fusion and the molar enthalpy

2
_ RTfusion( m)

1]

[at x,, =

AIflf(l)lsion(m) (15)
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Table 2. Optimized Gibbs Energy of Reaction 1 for the
Eutectic-Type Phase Diagrams

binary system optimized Agyp/(pr,) (J mol™")
[Csmpy][PF]—[Csmim][PF]

[C3mpip] [PFg]—[C3mim][PF]

205.0 = 163.2(C.mpy][Comim]

—460.2 + 677.8)(C mpip][Cymim] +
602.521C.mim][Cmpip]

[Cympyrr] [PEg]—[Cymim][PFs]  =598.3 + 661.L(c mpyu](Coim) *+
623~4‘X[C‘mim][cxmp‘/ﬂ]

—192.5 + 272.0%(C mpy][Cympyer] +
S02.1Y(Cmpyre][Cimpy)

[C3mpy][PF]—[C3mpyrr] [PF]

(Cympip] [PF4]—[C3mpy][PF] 71S8.5X(Cmpip][Cympy]

of fusion of the pure salt m. Therefore, this system exhibits at
least some solid solubility.

Maximo et al.*® reported an extensive solid solution over the
entire composition range for the [Cympip][PF4]—[Cympyrr]-
[PF¢] binary system. Common-anion ionic liquid binary
systems that exhibit full solid solutions are rather uncommon.
More recently, Teles et al.”’ reported also an extensive solid
solution for the [C,mpyrr][N(C,FSO,),]—[Cympyrr][N-
(C4F4S0,),] binary system. Maximo et al.’® observed on
their DSC thermograms a single endothermic transition upon
heating, which suggests the presence of a continuous solid

solution. These authors further confirmed the formation of a
monophasic solid phase by powder X-ray diffraction at 298.15
K (solid solution C (s;—s;) in Figure 4) and determined the
crystallographic structure of the [Cympip][PF4] pure com-
pound by single crystal X-ray diffraction at 180 K (allotrope
(s1)). This compound is monoclinic (space group P2,/c) with
8 formula units per unit cell and unit cell angles a = 90°, f =
109.466°, ¥ = 90°. Golding et al.> reported crystallographic
data for the [Cympyrr][PFs] pure compound at 123 K
(allotrope (s;)). This compound is monoclinic (space group
C2/c) with 36 formula units per unit cell and unit cell angles
= 90° B = 109.797°, y = 90°. Thus, the low-temperature
allotropes (s;) of [Csmpip][PF¢] and [Cympyrr][PF,] have
monoclinic unit cells with very similar crystallographic axes
angles. Maximo et al.” suggested that the crystalline structure
of [Csmpyrr][PF], which corresponds to a bigger crystal
volume, may act as a host-structure to accommodate the
crystal structure of [Cympip][PF], thus leading to the
formation of a continuous solid solution. It can thus be
concluded that the high-temperature allotropes (s;) of
[C;mpip][PF,] and [Cympyrr][PFs] form an extensive solid
solution over the entire composition range, and that the low-
temperature allotropes (s;) most likely have the same behavior.
It is therefore reasonable to assume that the intermediate-
temperature allotropes (s,) are also fully miscible. In order to

(@)
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Figure 4. Calculated [C3mpip][PFs]—[C3mpyrr][PF] phase diagram, temperature versus mole fraction of [Cympyrr][PF¢]: (a) first scenario (the
limiting liquidus slopes calculated from eq 15 are shown as thin red lines), (b) second scenario, and (c) final. Notations: A = {{C;mpip][PFq](s;)—
[Campyre][PFe) (51} (55); B = {[Compip] [PEg)(s2)—[Campyre) [PFe) (s }(s8); C = {[Campip ] [PFe) ()~ [ Campyrr][PEe) s2) (). Experimental

data are from Maximo et al.* (optical microscopy (@), DSC (O)).
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check this hypothesis, two different scenarios were considered
in the present work to model the phase diagram of the
[Cympip][PF¢]—[Cympyrr][PF] binary system. The first
scenario assumes a negligible solid solubility between the
low-temperature allotropes (s;—s;) and also between the
intermediate-temperature allotropes (s,—s,) (Figure 4a). The
second scenario assumes a continuous solid solution between
the low-temperature allotropes (s;—s;) and also between the
intermediate-temperature allotropes (s,—s,) (Figure 4b). As a
first approximation, in the latter scenario, the same excess
Gibbs energy as for the high-temperature (s;—s;) solid solution
(which was optlmlzed on the basis of the experimental data of
Maximo et al.>®) was used for both the low-temperature (s,—
s;) and the intermediate-temperature (s,—s,) solid solutions.
The two pure compounds have very similar cation structures
(only differing by one carbon atom) and also similar crystal
structures. Thus, the binary liquid was assumed to be ideal.
That is

Ag[C3mpipl[C3mpyrrl/ [PE] —

(16)

The various solid solutions were described with the
Compound Energy Formalism (CEF). Figure 4 displays the
calculated phase diagram along with the measurements from
Maximo et al., according to the first scenario (Figure 4a) and
the second scenario (Figure 4b). The calculated phase diagram
for the first scenario displays the high-temperature (s;—s;)
solid solution along with the eutectoid reaction {[Cs;mpip]-
[PE](s3)—[Csmpyrr][PE](s3)}(ss) = [Csmpip][PFe](s;) +
[Cympyrr][PF4](s;) at =5 °C and $6.6 mol % [C;mpyrr]-
[PF4]. On the other hand, there are three distinct areas
corresponding to the high-temperature (s;—s;), intermediate-
temperature (s,—s,) and low-temperature (s;—s;) solid
solutions in the calculated phase diagram for the second
scenario. As will be shown later, the second scenario allows to
best reproduce the DSC measurements performed in the
[Csmim][PF¢]—[Cympip][PFs]—[Cympyrr][PF,] ternary sys-
tem. The final optimized excess Gibbs energy (GF) of each
solid solution is given in Table 3. These are small positive

Table 3. Optimized Excess Gibbs Energies of the Solid
Solutions in the [C;mpip][PF¢]—[Cympyrr][PF¢] binary
System”

solid solution optimized G= (J mol™)

high-temperature (s;—s3) 217.6 X y Campip]® X

c
Y(Cympyn]*
intermediate-temperature (s,—s,) 83.7 X y - mplp . X

502.1 X 5

C
y[C;mpyrr]

low—temperature (s1 —sl) - X y

C,mpip]* C;mpyrr]”

%yC is the site fraction of species i on the cationic sublattice C.

regular interaction parameters. The final calculated phase
diagram of the [Cympip][PFs]—[Cimpyrr][PF4] binary
system with the interaction parameters from Table 3 is
shown in Figure 4c. There is a minimum at 95 °C and 22 mol
% [Cympyrr][PF4]. The temperature of the minimum is lower
than the melting temperatures of the pure compounds.

4.3. Ternary Subsystems. The quaternary system
investigated consists of the four following ternary subsystems:
(1) [Cymim] [PEy]—[Compip] [PE]—[Compyre] [PE], (2)
[C3mpy][PF¢]—[C3mpip][PF¢]—[Cympyrr][PF¢], (3)
[C3mpip] [PF¢]—[C3mpy][PF¢]—[C3mim][PF(], and (4)
[C3mpyrr][PF¢]—[Cympy] [PFs]—[Csmim][PF¢]. Since sys-
tems 1 and 2 both include the [C;mpip][PF] and [C;mpyrr]-
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[PF4] components, they will display at least a complete high-
temperature binary solid solution (s;—s;). On the other hand,
systems 3 and 4 exhibit a negligible solid solubility. Two
isoplethal sections were measured in each of the four ternary
systems using DSC, with most of the measurements performed
for systems 1 and 3.

Liquidus projections of the various ternary subsystems were
calculated (see Figures S, 7, 9, and 11), and the region of

[ Csmlm][ PF]
(39°C

08

07 06 05 04 03 02

* [C.mp, _;:rr][ PF,]
(110°C)

[C,mpip][PF] *

(96°C) mole fraction

Figure 5. Calculated liquidus projection of the [Cymim][PF¢]—
[C;mpip][PF¢]—[C3smpyrr][PF¢] system. Notations: A = {[C;mpip]-
[PE](5,)—[Compyrr][PEG)(s)}(ss); B = {[Cmpip][PE,](5,)-
[Csmpyrr][PFg](s,)}(ss); C = {[Cympip][PFs](s;)~[Csmpyrr]-
[PF](s;)}(ss). The isoplethal sections at constant 40 mol %
[Cymim][PF¢] (red dashed line) and at a constant molar ratio
[Cympyrr] [PF]/([Cympyrr][PFq] + [Cympip][PF¢]) of 0.60 (blue
dashed line) are shown schematically. The region of composition
corresponding to room temperature ionic liquid (RTIL) mixtures is

highlighted.

compositions corresponding to room temperature ionic liquid
(RTIL) mixtures is highlighted. As discussed previously,
[Csmpip][PF,] and [C;mpyrr][PF¢] have very similar cation
structures and also similar crystal structures. Thus, the
thermodynamic properties of the ternary subsystems 1 and 2
(which include both components) were calculated from the
optimized model parameters for the three binary subsystems
using a Kohler—Toop-like (asymmetric) interpolation method
(see Figure 1b), with [Csmim][PF] (or [Csmpy][PF]) as
the asymmetric component. For the ternary subsystems 3 and
4, a Kohler-like (symmetric) interpolation method was used
(see Figure 1a) . A similar approach has been used successfully
for various multicomponent common-anion inorganic salt
systems (chlorides and fluorides). 4674854758 The cations of
each system were separated into different chemical groups:
alkali cations (Li*, Na*, K*, Rb*, Cs*) in a first group, alkaline-
earth (Mg**, Ca**, Sr**, Ba’*) and divalent metal (Mn**, Fe*",
Co", Ni**, Zn*") cations in a second group, and trivalent metal
cations (Fe®*, AP*) in a third group. If the three cations of a
ternary common-anion salt system all belonged to the same
group or to three different groups, then a symmetric
interpolation was used. On the other hand, if two cations
were in the same group and if the third cation belonged to
another group, an asymmetric interpolation was used instead
with the salt component involving the latter cation as the
asymmetric component. With this systematic approach, the
predictions for the ternary common-anion salt system were
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always more satisfactory. That is, agreement between the
calculations and the available experimental data was substan-
tially better, and when one or more ternary parameters were
required to best reproduce the ternary measurements, the
number and amplitude of these ternary parameters were always
smaller. The same methodology was used for the quaternary
ionic liquid system investigated in the present work:
[Cympip]* and [Cympyrr]™ belong to the same group owing
to their close similarity, [Cymim]* is in a second group, and
[Csmpy]* belongs to a third group. As explained previously,
the optimized model parameters Agyp[p,) for the six binary
subsystems of the [ Cymim][PF¢]—[Cympy][PF¢]—[Cympyrr]-
[PF4]—[Cympip][PF4] system are relatively small in ampli-
tude, and the quaternary liquid is thus close to ideal. Therefore,
the predictions in the various ternary subsystems, based on the
optimized binary model parameters, will not be much affected
by the choice of the method of interpolation. However, putting
the [Cympip]* and [Csmpyrr]* cations in the same group gave
somewhat better predictions in the [C;mim][PF¢]—[C;mpip]-
[PF¢]—[C mpyrr][PF¢] ternary subsystem, for which several
DSC measurements were conducted.

4.3.1. [Csmim][PF4]—[Csmpip][PFs]—[Csmpyrr][PFs] Sys-
tem. The calculated liquidus projection of the [Cimim]-
[PF¢]—[Cympip][PF¢]—[Cympyrr][PF¢] system is shown in
Figure S. The second scenario, which assumes a continuous
solid solution between the low-temperature allotropes (s,—s,)
and also between the intermediate-temperature allotropes (s,—
5,) of [Cympip][PF] and [Cympyrr][PF], was finally favored
on the basis of the available ternary data; detailed explanations
are given in the Supporting Information. No ternary excess
parameter was included for the liquid phase, and the excess
Gibbs energies of the low-temperature (s;—s;) and inter-
mediate-temperature (s,—s,) binary solid solutions were
adjusted (see Table 3) in order to best reproduce the ternary
data. The minimum liquidus temperature corresponds to the
binary eutectic reaction liquid = [Cymim][PF] + [Csmpyrr]-
[PF¢](s;) at 4 °C. The isoplethal sections at constant 40 mol %
[C3mim][PF¢] (red dashed line in Figure S) and at a constant
molar ratio [Cympyrr][PF]/([Cympyrr][PF¢] + [Csmpip]-
[PF¢]) of 0.60 (blue dashed line in Figure S) were measured
by DSC, and the calculations are compared to the measure-
ments in Figure 6a,b, respectively. The filled circles in Figure
6b correspond to a ternary mixture, for which three
consecutive heating/cooling cycles were used. For all other
data points in Figure 6a,b, one cooling run was followed by one
heating run. Two series of experiments were performed in the
isoplethal section at constant 40 mol % [C;mim][PF¢] (Figure
6a), and problems of reproducibility were encountered. In
order to better interpret these measurements, the phase
diagram has been divided into three approximate temperature
zones (zones 1, 2, and 3). Zone 1 corresponds to the measured
liquidus temperatures: in principle, for a given sample, the last
thermal transition upon heating should be the liquidus
tem6perature. In Figure 6a, the binary data from Maximo et
al>® at 0 and 60 mol % [C,mpyrr][PF] are also shown. The
shift between the calculated and measured liquidus temper-
atures is sometimes close to 10 °C but usually lower than S °C,
which is the corresponding shift for the binary mixture at 0 mol
% [Cympyrr][PF]. Note that the thermal transition measured
at 37.5 mol % [Cimim][PF¢] (and at 37.5 mol %
[Cympyrr][PF4]) (see Figure 6b) is also displayed in Figure
6a along with the corresponding calculated liquidus line
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Figure 6. Calculated isoplethal sections in the [Cymim][PF4]—
[C;mpip][PF¢]—[C3smpyrr][PF,] system along with measurements.
(a) At 40 mol % [C;mim][PF¢]. The calculated liquidus line at 37.5
mol % [C;ymim][PFq] is also shown as a red dashed line. Experimental
data are from the present work (@, O), and Maximo et al.>® (A). The
thermal transition measured at 37.5 mol % [Cymim][PF4] (and at
37.5 mol % [Cympyrr][PF¢]) and taken from part b is also shown
(red V). (b) At a constant molar ratio [Csmpyrr][PFq]/([C;mpyrr]-
[PF4] + [Csympip][PF¢]) of 0.60. Experimental data are from the
present work (©, @) and Maximo et al.”° (A, A). Notations: A =
{[C3mpip][PF4](s,)—[Csmpyrr][PF](s;)}(ss); B = {[Cmpip]-
[PF¢](s,)=[Cympyrr][PEc](sy)}(ss); C = {[Cympip][PF¢](s3)—
[Campyre] [PF] (5,0 ().

(shown as a red dashed line). The lens-shaped region
calculated at low temperatures remains virtually unchanged
at 37.5 mol % [Cymim][PF¢]. Zone 3 corresponds to the
measured low-temperature thermal transitions. Agreement
between the thermal transitions measured in this zone and
the calculated lens-shaped region is satisfactory. Finally, zone 2
corresponds to the measured thermal transitions observed in
the intermediate temperature range and possibly associated
with metastable phase equilibria. These data points are not
reproduced by the thermodynamic model. Metastable phase
equilibria have already been observed for ionic liquid systems:
for instance, during investigation by DSC of the [C,mpyrr]Cl—
[C,mpyrr]Br binary system, Stolarska et al.”’ observed a
thermal transition in the range 97—117 °C for pure [C,mpyrr]
Cl and most of the [C,mpyrr]Cl—[C,mpyrr]Br binary
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mixtures. This was attributed to a possible polymorphism of
[C,mpyrr]Cl, with the existence of two preferred conforma-
tions of the pyrrolidinium ions. However, no such thermal
transition was observed in the [C,mpyrr]Cl—[C,mpyrr][BF,]
binary system. Interestingly, the thermal transition (solid red
inverted triangle) measured in the present work at 37.5 mol %
[C;mim][PF,] (and at 37.5 mol % [Csmpyrr][PF]), and
taken from the isoplethal section in Figure 6b, agrees very
satisfactorily with the model; no metastable phase equilibria
were observed at this particular composition. For the isoplethal
section at a constant molar ratio [C3mpyrr] [PFé]/ ([C3mpyrr]—
[PF¢] + [Csmpip][PF4]) of 0.60 (Figure 6b), the binary and
unary experimental data from Maximo et al’® are also
displayed at 0 and 100 mol % [Csmim][PF], respectively.
In Figure 6b, agreement between the calculations and the DSC
measurements is overall very satisfactory.

4.3.2. [C;mpy][PFg]—[Csmpip][PFs—[Csmpyrr][PFs] Sys-
tem. The calculated liquidus projection of the [Csmpy]-
[PF¢]—[Cympip][PF4]—[Cympyrr] [PF¢] system is displayed
in Figure 7. It is very similar to that of the [Cymim][PF4]—
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(

39°C)
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13°¢°/_[C,mpyl[PFl(s) >
® 03,
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05
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[C,mpip][PF,] *°
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Figure 7. Calculated liquidus projection of the [C;mpy][PF4]—
[C;mpip][PF¢]—[ Csmpyrr][PF¢] system. Notations: A = {[C;mpip]-
[PE,1(s0)—[Campyrr][PEl(s1)}(58); B = {[Compip][PFa(s,)—
[Cympyrr] [PEg)(5,))(s5); C = {(Compip] [PF,](sy)—[Csmpyrr]-
[PF](s3)}(ss). The isoplethal sections at constant 40 mol %
[C;mpy][PFq] (red dashed line) and at a constant molar ratio
[Csmpyrr][PF4]/([Cympyrr][PFq] + [Cimpip][PF]) of 0.60 (blue
dashed line) are shown schematically. The region of composition
corresponding to room temperature ionic liquid (RTIL) mixtures is

highlighted.

[C3mpip][PF¢]—[Csmpyrr][PF¢] system (see Figure S). This
is not surprising since the two ternary systems only differ by
the compounds [C;mim][PF4] and [C;mpy][PF], which have
the same melting temperature. Again, no ternary excess
parameter was included for the liquid phase. The minimum
liquidus temperature corresponds to the binary eutectic
reaction liquid = [Cympy][PFs] + [Cympyrr][PF](s;) at 6
°C. A few ternary mixtures in the isoplethal sections at
constant 40 mol % [Cympy][PF¢] (red dashed line in Figure
7) and at a constant molar ratio [ Cympyrr][PF¢]/([C;mpyrr]-
[PF4] + [C3mpip][PF,]) of 0.60 (blue dashed line in Figure 7)
were investigated by DSC, and the calculations are shown
along with the data in Figure 8a,b, resgectively. In the former,
the binary data from Maximo et al.”® at 0 and 60 mol %
[Csmpyrr][PF] are also displayed. In the latter, the binary and
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Figure 8. Calculated isoplethal sections in the [Cympy][PF4]—
[Csmpip][PF¢]—[C3ympyrr][PFg] system along with measurements:
(a) at 40 mol % [Csmpy][PF¢]; (b) at a constant molar ratio
[Csmpyrr][PFq]/([Csmpyrr][PFe] + [Cimpip][PF]) of 0.60.
Experimental data are from the present work (@) and Maximo et
al.”® (A, A). Notations: A = {[Cympip][PF,](s,)—[Csmpyrr][PFq]-
(s1)}(ss); B = {[Csmpip][PF4](s,)—[Csmpyrr][PFe](s,)}(ss); C =
{[C3mpip][PFg](s3)—[Cympyrr][PF4](s3)}(ss)-

unary data from Maximo et al.*® are also shown at 0 and 100
mol % [Csmpy][PF¢], respectively. In Figure 8a, some thermal
transitions were observed in the intermediate temperature
range and are not reproduced by the thermodynamic model;
they are believed to correspond to metastable phase equilibria.
In Figure 8b, agreement between the calculations and the DSC
measurements is overall satisfactory.

4.3.3. [Csmpip][PF¢]—[Csmpyl[PFs]—[Csmim][PF4] System.
The calculated liquidus projection of the [Cympip][PF¢]—
[C3mpy] [PF¢]—[Csmim][PF4] system is shown in Figure 9.
Again, no ternary excess parameter was introduced for the
liquid. The ternary eutectic reaction liquid = [C;mpip][PFq]-
(s1) + [Cympy][PF4] + [Cymim][PFq] is calculated at —8 °C
with a liquid composition of (22.6 mol % [Cympip][PF,] +
41.5 mol % [Cympy][PF4] + 35.9 mol % [Cymim][PFq]). This
corresponds to the minimum liquidus temperature in the
ternary system. The isoplethal sections at constant 40 mol %
[Csmpy][PF,] (red dashed line in Figure 9) and at a constant
molar ratio [Cympy][PFq]/([Csmpy][PF] + [Cymim][PF])
of 0.60 (blue dashed line in Figure 9) were measured by DSC,
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Figure 9. Calculated liquidus projection of the [C;mpip][PF4]—
[C;mpy][PF4]—[Csmim][PF] system. The isoplethal sections at
constant 40 mol % [C;mpy][PF] (red dashed line) and at a constant
molar ratio [Cympy][PF]/([Csmpy][PF¢] + [C3mim][PF]) of 0.60
(blue dashed line) are shown schematically. The region of
composition corresponding to room temperature ionic liquid
(RTIL) mixtures is highlighted.

and the calculations are compared to the measurements in
Figure 10a,b, respectively. The filled circles in Figure 10a
correspond to a ternary mixture, for which three consecutive
heating/cooling cycles were used. For all other data points in
Figure 10a,b, one cooling run was followed by one heating run.
In Figure 10a, the binary data from Maximo et al*® at 0 and 60
mol % [C;mpip][PF] are also shown. Note that the thermal
transitions measured at 45.2 mol % [Cympy][PF] (and at 25.5
mol % [Cympip][PF]) and at 37.6 mol % [Cympy][PFq] (and
at 37.9 mol % [Cympip][PFs]) (see Figure 10b) are also
displayed in Figure 10a. The corresponding calculated liquidus
temperatures are virtually identical to those calculated at 40
mol % [Cympy][PF4] and shown in Figure 10a. In the latter, at
about 10 mol % [C;mpip][PFq] only two thermal arrests were
measured whereas three different thermal arrests are predicted
by the thermodynamic model. As pointed out by Stolarska et
al,” owing to the dynamic nature of the DSC experimental
technique, thermal transitions that should exist thermodynami-
cally may be kinetically hindered. In Figure 10b, the binary and
unary data from Maximo et al.*® are also shown at 0 and 100
mol % [C,mpip][PFq], respectively. In Figure 10a,b, agree-
ment between the calculations and the DSC measurements is
usually very satisfactory.

4.3.4. [Csmpyrr][PFs]—[Csmpy][PFs]—[Csmim][PF4] Sys-
tem. The calculated liquidus projection of the [C;mpyrr]-
[PF¢]—[Cympy][PFs]—[C;mim][PF¢] system is shown in
Figure 11. It is very similar to that of the [Cympip][PF¢]—
[C3mpy][PF¢]—[Csmim][PF4] system (see Figure 9). This
was expected since the two ternary systems only differ by the
compounds [Cympyrr][PFy] and [Cympip][PF], which have
very similar cations and relatively close melting temperatures.
As previously described, no ternary excess parameter was
introduced for the liquid. The ternary eutectic reaction liquid =
[Csmpyrr][PF](s,) + [Cympy][PFs] + [Cymim][PF4] is
calculated at —16 °C with a liquid composition of (33.9 mol
% [Csmpyrr][PF4] + 33.9 mol % [Cympy][PF] + 32.2 mol %
[Cymim][PF4]). This is the minimum liquidus temperature in
the ternary system. A few ternary mixtures in the isoplethal
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Figure 10. Calculated isoplethal sections in the [C;mpip][PF4]—
[C3mpy][PF¢]—[Csmim][PF,] system along with measurements. (a)
At 40 mol % [Cympy][PFq]. Experimental data are from the present
work (©, @) and Maximo et al.”® (A). The thermal transitions (red
V) measured at 452 mol % [Cympy][PF,] (and at 25.5 mol %
[C3mpip][PF;]) and at 37.6 mol % [Cympy][PF4] (and at 37.9 mol
% [Csmpip][PF¢]), and taken from part b, are also shown. (b) At a
constant molar ratio [Cympy][PF¢]/([Csmpy][PFs] + [Cimim]-
[PF4]) of 0.60. Experimental data are from the present work (©) and
Maximo et al.”° (A, A).

sections at constant 40 mol % [Cympy][PFq] (red dashed line
in Figure 11) and at a constant molar ratio [Cympy][PF4]/
([C3mpy][PF¢] + [Cymim][PF¢]) of 0.60 (blue dashed line in
Figure 11) were investigated by DSC, and the calculations are
shown along with the data in Figure 12a,b, respectively. In the
former, the binary data from Maximo et al.”° at 0 and 60 mol %
[Cympyrr][PFq] are also displayed. In the latter, the binary and
unary data from Maximo et al.”® are also shown at 0 and 100
mol % [Csmpyrr][PFq], respectively. Agreement between the
calculations and the DSC measurements is overall satisfactory.

4.3.5. Quaternary System. Using the program FactOpti-
mal,** which is a coupling of the FactSage thermochemical
software® with the powerful Mesh Adaptive Direct Search
(MADS) algorithm, we identified the global minimum liquidus
temperature in the quaternary system [Cymim][PF¢]—
[Csmpyrr][PF4]—[C3mpy][PF4]—[Cympip][PF,]. This global
minimum is very close to the ternary eutectic in the
[Csmpyrr][PF¢]—[Cympy] [PF¢]—[C3mim][PF,] system (Fig—
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Figure 11. Calculated liquidus projection of the [Csmpyrr][PFy]—
[C;mpy][PF4]—[Csmim][PF,] system. The isoplethal sections at
constant 40 mol % [C;mpy][PF] (red dashed line) and at a constant
molar ratio [Cympy][PF]/([C3mpy][PF4] + [C3mim][PF]) of 0.60
(blue dashed line) are shown schematically. The region of
composition corresponding to room temperature ionic liquid
(RTIL) mixtures is highlighted.

ure 11). This is a true minimum, where three solid phases
coexist ([Csmpy][PF¢], [C;mim][PF¢], and a [Cympyrr]-
[PF,](s;)—[Csmpip][PF](s;) solid solution which is almost
pure [Cympyrr][PF¢](s;)), and the quaternary liquid contains
virtually no [C;mpip][PFq] (i.e., only about 0.003 mol %).

4.3.6. Discussion. For each ternary ionic liquid system
investigated in the present work, the deviation from ideality
can be quantified by the activity coefficients (relative to liquid
standard state) of the three components. A temperature of 100
°C was selected since most ternary mixtures will then be liquid
owing to the melting temperatures of the four pure [PF¢]-
based compounds (between 39 and 110 °C). Let us consider
the general case of a common-anion ternary liquid A[PF4]—
B[PF4]—C[PF¢], where A, B, and C are the cations and [PFg]~
is the common anion. The activity coefficient of A[PF] in the
ternary liquid can be defined as

9a[PE|]

o (e, Yarpgy = 1 in the ideal case)

Varer) =

¢ (aA[PFé])

(17)

(aarpr,)'* is the activity of A[PF] in the ideal case, when the

cations are randomly distributed on the cationic sublattice.

Thus

( )ideal —Y.Y —Y, = _ N

AA[PE,] S AP T AT X =

ny + ng + nc

"AIPE,]

= XA[PE]
marpg) T+ e T ficipg °

(18)
(Ypg,] = 1 since there is only one type of anion on the anionic
sublattice.)

__ %A[PFg)

YarpE] =

Finally, (where x,(pg,] is the mole fraction of

XA[PFg]
A[PFg] in the common-anion ternary liquid). There may be
negative (i.e, yapp] < 1) or positive (ie, yappg > 1)
deviations from ideality. The isoactivity lines (relative to liquid
standard state) of the three components in the {[C;mim],
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Figure 12. Calculated isoplethal sections in the [C;mpyrr][PF¢]—
[C3mpy][PF¢]—[C3mim][PFq] system along with measurements: (a)
at 40 mol % [Cympy][PF¢); (b) at a constant molar ratio
[C3mpy][PF¢]/([Cympy][PFq] + [Cymim][PF,]) of 0.60. Exper-
imental data are from the present work (©) and Maximo et al” (A,
A).

[Cympip], [Cympyrr]}[PFs] common-anion ternary liquid
calculated at 100 °C are shown in Figure 13. The ideal case
is represented by the thin red lines, which correspond to a
constant mole fraction of the investigated component.
[C;mim][PF,] displays negative deviations up to about 60
mol %, and then positive deviations at higher content (Figure
13a). [Cympip][PF] exhibits both positive and negative
deviations up to about 50 mol %, and then only positive
deviations at higher content (Figure 13b). Finally, [Cympyrr]-
[PF] shows negative deviations up to about 40 mol %; at
higher content, these decrease and are then replaced by
positive deviations (Figure 13c). In the binary liquid
[C3mpip] [PF4]—[Cympyrr][PF], both components have an
ideal behavior since this liquid was assumed to be ideal at all
compositions. The deviations from ideality are always small:
Figure 14 shows the activity coeflicients of all three
components calculated at 100 °C along the isoplethal sections
at constant 40 mol % [C,mim][PF,] and at a constant molar
ratio [Cympyrr][PFq]/([Csmpyrr][PFq] + [Cympip][PFq]) of
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Figure 13. Calculated isoactivity lines (liquid standard state) at 100
°C in the [Cymim][PF¢]—[Csmpip][PF¢]—[Csmpyrr][PF,] ternary
liquid for (a) [Cymim][PF4], (b) [C3mpip][PF¢], and (c) [Cympyrr]-
[PFy]. The ideal case is represented by the thin red lines, which
correspond to a constant mole fraction of the investigated component.

0.60, which were measured by DSC. The ranges of the
calculated values are 0.85—1.05 and 0.80—1.15, respectively. As
seen in Table 2, the optimized parameters for the [Csmpip]-
[PE¢]—[Cymim][PF¢] and [Csmpyrr][PF¢]—[Cymim][PF]
binary liquids are very similar, but the constant parameter is
more negative in the latter case. The [C;mpip][PF¢]—
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[Csmpyrr][PF4] binary liquid was assumed to be ideal (eq
16) owing to the close similarity of the cations. Therefore, as a
first approximation, one can consider that the various SNN
cation—cation pairs are favored in the following decreasing
order: [Cympyrr]—[Cimim] > [Cympip]-[Csmim] >
[Csmpip]—[Csmpyrr]. The [Cympyrr]—[Cymim] pairs are
more favorable than the [Cympip]—[Cymim] pairs since the
two rings have the same number of atoms. As seen in Figure
14, the activity coefficients of [Csmpip][PF,] and [Csmpyrr]-
[PF4] have a very similar evolution as a function of
composition in both isoplethal sections, which is due to the
very similar cations. In the isoplethal section at constant 40
mol % [Cymim][PF4] (Figure 14a), the activity coefficient of
[C;mim][PF¢] continuously decreases as the [Cympyrr][PF]
content increases since the [Cympyrr]—[Csmim] pairs are
more favorable than the [Cimpip]—[C;mim] pairs. In the
isoplethal section at a constant molar ratio [Cympyrr][PF]/
([Cympyrr][PF¢] + [Cympip][PF]) of 0.60 (Figure 14b), as
the content of [Cymim][PF] increases, the activity coefficient
of the latter remains lower than 1.0 over a large composition
range (since the [Cymim]—[C;mpyrr] and [Cimim]—
[Cympip] pairs are more favorable than the [Cmim]—
[Cymim] pairs) and then reaches 1.0 for pure [Cymim][PF].
Simultaneously, the activity coefficients of [ C;mpip][PF] and
[Csmpyrr][PFy] are close to 1.0 (ie., ideality) and then
become lower than 1.0 over a large composition range. This is
due to the relative stability of the SNN cation—cation pairs
mentioned above.

Similar calculations are presented in the Supporting
Information for the three other ternary systems. Overall,
small deviations from ideality are observed in the four ternary
subsystems investigated. This is most likely due to the very
similar cation structures of the [C;mim][PF,], [Csmpy][PF,],
[Cympyrr][PF¢], and [Cympip][PF¢] compounds.

5. CONCLUSIONS

The phase diagrams of the six binary subsystems and four
ternary subsystems of the {[Csmim], [Csmpy], [Csmpyrr],
[Cympip]}[PF,;] common-anion quaternary system were
modeled. The Modified Quasichemical Model*>*® was used
to model the liquid solution, while the Compound Energy
Formalism®”*® was employed for the relevant solid solutions.
The optimized parameters form a database for use with the
FactSage thermochemical software® and may be used, along
with Gibbs energy minimization software, to calculate phase
equilibria in the {[Csmim], [C;mpy], [Csmpyrr], [Cympip]}-
[PF4] quaternary system. The binary phase diagrams were
modeled on the basis of the experimental data of Maximo et
al.*® All binary subsystems display a simple eutectic behavior,
except for the [Cympip][PF¢]—[Cympyrr][PF4] binary system
which exhibits an extensive high-temperature (s;—s;) solid
solution over the entire composition range. Two different
scenarios were considered in the present work: the first
scenario assumed a negligible solid solubility between the low-
temperature allotropes (s;—s;) and also between the
intermediate-temperature allotropes (s,—s,) of [C;mpip][PF]
and [Cympyrr][PF]; the second scenario assumed a
continuous solid solution between the low-temperature
allotropes (s;—s;) and also between the intermediate-temper-
ature allotropes (s,—s,). The second scenario was finally
favored in order to best reproduce the experimental isoplethal
sections at constant 40 mol % [C,mim][PF,] and at a constant
molar ratio [Cympyrr][PF,]/([Cympyrr][PFs] + [Cimpip]-
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Figure 14. Calculated activity coefficients at 100 °C of the components (liquid standard state) in the [Cymim][PFs]—[Csmpip][PF¢]—
[Cympyrr][PFq] ternary liquid along the isoplethal sections at (a) constant 40 mol % [C;mim][PF4], and (b) a constant molar ratio

[Csmpyrr][PF]/([Csmpyrr][PF¢] + [Cympip][PF]) of 0.60.

[PF¢]) of 0.60 in the [Cymim][PF]—[C,mpip][PFs]—
[Cympyrr][PFy] ternary system, which were measured by
DSC in the present work. The thermodynamic properties of
the ternary liquid were calculated solely from the binary
optimized parameters using an asymmetric interpolation
method, with [C;mim][PF,] as the asymmetric component.
No ternary excess parameter was included for the liquid phase,
and the excess Gibbs energies of the low-temperature (s;—s;)
and intermediate-temperature (s,—s,) binary solid solutions
were adjusted. The thermodynamic model does not reproduce
the measured thermal transitions observed in the intermediate-
temperature range in the isoplethal section at 40 mol %
[C;mim][PF¢], which are believed to correspond to metastable
phase equilibria. Similarly, for the [Cympy][PF¢]—[C mpip]-
[PF¢]—[C mpyrr][PF¢] ternary system, an asymmetric inter-
polation method was used, with [Cympy][PF,] as the
asymmetric component. Again, no ternary excess parameter
was introduced in the liquid model. The DSC measurements
for a few ternary mixtures in the isoplethal sections at constant
40 mol % [C;mpy][PFs] and at a constant molar ratio
[C3mpyrr][PF4]/([Csmpyrr] [PE] + [Cympip][PF4]) of 0.60
were overall satisfactorily reproduced, apart from the
metastable phase equilibria which are believed to have
occurred in the intermediate-temperature range of the former
section.

For the [Cympip][PF,]—[Compy][PEs]—[Cymim] [PE,]
ternary system, the newly measured isoplethal sections at
constant 40 mol % [C,mpy][PF¢] and at a constant molar
ratio [Cympy][PF4]/([Csmpy][PFs] + [Cymim][PF4]) of
0.60 were usually very satisfactorily reproduced. A symmetric
interpolation method was used, and no ternary excess
parameter was required for the liquid. The calculated
minimum liquidus temperature in the ternary system
corresponds to a ternary eutectic at —8 °C. Similarly, for the
[Csmpyrr][PFg]—[C3mpy] [PF4]—[Csmim][PF¢] ternary sys-
tem, a symmetric interpolation method was used, and no
ternary excess parameter was introduced in the liquid model.
The DSC measurements for a few ternary mixtures in the same
isoplethal sections as for the previous ternary system were
overall satisfactorily reproduced. A ternary eutectic reaction
was calculated at —16 °C. This is the global minimum liquidus
temperature in the entire common-anion quaternary system.
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Usually, DSC measurements are not easy to perform for
ionic liquid systems owing to their large degree of supercooling
and their tendency to form glasses. Agreement between the
calculations from the developed thermodynamic model and
the data obtained in the four ternary subsystems is considered
to be overall satisfactory, apart from the observation of
metastability in a few cases. It was possible to identify in each
of the four ternary subsystems the region of composition where
room temperature ionic liquid (RTIL) mixtures are formed.

All ternary ionic liquid systems studied in the present work
display small deviations from ideality, owing to the similarities
in the size and in the molecular structure of the cations.

This work is part of a larger project whose goal is to measure
and model the phase diagrams and physical properties (such as
viscosity) of ionic liquid mixtures (binary, ternary, and possibly
higher-order).
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