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1-Octanol/Water Partition Coefficients of 1-Alkyl-3-methylimidazolium
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Abstract: The solubilities of 1-alkyl-3-
methylimidazolium chloride, [C,mim][CI],
where n=4, 8, 10, and 12, in 1-octanol
and water have been measured by a
dynamic method in the temperature
range from 270 to 370 K. The solubility
data was used to calculate the 1-octanol/
water partition coefficients as a function
of temperature and alkyl substituent.
The melting point, enthalpies of fusion,
and enthalpies of solid-solid phase
transitions were determined by differ-
ential scanning calorimetry, DSC. The

miscible with 1-octanol and water, con-
sequently, the liquid-liquid equilibri-
um, LLE was measured in this system.
The differences between the solubilities
in water for n =4 and 12 are shown only
in o, and y,; solid crystalline phases.
Additionally, the immiscibility region
was observed for the higher concentra-
tion of [C;;mim][Cl] in water. The inter-
molecular solute —solvent interaction of
1-butyl-3-methylimidazolium chloride
with water is higher than for other
1-alkyl-3-methylimidazolium chlorides.

The data was correlated by means of
the UNIQUAC ASM and two modified
NRTL equations utilizing parameters
derived from the solid —liquid equilibri-
um, SLE. The root-mean-square devia-
tions of the solubility temperatures for
all calculated data are from 1.8 to 7K
and depend on the particular equation
used. In the calculations, the existence of
two solid-solid first-order phase tran-
sitions in [C;,mim][Cl] has also been
taken into consideration. Experimental
partition coefficients (logP) are nega-

solubility of [C,mim][Cl], where n=10
or 12 in l-octanol is comparable and
higher than that of [Cymim][Cl] in
1-octanol. Liquid 1-n-octyl-3-methylimi-
dazolium chloride, [Csmim][Cl], is not

liquids -

Introduction

Recently, ionic liquids (ILs) have often been discussed as
promising solvents for green chemistry and clean synthesis.
This paper follows discussion on physicochemical properties
of the new generation of solvents for catalysis and synthesis,
which have been demonstrated as potential successful re-
placements for conventional media in chemical processes.!"
They are generally salts based on a substituted imidazolium
cation and an inorganic anion, such as halide, [AICL]~, [BF,]~
or [PF,]~, and are often liquids at room temperature.” Room-
temperature ionic liquids (RTILs) are one of the goal of green
chemistry because they create a cleaner and more sustainable
chemistry. They are an important topic that has received more
and more attention in recent years as environmentally
friendly solvents.” 4 ILs represent clean industrial technology
with significant cost and environmental benefits because they
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tive at three temperatures; this is evi-
dence for the possible use of these ionic
liquids as green solvents.

can be used in many cyclic processes without losses, in
contrast to volatile organic compounds (VOC). Clean tech-
nology concerns the reduction of waste from an industrial
chemical process to a minimum: it requires the rethinking and
redesign of many current chemical processes. The use of ionic
liquids as solvents is one of main strategies of clean industrial
technology.l! A major reason for the interest in ILs is their
negligible vapor pressure, which decreases the risk of
technological exposure and the loss of solvent to the
atmosphere.?™ >l The low-temperature ionic liquids which
are used as reaction media in many of the catalytic processes,
principally based on chloroaluminate(ii) ionic liquids, repre-
sent first-generation ionic liquid processes. The second-
generation ionic liquid processes based on other, more
benign, ionic liquids are currently under investigation and
development in a variety of laboratories around the world.[')
Most ILs are hygroscopic, which has significant practical
implications. Qualitative and quantitative vapor—liquid equi-
librium and liquid -liquid phase behavior of water and three
ionic liquids: 1-n-butyl-3-methylimidazolium hexafluorophos-
phate, ([bmim][PF4]), 1-n-octyl-3-methylimidazolium hexa-
fluorophosphate, ([Csmim][PF]), and 1-n-octyl-3-methylimi-
dazolium tetrafluoroborate, [Cymim|[BF,], have been report-
ed.’l For instance, scientists from the University of Notre
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Damel® and from The Queen’s University of Belfast!!?
provide some general guidelines on IL/water miscibility.
Their work has shown that halide, ethanoate, nitrate, and
trifluoroacetate salts are totally miscible with water, while
many other salts are immiscible. Salts can be totally miscible
or immiscible depending on the substituents on the cation.
The solubility of water in the IL-rich phase for [C,mim][PF;]
and [C,mim][BF,] is a function of chain length between n=
4-8 and 6-10.4 The complete understanding of the phase
behavior of ILs with water is an important issue. The presence
of water in the IL phase can dramatically affect the physical
properties."*<I The problem of miscibility of ILs with water as
well as many other organic solvents can affect properties, as
clearly demonstrated for the viscosity and density, surface
tension,’ and polarity.’*l The synthesis methods of ILs have
been reported.'™ 8l The synthesis methods of halides ILs is
described elsewhere.’"] The problem of partitioning benzene
and its substituents between IL [bmim][PF;]/water and
1-octanol/water with regard to a possible use for the liquid -
liquid extraction process was presented earlier.[s

We have already reported the solubility of three simple
imidazoles in alcohols.’l The solubility was found to be lower
in alcohols than in water. We have begun systematic inves-
tigations into the thermodynamic properties and phase
equilibria of simple imidazole molecules,***! benzimidazo-
les,*>< and phenylimidazoles®! as well as the new class of
their ionic salts. The densities, surface tensions, octanol/water
partition coefficients, solid-liquid equilibria (SLE), and
liquid - liquid equilibria (LLE) of many binary mixtures are
under investigation. The solubilities of 1-dodecyl-3-methyl-

Abstract in Polish: Stosujgc metode dynamiczng badano
rozpuszczalnos¢  chlorkow 1-alkyl-3-metyloimidazolu,
[C,mim][Cl], gdzie n=4, 8, 10, 12 w 1-oktanolu i w wodzie
w zakresie temperatur od 270 do 370 K. Wyniki badari
rozpuszczalnosci pozwolity obliczyc wspotczynniki podziatu
1-oktanol/woda w funkcji temperatury i dtugosci podstawnika
alkilowego. Za pomocg kalorymetru skaningowego DSC
wyznaczono temperatury topnienia, entalpie topnienia oraz
temperatury i entalpie przemian fazowych ciato state— ciato
state. Rozpuszczalnosc soli [Cgmim][Cl] oraz [C.mim][Cl]
w  I-oktanolu jest porownywalna i nieco wigksza od
[Cmim][Cl]. Ciekty [Csmim][Cl] wykazuje ograniczong
mieszalnosc z 1-oktanolem i z wodg i dla tych uktadow
wyznaczono odpowiednie rownowagi ciecz—ciecz. Obszar
ograniczonej mieszalnosci obserwowano rowniez dla wigk-
szych stezer [Comim][Cl] w wodzie. Oddziatywania miedzy-
czasteczkowe substancja rozpuszczona - woda sq znacznie
wieksze dla [C,mim][Cl] niZ7 dla pozostalych soli. Krzywe
rozpuszczalnosci korelowano rownaniami UNIQUAC ASM
oraz NRTLI i NRTL2. Odchylenia standardowe wynosity od
1.8 do 7K i zalezaly od rodzaju rownania i ukfadu. W
obliczeniach uwzgledniono dwie przemiany fazowe ciato state
- ciato state. Wartosci wspotczynnikow podziatu (logP) sg
ujemne, co wskazuje na mozliwosc zastosowania badanych
“cieczy jonowych” jako rozpuszczalniki “sprzyjajgce srodo-
wisku”.
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imidazolium chloride [C;,mim][Cl] in alcohols have already
been published.['"]

The purpose of this paper is to report the solubilities of
1-alkyl-3-methylimidazolium chloride [C,mim][Cl], where
n=4, 8, 10, and 12, in l-octanol and water and to present
the 1-octanol/water partition coefficients as a function of
temperature and alkyl substituent.

Results and Discussion

Differential scanning calorimetry (DSC): Table 1 shows the
DSC results for the pure component, observed from 200 to
400 K. A search of the literature has indicated that data for
[C,mim][Cl], presented here have not been reported previ-
ously without [C,,mim][Cl], which was described in our
previous work.['"! From the thermographs of pure solutes it
can be noted that three of the investigated salts exhibit
different crystalline phases. Unfortunately, it is only possible
to describe certain DSC peaks for [C,,mim][Cl]. The meso-
morphic plastic phase, o, in the region from 369.8 to 310.15 K,
has a very small heat of melting transition equal to
0.604 kJmol-. On the other hand, the transition of
[C;,mim][C]] plastic phase «; into crystalline phase f3; is
accompanied by the unbelievably high heat effect equal to
23.580 kJ mol~'; this is the average of five repeats of the DSC
experiment. Between 283 and 200 K, the next three solid -
solid phase transitions are observed with phase transitions
enthalpies (AH 1, AH yy, and AHy) of <5 % of the previous
one. Our solubility measurements were provided only from
the melting point of IL to 273 K, thus only the two first solid —
solid phase transitions were observed. The solid —solid phase
transition temperatures, Ty and Ty of [C,mim][Cl] were
confirmed by solubility measurements in 1-octanol as two
inflections on the liquidus curve, but at much higher temper-
atures. We discussed the different temperatures of the solid —
solid phase transitions of [C,,mim][Cl] for the pure solute and
for the binary mixture in our previous work.!"”l These changes
may be explained by the changes of crystalline forms as a
consequence of the twist of the alkyl chain and by the
different packing effect in the hydrogen-bonded network of
the salt. Usually, for the other ionic liquids, this effect occurs
over a larger number of carbon atoms in the alkyl chain
of the molecule.’®® Generally, it was observed that, even
for the pure substances (packed under nitrogen), the DSC
thermographs were not reproducible with the same heat
effects. The results of the DSC measurements presented
in Table 1 are the average of many samples for different
masses.

The only other related salt for which a crystal structure has
been determined was [Cp,mim][PF]. It was noted that the
imidazolium ring is completely planar and the straight chain
nature of the alkyl group is disrupted close to the ring where it
adopts a bent conformation. The [C;,mim]' cation was
described as having a spoon-shaped structure. For
[Ciomim][Cl], a high enthalpy of melting was observed
(30.93 kJmol™") and the series of small transformations at
~293 K (negative energy effect), and two transformations at
255 and 245 K, with the enthalpies 1.247 and 0.278 kJ mol~!
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Table 1. Physical constants of pure [C,mim][Cl], as determined from DSC data.

Salt T,[K] AH,, [kJmol™] T/ Tt T/ Ty [K] AH /| AH 1/ AH g1/ AH 1y [k mol 1]
[C;mim][C]] 341.95 14.057 (glass) 197.350

[Cgmim][Cl] 285.41 0.233 210.85M°!

[C,mim][CI] 311.17 30.932 255.00/245.00 1.247/0.278

[C,mim][CI] 369.78 0.604 310.15/283.21/270.61/235.34 23.580/1.157/1.457/0.158

[a] Ac, at the glass transition is equal to 49.1 JK-'mol~". [b] Ac, at the glass transition is equal to 94.6 JK~'mol .

for the first and second transition, respectively. For
[Cymim][C]], the small peak at ~315 K together with melting
transition was observed for the different scan rates. This small
effect may be seen as a characteristic inflection in the liquidus
curve in 1-octanol and water. It was shown in Tables 2 and 3 as
separate crystalline phases a; and ;. The effect of cool
crystallization was also observed at 251.15 K. The glass
transition of [C,mim][Cl] was observed at 197.35 K. DSC
measurements of the only liquid salt at room temperature,
[Cgmim][Cl], exhibits a melting temperature of 285.40 K with
the enthalpy of melting equal to 232.85 kJ mol ™' after freezing
at 200 K. During the solubility measurements it was impos-
sible to obtain the crystalline phase of [Csmim][Cl] even after
few hours cooling at 220 K. The glass transition for
[Cymim][Cl] was observed at a lower temperature, namely
210.85 K.

For simple imidazoles, only 2-methyl-1H-imidazole has
shown a solid —solid phase transition with the enthalpy of the
solid-solid transition lower than that of fusion.”® On the
other hand, the even-numbered n-alkanes C,,—C,, undergo
solid - solid transitions showing different crystalline forms.['!
The transitions are related to the rotation of molecular chains
about their long axes. The atomic structure of the low-
temperature crystalline phase of even-numbered paraffins has
also been determined.["'“d More recently, the main structural
features of the high-temperature rotator phases have been
established as well.'™ Our solute with the n =12 substituent
in the position 1 of the imidazole ring may cause a high degree
of orientational disorder of the molecules of hydrogen-
bonded network of the ionic liquid.

X-ray crystal analyses of some ILs have already been
published by many authors.[®<f¢ 12l For the ILs molecules
composed of a rigid and polarizable core attached to one or
two aliphatic chains often give liquid-crystal mesophases
when heated; especially salts that contain alkyl chain lengths
of n > 12.B1 Additionally, the phase diagrams for different ILs
of the melting point as a function of alkyl chain length n, show
that C,, is the limit with regards to the melting transitions
from crystalline form or clearing point of liquid crystalline
form.l'= 3 In particular, when the alkyl chains are long,
smectic phases tend to form as a result of microphase
separation of the polarizable core and the aliphatic tail
portions. One of the first long-chain imidazolium salts, whose
crystal structure has been reported, was 1,3-didodecylbenzi-
midazolium chloride, [(C;,),Bim][Cl].¢] The chain configu-
ration and the lack of any disorder in the structure appear to
be a consequence of interdigitated molecular packing. The
crystal structure of ILs is very important and is responsible for
the solid -liquid and liquid —liquid phase equilibria in binary
mixtures of ILs with different solvents.
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Solid - liquid equilibria (SLE): The solubilities of [C,mim][Cl]
in 1-octanol and water are shown in Tables 2 -4. The Tables
include direct experimental results of the SLE, or SLE and
LLE temperatures (Table 4), T} (a4, 5;, or y, stable crystalline

Table 2. Solid-liquid equilibria for {[C;mim][Cl], or [C,ymim][Cl], or
[C;mim][Cl] + 1-octanol]}.

Xy Tyl K] X1 Ty K] X1 T, [K]
[C;mim][C]]
0.2713 213.16 0.8957 338.99
0.3081 282.51 0.9296 340.33
0.3350 289.44 1.0000 341.94
0.3507 299.64
0.3857 306.60
0.4240 311.66
0.4689 317.72
0.5266 323.23
0.6074 327.85
0.6927 332.82
0.7667 334.88
0.8282 336.23
[Ciomim][C]]
0.1916 277.50
0.2525 291.93
0.3072 302.68
0.3832 3006.74
0.4259 307.61
0.4715 308.04
0.5459 308.20
0.5920 308.36
0.6676 308.52
0.7160 308.96
0.7861 309.16
0.8555 309.99
0.9146 310.98
0.9667 310.93
1.0000 311.17
[Ci,mim][Cl]
0.1864 272.72 0.4638 298.90 0.7508 31891
0.1947 274.25 0.4861 300.36 0.7647 320.19
0.2154 277.52 0.5142 304.16 0.8000 323.54
0.2350 280.27 0.5459 307.72 0.8264 329.67
0.2551 282.85 0.5818 310.94 0.8508 331.86
0.2888 287.76 0.5951 312.62 0.9316 355.18
0.3004 289.62 0.6186 314.23 1.0000 369.78
0.3340 292.10 0.6406 315.32
0.3502 292.98 0.6600 315.95
0.3666 294.25 0.6773 316.66
0.3725 294.72 0.6978 316.62
0.3773 294.70 0.7154 316.72
0.3949 295.37 0.7308 317.26
0.4166 296.03
0.4369 296.46
0.4392 296.55
0.4526 296.95
3035
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Table 3. Solid-liquid equilibria on {[Cymim][Cl], or [C,,mim][Cl] +
water}.

Xy T [K] X1 T, (K]
[C;mim][C]]
0.4291 273.23 0.9446 332.24
0.4702 282.53 0.9736 336.17
0.5145 291.87 1.0000 341.94
0.5440 296.13
0.5787 302.47
0.6227 312.03
0.6314 313.16
0.6718 316.76
0.7292 321.01
0.7675 324.69
0.8068 326.94
0.8460 327.64
0.8891 330.34
[Ciomim][C]]
0.0964 275.86
0.1488 288.74
0.2051 297.36
0.2514 301.11
0.3120 303.98
0.3349 304.27
0.3675 305.00
0.3747 304.95
0.4319 306.73
0.4713 309.07
0.4996 310.34
0.5055 310.78
0.5260 311.29
0.5573 313.82
0.5909 316.12
0.6517 319.29
0.6783 321.22
0.7180 323.64
0.7816 330.05
0.8018 333.34
0.8087 334.61
0.8440 340.06
0.8634 343.28
0.8989 347.85
0.9437 358.25
1.0000 369.78

Table 4. Solid-liquid, SLE and liquid-liquid, LLE equilibria on
{[Ciomim][Cl] + water}.

X1 Tu[K] Tie(K]
[Cipmim][C]]

0.2029 273.93

0.2576 283.43

0.3228 288.49

0.3680 292.92

0.4294 298.42

0.4855 303.69 307.27

0.5353 306.74 314.13

0.6025 309.56 320.15

0.6275 310.01 322.49

0.6921 310.07 323.73

0.7595 310.60 321.13

0.7996 310.74 318.07

0.8534 310.79 312.38

0.9370 310.98

1.0000 311.17
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forms) versus x;, the mole fraction of the solute, [C,mim][Cl],
in the saturated solution for the investigated systems.

The ability of the solute to form hydrogen bonds with
potential solvents is an important feature in its behavior.
Basically, [C,mim][Cl] ionic liquids can act both as a hydro-

gen-bond acceptor ([Cl]7) and
. CHs R
donor ([C;;mim]*) and would \N/\N/
be expected to interact with \ @ /o
solvents which have both ac-
. . . Scheme 1. Structures of 1-al-
cepting and  donating sites kyl-3-methylimidazolium chlor-

(Scheme 1). ides [C,mim][Cl], where R=
On the other hand, it is well- C,H,,,, (for n=4, 8, 10, and
known that 1-octanol and wa- 12).

ter are hydrogen-bonded sol-

vents with both high enthalpies of association and association
constants. Hence they would be expected to stabilize solutes
with hydrogen-bonded donor sites.

The experimental phase diagrams of SLEs investigated in
this work are not easy to interpret because the solutes are a
very complicated and highly interacting molecules, especially
when the solvent is water or alcohol. The solubility of
[C,mim][Cl]] in 1-octanol increases in the order C;) < C;, <
C,, which is also indicative for the high concentration of the
solute. The results depend on the melting temperature and the
enthalpy of melting of the solute. The C, salt is more soluble in
1-octanol than C,y. For [C;,mim][Cl], the influence on the
solubility and the shape of the liquidus curve has the high
value of the enthalpy of solid-solid phase transition. The
enthalpy of melting of C,, is lowered by the enthalpy of the
solid —solid phase transition and this is the main reason for the
higher solubility of [C,,mim][Cl] than [C,ymim][Cl] (see
Figures 1 and 2).

360 -

320

TIK

300 |-

280

260 1 I L 1 )
0.0 0.2 0.4 0.6 0.8 1.0

X

1

Figure 1. Comparison between the solubility of [C,mim][Cl] and
[Cyomim][Cl], in 1-octanol. Points, experimental results: (@) [C,mim][Cl];
(m) [Cyomim][Cl]. Solid lines are calculated by means of the NRTL2
equation.
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Figure 2. Solubility of [C,mim]|[Cl] in 1-octanol. Points are the exper-
imental results.

The solubility of [C,mim][Cl] in water decreases in the
order C,>C,;>C,,, which means that the short alkane
substituent at the imidazole ring results in improved solubility
of IL in water. It is mainly evident for the low concentration of
solute (x, < 0.6) (Figures 3-5). The liquidus curve of the 1-n-
dodecyl-3-methylimidazolium chloride exhibits two charac-
teristic inflections (solid —solid phase transition) in 1-octanol
and only one in water (Figures 2 and 5).

360 -

340 |

320 -

TIK

300 |-

280 -

260 1 1 L 1 )
0.0 0.2 0.4 0.6 0.8 1.0

Figure 3. Solubility of [C,mim][C]] in H,O. Points are the experimental
results. Solid lines are calculated by means of the NRTL2 equation.
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Figure 4. Solid—liquid equilibria and liquid—liquid equilibria of
[Ciymim][C]] in H,O. Points are the experimental results. Solid lines are
calculated by the NRTL2 equation without the solid —solid phase transition
data.
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Figure 5. Solubility of [C;,mim][Cl] in H,O. Points are the experimental
results. Solid lines are calculated by the NRTL2 equation.

Positive deviations from ideality were found; thus, the
solubility is lower than the ideal case; the activity coefficient
of the solute is higher than 1 (v, =1-2). For [C,;;mim][Cl], a
miscibility gap in water was found (Figure 4 and Table 4). The
complete phase diagram of [C;,mim][Cl] in alcohols showed a
eutectic mixture.['"]

The solid —solid phase transition for the mixture was not a
sharp transition at the same temperature as observed for the
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pure salt, but was spread over a range of several degrees in
different solvents. This was previously observed for the
mixtures of two ionic liquids.®®! For the solid solute, the
solid —solid phase transition temperature, 7,, is a property of
the pure solid and is expected to be not affected by solvent —
solute interactions. However, it was noted by us previously'#!
that, for n-alkanes, n-alkanols, crown-ethers, and cholesterol,
changes of phase transition temperatures in different solvents
were observed. This has to be connected with the experimen-
tal technique and the specific crystalline forms of molecules. It
is known that SLE experiments are quite difficult to carry out.
The results depend on the procedure (heating or cooling) or
for example, on the thermal histories of the materials. When
studying transitions these may be triggered by nonhomoge-
neous nucleation.”! In spite of this, substances with long
chains or complicated ring structures may present different
phases probably with a minimally different enthalpy of solid —
solid phase transition than that observed for the pure
substance. For example, n-alkanes or n-alkanols may trans-
form into a rotator phase before melting (usually termed a
phase).[' This problem was discussed in our earlier work.!'%]
There is no doubt that, for our [C;mim][Cl] and [C,,mim][CI]
ionic liquids, some of these features may be expected. For
many ILs, one phase with the symmetry of a smectic liquid
crystal is observed. It is possible to conclude that solid —solid
phase transitions of [C;,mim][Cl] may be affected by the
presence of the solvent. In other words, it is possible that, in
the binary system, transitions are not those encountered in
pure ionic liquids, but some of the different rotator phases are
involved. X-ray studies are needed in order to clarify this
point.

Correlation of SLE: The solubility of solid 1 in a liquid may be
expressed in a very general manner by Equation (1):

AH,, (1 1 > AH <1 1 )
—Inx, = — - + —_ -
R \Ty Tw R \T\ Tu

AHyy /1 1 Ac, | T, Twm
+ (—— ) ——'“(ln—+ —1>+lny1
R \T\ Tu R T Ty

®

where x, is the mole fraction y, is the activity coefficient, AH
is the enthalpy of fusion, Ac, , is the difference in solute heat
capacity between the solid and liquid at the melting point, 7},
is the melting point of the solute (1), and 7 is the equilibrium
temperature. Furthermore, AH,,;, AH,; represent the enthal-
pies of transition and T\, Ty the transition temperatures of
the solute (here [C;,mim][Cl]). The solubility equation for
temperatures below that of the phase transition must include
the effect of the transition. Because of the lack of appropriate
data representing the difference Ac,, , between heat capacities
of the solute in the solid and the liquid states for the systems
under investigation, a simplified version of the solubility
equation [Eq. (1)] without the Ac, 6 term was applied.
Equation (1) may be used for the simple eutectic mixtures
with full miscibility in the liquid and immiscibility in the solid
phases.

In this study three methods are used to derive the solute
activity coefficients, y;, from the so-called correlation equa-
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tions that describe the Gibbs excess free energy of mixing,
(GF), the UNIQUAC ASMI'I, NRTL1 and NRTL20'$,

The root-mean-square deviation of temperature [0y defined
by Eq. (2)] was used as a measure of the goodness of the
solubility correlation.

n (T’exnﬂ _ T’galcd)z 12
or= <27 @

— n—2

where n is the number of experimental points (including the
melting point) and 2 is the number of adjustable parameters.
The molar volumes of solutes, V,, (298.15 K), were calculated
by the group contribution method!"”! and were assumed to be
186.7, 260.7, 300.6, and 325.8 cm*mol ! for n =4, 8, 10, and 12,
respectively. The calculations were carried out with the data
set of association for 1-octanol and water at 323.15 K, where
K=123 and the -coeffient of heat transfer —Ah,=
21.73 kImol~! for alcohol as a solvent? and K=1030 and
— Ahy, =25.60 kImol~! for water.”! In this work, a constant of
proportionality similar to the nonrandomness constant of the
NRTL1 and NRTL2 equations, the parameter a,,=0.9. For
every system presented in this work the description of solid —
liquid equilibrium was given by the average standard mean
deviation o;=1.8-6.8 K, which is an acceptable result.
Unfortunately, the solid—solid phase transition of
[C,mim][Cl]] was not included in the calculations because of
the lack of the DSC data. The results of correlations of
imidazole in aliphatic alcohols (C;-C,,) with respect to the
occurrence of the alcohols association have presented much
better deviations, o, =0.98 K and o;=1.17 K for NRTL1 and
UNIQUAC ASM, respectively.”? The worst results were
obtained for [C,,mim][Cl] (o1 > 7 K). This is evidence that the
high enthalpy of the first (a; — f3;) solid—solid phase tran-
sition is the main reason for the untypical shape of the liquidus
curve and that it influences the possibility of correlation.
Possibly, the other models developed for the electrolytes may
be used in our next study as fitting equations.

Liquid -liquid equilibria (LLE): The upper critical temper-
ature of the mutual solubility of [Csmim][Cl] is higher in
1-octanol than in water (Figure 6, Table 5). The coexistence
curves are shifted to higher mole fractions of the salt, x,. The
upper critical solution temperatures and compositions listed
in Table 6 increase with increasing number of carbon atoms in
the alkyl group on the imidazole ring. It is very difficult to find
the whole solid-liquid diagram for the solute mole fraction
from zero to one, because the crystallization process of
[Cgmim][C]] is very complicated; the substance presents a
weak tendency to crystallize. It can be cooled from the
equilibrium liquid state down to low temperatures without
crystallizing, entering the metastable supercooled liquid state.
For [C,;mim][Cl], it was possible to crystallize the salt and to
obtain the results of SLE and LLE (Table 4).

1-Octanol/water partitioning: The partition coefficient, P of
organic compounds in the 1-octanol/water system is used to
assess the bioaccumulation potential and the distribution
pattern of drugs and pollutants. The partition coefficient of
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Figure 6. Liquid-liquid equilibria of binary systems: {{Csmim][Cl] + (¢)
l-octanol, or + (e) water}. Solid lines are calculated by means of the
NRTL2 equation.

Table 5. Liquid -liquid equilibria, LLE of binary mixture {{Csmim][CI] +
1-octanol, or water}: x;, solute rich and x,”, solvent-rich solute mole

fraction.
X/ Ty (K] X"
1-Octanol
0.971 289.22 0.217
0.942 295.46 0.288
0.935 302.08 0.351
0.931 305.92 0.419
0.902 311.60 0.486
0.781 315.87 0.548
0.750 315.94 0.623
0.677 315.63 0.748
0.754 31591 0.621
0.855 313.38 0.515
0.937 297.28 0.300
Water

0.995 284.96 0.068
0.965 293.47 0.102
0.953 299.04 0.136
0.937 306.60 0.182
0.928 310.36 0.240
0.305 314.62 0.901
0.378 318.96 0.824
0.424 320.36 0.786
0.484 321.04 0.731
0.571 321.88 0.675
0.639 321.95 0.629
0.748 321.59 0.521
0.802 319.87 0.433
0.913 311.72 0.231
0.979 286.50 0.075

imidazoles, which are of great pharmaceutical interest,
strongly depends on the hydrogen bond formed by these
molecules and is less than one for simple imidazoles on
account of the high solubility in water.’*) Generally, the
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Table 6. Upper critical solution temperature, 7 and composition x{ for
{[C,mim][Cl], where n =8, 10 + 1-octanol, or water} systems.

System TC[K] xf

[Csmim][Cl] + 1-octanol 315.9 0.62
[Csmim][Cl] + water 321.9 0.64
[Cpmim][Cl] + water 323.7 0.69

hydrophobicity is favorable for bioaccumulation, or the
bioconcentration of organic compounds.’? Therefore, the
low value of the 1-octanol/water partition coefficient is
required for new insecticides to avoid bioaccumulation.
Because of the high solubility of ionic liquids in 1-octanol
and water, we have used a simple, synthetic, visual method,
described below. The experimental results for three temper-
atures are reported in Table 7. It is evident that the low
aqueous solubility of 1-octanol has a negligible influence on

Table 7. Solubilities and experimental data for the partition coefficient at
288.15, 298.15, and 308.15 K.

Substance xP xy co* ¥ P log P
[moldm~3]  [moldm3]!

288.15K
[C;mim][Cl] 03299 04969 225 4.88 046 —033
[Csmim][Cl] 02112 0.0807 0.9 2.15 046 —033
[C,mim]|[CI]] 02366 03185 134 2.95 045 —034
[Comim|[CI]] 02912 0.1465 125 2.32 054 —027
298.15K
[C;mim][Cl] 03484 05550 241 497 048 —031
[Csmim][Cl] 03137 01307 141 2.63 054 —027
[C,omim][CI] 02840 04264 1.59 3.08 052 —029
[Comim][CI] 04595 02150 2.15 2.94 073 —0.14
308.15 K
[C;mim][Cl] 03976 0.6049 2.6 5.04 053 —028
[Cmim][CI] 04456 02063 1.90 3.03 0.63 —020
[C,omim][CI] 05155 05689 2.26 318 071 —015
[Comim][CI] 0.5507 04559 2.12 2.88 074 —013

[a] Calculated with the density of 1-octanol equal to 0.82260 (288.14 K), 0.82260
(298.15 K), and 0.81515 (308.15 K). [b] Calculated with the density of water
equal to 1.0010 (288.15 K), 0.99741 (298.15 K), and 0.99382 (308.15 K). The
density of subcooled solutes at 298.15 K (molar volumes mentioned in the text)
were assumed to be constant at three temperatures.

the aqueous solubility of [C,mim][Cl]. On the other hand, the
rather large amount of water present in the 1-octanol phase
(“solute-free” x9=0.29),1 changes considerably the
[C,mim][Cl] solubility in the 1-octanol phase even if a simple
linear dependence of solubility for binary “solute free”
solvent was assumed. Corresponding values of the
[C,mim][Cl] solubilities in mutually saturated solvent as a
molar concentration in water-saturated 1-octanol, (¢{*) and
1-octanol-saturated water, (c}'*) are given in Table 7. The
solute partition coefficient, defined as P=c?*/c"™, of
[C,mim][Cl] was shown to be less than one. Indeed, the
1-octanol/water partition coefficient for ILs used as a solvents
in new “green technology”, is used to evaluate the hydro-
phobicity of a solvent in environmental science. The influence
of temperature (Figure 7) is not higher than 9% per 10K.
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Figure 7. LogP as a function of the temperature for (@) [C;mim][Cl]; (o)
[Cgmim][Cl]; (m) [C;;mim][Cl]; (a) [C;,mim][C]]. Solid lines are calculated
by means of polynomials.
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Figure 8. Log P as a function of n, the number of carbon atoms in the chain
of the alkyl group in the salt: (8) n=4; (¢) n=28; (m) n=10; (A) n=12 at
T=288.15K(eeee); T=298.15K (----), and T=308.15 K (—).

The function of log P versus the number of carbon atoms
in the chain of the alkyl group 7 in the ionic liquid is shown in
Figure 8. As n of the alkyl group increases the value of
the octanol/water partition coefficient increases (is less
negative). The results show that rather short chain substitu-
ents may be suggested for “green solvents” for new technol-
ogies.
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Conclusions

The phenomenon of four solid—solid phase transitions for
[C;mim][Cl] and one for the [C,mim][Cl] ionic liquids have
been observed in the temperature range from 200 to 400 K.
The solubility of [C,mim][Cl] in 1-octanol and water depends
on the number of carbon atoms in the chain of the alkyl group
in the ionic liquid. Results of partition coefficients reported in
this paper indicate that ILs based on a simple imidazole ring
show a weak affinity toward bioaccumulation; this has been
previously observed for simple imidazole molecules.

Experimental Section

Materials: The [C,mim][Cl] compounds produced by Solvent Innovation
GmbH, Cologne (Germany) were used as-purchased without further
purification. The purity was >98 mass-% for every substance. 1-Octanol
from Sigma-Aldrich Chemie GmbH, Steinheim (Germany) was fraction-
ally distilled to >99.8 mass-% purity. Solvent was stored over freshly
activated molecular sieves of type 4 A (Union Carbide). Doubly distilled
and degassed water was used for the solubility measurements.

Procedures: Differential scanning microcalorimetry (DSC) was used to
determine the melting point (7)), the enthalpies of fusion (AH,),
temperatures of solid—solid phase transition I (a; — f,), II (B, — y,), III
and IV (T,,_v), and enthalpies of solid —solid phase transitions (AH ;_y) as
well as the glass transition in different sequence for different salts. Molar
enthalpies of fusion and solid - solid phase transitions have been measured
with the differential scanning microcalorimeter Perkin—Elmer Pyris 1.
Measurements of the fusion enthalpies were carried out at a scan rate of 2
or 10 Kmin~! with a power sensitivity of 16 mJs~!. The instrument was
calibrated against an indium sample with 99.9999 mol-% purity. The
calorimetric accuracy was + 1 % and the calorimetric precision was £0.5%.
Solid solubilities were determined by means of a dynamic (synthetic)
method, described in detail previously.?*! Mixtures of solute and solvent
were prepared by weighing the pure components to within 1 x 10~* g. The
sample of solute and alcohol or water were heated very slowly (<2 Kh™!
near the equilibrium temperature) with continuous stirring inside a Pyrex
glass cell placed in a thermostat. The crystal disappearance temperatures,
detected visually, were measured with a calibrated Gallenkamp Auto-
therm I thermometer totally immersed in the thermostating liquid.
Measurements were carried out over a wide range of solute mole fraction
from 0.1 to 1.0. The thermometer was calibrated on the basis of the ITS-90
temperature scale. The accuracy of temperature measurements was
4+0.01 K while the error of mole fraction did not exceed dx; = 0.0005.
The difference compared to our previous published results of solubil-
ities! 1% (and the references therein) is that every experimental point was
obtained from a new sample. Additionally, it was found that the solution-
crystallization procedure was quite slow and difficult, thus the solubility
measurements were very time-consuming.
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