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ABSTRACT: The melting temperatures of [C,mpy]Cl (4 < even n < 18) were determined by a dynamic method and confirmed
by differential scanning calorimetry. The latter technique was also used to measure the corresponding enthalpies of fusion. The
temperatures marking the onset of decomposition of the eight ionic liquids were determined by thermogravimetry. The
solid—liquid and liquid—liquid phase equilibria of binary mixtures of pyridine or nicotine with four ionic liquids of the 1-alkyl-3-
methylpyridinium chloride family ([C,mpy]Cl with n = 4, 6, 10, 16) were investigated. The T—x phase diagrams were measured at
atmospheric pressure using turbidimetry in the (280 to 378) K temperature range. The diagrams show that pyridine is miscible in all
proportions with the four studied ionic liquids while nicotine is only partially miscible with [ C,mpy]Cl and [Csmpy]CL Data were
interpreted using molecular dynamics simulations. The study illustrates, once again, the unique structural and solvent properties of

ionic liquids.

B INTRODUCTION

Mixtures of ionic liquids and aromatic molecules exhibit
interesting and unusual phase equilibria such as liquid—liquid
demixing upon temperature increase,”” liquid clathrate
formation,” solid—liquid equilibria (SLE) with inclusion crystal
structures,* ® and enhanced solubility of the aromatic com-
pounds in the ionic liquid as compared to that of aliphatic
solutes.” These features led to several applications in either
extraction recipes—for instance, of alkaloids such as nicotine
or caffeine’—or reaction processes.8716

Different pieces of evidence can help explain these properties.
For instance, benzene, toluene, and Q-methylstyrene diluted in
bis(trifluoromethylsulfonyl)imide-based ILs exhibit activity coef-
ficients that increase with increasing temperature'”~'? for the
low alkyl chained ILs, thus imposing exothermic conditions as a
minimum requisite for causing high temperature demixing
phenomena. From a molecular point of view these aromatic
solvents must be able to form hydrogen bonds or other specific,
oriented interactions with the ions that compose the ionic
liquids. Those interactions, along with the pervasive electrostatic
forces, will be responsible for the unusual phase behavior.® In
addition, it is known®" that ionic liquids are characterized by a
doubly dual nature expressed on the one hand by the existence of
polar and nonpolar domains®* and, on the other, by distinctive
interactions of any solute with the anions or the cations that
constitute the ionic media. This unique nature provides them
with good solvent quality for both polar and nonpolar sub-
stances. In the case of mixtures of ionic liquids with aromatic
molecules, the interactions between the electric dipole and the
quadrupole moments of the latter species and the polar/non-
polar or cation/anion domains of the former can explain the
complex solubility trends found for the solubility of fluorinated
benzene species in a given ionic liquid.** The fact that pyridine
(where the presence of an heteroatom in the aromatic ring
confers it a sizable electric dipole moment) is generally more
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soluble than benzene in many ionic liquids can also be rationa-
lized along the same lines and contributes to the idea that ionic
liquids are good candidates to extract and purify pyridine
derivatives, such as nicotine.>”

Our group has accumulated knowledge on both the physical
properties of pyridinium N'Tf,-based ionic liquids** and on their
mixtures with water.”®

In this paper we evaluate the use of ionic liquids belonging to
the 1-alkyl-3-methylpyridinium chloride series, [C,mpy]Cl with
n =4, 6, 10, and 16, as solvents for pyridine and nicotine. This
particular ionic liquid family was chosen taking into account that
the N-alkylpyridinium cation is also a derivative of pyridine. The
corresponding T—x phase diagrams were determined by mon-
itoring cloud-point temperature data under solid—liquid and,
when present, liquid—liquid equilibrium (LLE) conditions.

The melting point temperatures (T,;,), molar enthalpies of
fusion (AHg,), and the onset-of-decomposition temperatures
(Tonser) were also determined by differential scanning calorim-
etry (DSC) and thermogravimetric analysis (TGA) for an
extended set of pure [C,mpy]Cl ionic liquids, with n = 4, 6, 8,
10, 12, 14, 16, and 18.

B EXPERIMENTAL SECTION

Materials. The [C,mpy]Clionic liquids (n =4, 6, 8, 10, 12, 14,
16, and 18) were all synthesized and purified at the QUILL
Centre, Belfast using standard published procedures.26 The
analyses by NMR of the obtained products confirmed impurity
levels lower than 1 % (mole fraction) in all cases. Prior to their
use, all jonic liquids were dried under vacuum (P = 0.1 Pa) for
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Figure 1. Schematic molecular structure of pyridine, nicotine, and N-
alkyl-3-methylpyridinium chloride ionic liquids, [C,mpy]CL

several days at moderate temperature (T = 333 K) to remove
water and any trace of organic solvent. Karl Fisher titration have
shown water contents in the (400 to 700) ppm (mass) range, a
value deemed acceptable for this series of hydrophilic ionic
liquids. Pyridine and nicotine were supplied by Sigma-Aldrich
with purities of = 99.9 % and = 99 %, respectively. The
chemicals were kept under nitrogen atmosphere and protected
from light. Before the measurements, pyridine and nicotine were
dried using 3 A molecular sieves. Figure 1 shows the structure of
the chemicals used in this work.

Methods. Temperatures and enthalpies of fusion of the pure
[C,mpy]Clionic liquids were measured by differential scanning
calorimetry (DSC), using a modulated calorimeter (TA Instru-
ments, model 2920). Cooling was accomplished by using a
refrigerated cooling system capable of controlling the tempera-
ture down to 220 K. The heating/cooling regime was adjusted for
each sample separately. Typically, a standard heating and cooling
ramp of 5 K-min~" was used. Both the onset and the peak
melting temperatures were measured, and the enthalpy of fusion
was determined by integration of the experimental heat flow
curves as functlons of temperature. Dry nitrogen at a flow rate of
about 20 cm’-min~ ' was used as the purge gas of the DSC cell.
Temperatures of fusion were also determined using a dynamic
method where the samples were slowly heated 0.5 K-min ™" in
small glass vials until the disappearance of the last crystal was
observed. In this case, the uncertainty of the melting point
temperatures (= 1 K in most cases) is much greater than that
of measurements in the DSC cell (4 0.2 K in most cases). The
uncertainty associated with the determination of the enthalpies
of fusion using the present technique and samples was estimated
to be & 3 kJ-mol .

Decomposition temperature measurements were performed
in a thermogravimetric analyzer (TA Instruments, model QS0).
The experiments were performed at atmospheric pressure in
platinum pans with heating rates of 10 K-min™~'. The onset of
the weight loss in each thermogram was used as a measure of the
decomposition temperature.

The SLE and LLE conditions were determined using a dynamic
method with visual detection of the phase transition: in the case
of SLE this corresponded to the temperature at which the last
crystal disappears as the temperature of the mixture is increased;
in the case of the LLE, the demixing temperature is determined
when the temperature of the heterogeneous mixture is increased
and the last sign of turbidity disappears. Mixtures were prepared

Table 1. Meltlng Point Temperature, T,,, Molar Enthalpy of
Fusmn, AJH,, and Decomposition Onset Temperature,

Tonsev of Eight N-Alkyl-3-methylpyridinium Chloride Ionic
Liquids, [C,mpy]CI*

Tonp/K AMHp/lJ-mol™" Topee/K
Component Dynamic DSC DSC TGA
[Cympy]Cl 383 384.5 28 51§
[Cempy]Cl 353 3558.1 20 S11
[Cgmpy]Cl 352 353.2 15 508
[Ciompy]Cl 349 352.5 14 500
[Cy,mpy]Cl 360 360.8 37 500
[Cy4mpy]Cl 368 366.8 43 500
[Cysmpy]Cl 383 383.0 40 501
[Cysmpy]Cl 386 385.4 28 501

“The uncertainty associated with each determination is £ 1 K (T,
dynamic), £ 0.2 K (T, DSC), £ 3 kJ (A/H,, DSC), and £ 3 K
(Tonser TGA).

by gravimetry using an analytical high-precision balance with £
0.01 mg resolution (Precisa, model 40SM-200A) in narrow
sealed Pyrex glass vials equipped with stirring. The vials were
placed in a thermostatic bath filled with ethanol (T = (253 to
300) K) or silicon oil (T = (300 to 473) K). The temperature was
monitored using a four-wire platinum resistance thermometer
coupled to a multimeter (Keithley 199 System DMM/Scanner).
The temperature accuracy was £ 0.05 K, while the overall
uncertainty of the transition temperature measurements is
obviously greater than the instrumental error and is estimated
tobe £ 1 K

Molecular Dynamics Simulations. The molecular force field
used to represent the [C,mpy]Cl and [C,ompy]Cl ionic liquids
and the pyridine solute is based on the optimized potentials for
liquid simulations all atoms (OPLS-AA) model®” with additional
parameters spec1ﬁed by the Canongia Lopes and Pddua (CLP)
force field:*® the chloride anion has been described in the third
part of a sequence of articles concerning the application of the
CLP force ﬁeld to different ionic liquid ions and their homo-
logous series,”” whereas the [C .mpy]" cations have been mod-
eled using an extended version of the CLP force field.*

The pure ionic liquids, [C;mpy]Cl and [C;ompy]Cl, and four
solutions of pyridine either in [C4ympy]Clor in [C;ompy]Cl were
studied at 473 K. All simulations were performed using molecular
dynamics, implemented using the DL._POLY code.’" Starting
from low-density initial configurations, systems composed of 200
ionic liquid ion pairs and mixtures containing 10 or 40 molecules
of pyridine in 200 ionic liquid ion pairs were equilibrated under
constant NpT conditions for 500 ps at 473 K (Nosé-Hoover
thermostat and barostat with time constants of 0.5 and 2 ps,
respectively). The final density was attained after about 50 ps.
Further consecutive simulation runs of 100 ps each were used to
produce equilibrated systems at the studied temperatures. A total
of 12 such runs have been considered at this stage, implying an
overall simulation time (including equilibration) of around 1.8 ns.
Three intermediate charge and temperature annealing sequences
have also been introduced between the successive production
runs to confirm that the system would return to its equilibrium
state. Repulsive, dispersive, and electrostatic interactions were
calculated explicitly for cutoff distances shorter than 1.6 nm and
estimated using long-range corrections for distances larger than
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Figure 2. Melting point temperature, Ty, as a function of the number
of carbon atoms in the alkyl side chain, 1, of [C,mpy]Clionic liquids: O,
DSC data; O, dynamic method data. The solid line is merely a guide for
the eye.

Table 2. Experimental SLE Temperatures, TSLE, versus Mole
Fraction x,, for {{Cnmpy]Cl (1) + Pyridine (2)}"

s TR m K x TUK

{[C4mpy]CI(1) + Pyridine (2)}

0.0834 296.8 0.3861 334.6 0.6998 366.5
0.1536 306.3 0.4759 346.5 0.8542 375.1
0.2280 315.9 0.5815 356.4 0.9607 380.0
0.3014 325.5

{[Cempy]ClI (1) + Pyridine (2)}

02363 279.4 04729 3117 0.7639 332.8
0.3124 289.2 0.5525 317.2 0.8957 3421
0.3980 300.1 0.6485 325.8 0.9632 3502
{[Cyompy]CI (1) + Pyridine (2)}
0.1885 286.3 0.4060 317.7 0.7483 3412
0.2487 295.5 04918 3253 0.8558 3436
02822 302.2 0.5860 333.0 09522 345.4
0.3452 308.6 0.6620 337.0
{[C1empy]CL(1) + Pyridine (2)}
0.0064 295.4 0.1155 324.6 04576 368.5
0.0118 299.7 0.1451 3307 0.5084 371.0
0.0209 304.2 0.2283 349.5 0.5733 3726
0.0360 310.0 0.2907 3583 0.7406 377.7
0.0471 312.1 0.3582 363.0 0.8596 381.9
0.0795 318.4

“The uncertainty in the two quantities are £ 1 K (T°"*) and + 0.0008

(%1).

the cutoff. In the case of electrostatic interactions, the Ewald
summation method with six reciprocal-space vectors was used.
Finally, 1000 configurations were stored from production runs of
300 ps, to obtain statistical meaningful radial distribution func-
tions between selected atom pairs.

B RESULTS AND DISCUSSION

Properties of Pure [C,mpyIlCl lonic Liquids. The melting
point temperatures (Tmp), molar enthalpies of fusion (AHg,),

Table 3. Experimental SLE and LLE Temperatures, T°"*
and T""¥, versus Mole Fraction x;, for {[C,mpy]Cl (1) +
Nicotine (2)}

% TS /K /K % TS /K /K
{[C4mpy]Cl (1) + Nicotine (2)}
0.0037 364.2 389.2 0.4674 364.6
0.0788 364.4 0.5781 364.4 400.6
0.1463 364.2 0.6125 366.0 384.0
0.2206 364.7 0.7873 371.9
0.3509 364.3 0.9180 377.6
{[Cempy]Cl (1) + Nicotine (2)}
0.0036 314.2 0.4788 3353 368.9
0.0093 333.6 389.2 0.5038 336.0 359.7
0.0098 333.7 419.8 0.5347 336.1 351.6
0.1128 334.8 0.5802 337.3 345.3
0.2017 33S5.1 0.6687 340.2
0.2670 33S8.1 0.7177 341.1
0.3904 334.4 0.8206 342.8
0.4412 334.4 392.0 0.9236 349.0
% T3 /K %1 T5"F/K e TS /K
{[C1ompy]Cl (1) + Nicotine (2)}
0.0701 293.1 0.2446 311.6 0.5761 3313
0.1071 297.6 0.3101 315.0 0.6727 334.5
0.1448 301.3 0.3506 3182 0.7880 338.5
0.1719 304.4 0.4103 320.5 0.8794 3419
0.2029 307.2 0.4949 325.7 0.9576 344.0
{[C16mpy]Cl (1) + Nicotine (2)}
0.0148 311.4 0.1152 329.2 0.5188 360.2
0.0203 312.2 0.1450 335.9 0.6034 362.1
0.0280 3139 0.1850 345.8 0.6683 367.3
0.0392 31S5.1 0.2465 350.1 0.6992 369.6
0.0538 317.7 0.3381 352.8 0.7510 371.6
0.0774 3234 0.4342 356.7 0.8218 372.6

and the onset-of-decomposition temperatures (Typset) Of pure
[C,mpy]Cl ionic liquids, with n = 4, 6, 8, 10, 12, 14, 16, and 18,
are presented in Table 1.

The melting point temperatures of each ionic liquid are plotted in
Figure 2 as a function of the alkyl chain length of the 1-alkyl-
3-methylpyridinium cation. The nonmonotonous (“U” shape)
behavior of the function is similar to that already found for ionic
liquids based on the 1-alkyl-3-methylimidazolium cation.*”

In the case of ionic liquids the onset of thermal decomposition
is an issue of particular importance and practical significance.
Since these compounds have negligible vapor pressures at or near
ambient temperatures,”** their potential operating liquid range
is not limited by their normal boiling or critical temperatures but by
the temperatures at which they start to thermally decompose.®
Thus, the ionic liquids studied in this work—with T, values in
the (500 to 515) K range—exhibit operating liquid ranges larger
than 100 K (up to 150 K for those ionic liquids with lower
melting point temperatures). These Ty values are comparable
to those of other classes of ionic liquids (namely, those based
on the more commonly used dialkylimidazolium cation), where
decomposition temperatures around (450 to 500) K and liquid
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Figure 3. Experimental SLE temperature, TS as a function of
composition expressed as ionic liquid mole fraction, xy, for
{[C,mpy]Cl (1) + pyridine (2)} binary mixtures: @, n = 4; B, n = 6;
0O, n = 10; O, n = 16. The solid lines are just guides to the eye
representing the boundary between the regions of one phase (liquid
solution, L) and two phases (saturated liquid solution and pure ionic
liquid solid, L+S). The different regions are labeled in the graphic for the
solutions based on the [C,mpy]Cl ionic liquid (®).
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Figure 4. Experimental SLE and LLE temperatures, TS and T as a

function of composition expressed as ionic liquid mole fraction, xy;, for
{[C,mpy]Cl (1) + nicotine (2)} binary mixtures: @, n =4; B, n = 6; 0,
n =10; O, n = 16. The solid lines are just guides to the eye representing
the boundary between the regions of one phase (liquid solution, L), two
liquid phases (ionic liquid rich phase and almost pure nicotine, L+L) and
one liquid plus one solid phases (saturated liquid solution plus ionic
liquid solid, L+S). The different regions are labeled in the graphic for the
solutions based on the [C,mpy]Cl ionic liquid (@®).

ranges of almost 200 K are quite common. In this context, the
most conspicuous characteristic of the present data refers to the
relatively high decomposition temperatures found for chloride-
based ionic liquids.

Phase Equilibria of ([C,mpy]Cl + Pyridine/Nicotine) Binary
Mixtures. Phase equilibria data for ([C,mpy]Cl + pyridine) and
([C,mpy]Cl + nicotine) binary mixtures with n =4, 6, 10, and 16
are presented in Tables 2 and 3, respectively. The tables include
SLE and LLE transition temperatures, TS and TLLE, as a
function of composition expressed in ionic liquid mole fraction.
The data are also plotted in Figures 3 (pyridine systems), 4
(nicotine systems), and S (comparison of all systems).
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Figure 5. Experimental SLE and LLE temperature, T°"* and T"**, as a
function of composition expressed as ionic liquid mole fraction, xyy, for
{[C,mpy]Cl (1) + pyridine (2)} (open symbols) and {[C,mpy]CI (1)
+ nicotine (2)} (full symbols) binary mixtures. Solid lines are only
guides to the eye, and dashed lines represent the ideal solubility of ionic
liquid in pyridine, calculated from their molar enthalpy and temperature
of fusion values.®® (a) [C,mpy]Cl systems; (b) [Cempy]Cl; (c)
[C1ompy]Cl; (d) [Ciempy]CL
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Figure 6. Experimental SLE temperature, T°"%, as a function of
composition expressed as ionic liquid volume fraction, ¢y, for
{[C,mpy]Cl (1) + pyridine (2)} binary mixtures: ®, n = 4; B, n = 6;
0, n = 10; O, n = 16. The thin solid lines are only guides to the eye, and
the wide black (n = 4 and 6) and gray (n = 10 and 16) solid lines
represent the ideal solubility.

The ([C,mpy]Cl + pyridine) systems exhibit complete mis-
cibility of the two components in the liquid phase. On the other
hand the SLE are described by the four liquidus lines shown in
Figure 3. These lines suggest that it is possible to group the SLE
trends into two pairs of systems: ([C,mpy]Cl + pyridine) with
([C16mpy]Cl + pyridine) and ([Csmpy]Cl + pyridine) with
([C1ompy]Cl + pyridine). However, this arrangement is just a
consequence of the nonmonotonous behavior of the melting
point temperatures of the four ionic liquids: T, ([C4mpy]Cl) &
Tmp( [C 16mPY] Cl) > Tmp( [CémPY] Cl) ~ Tmp( [ClomPY] Cl)
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Figure 7. Radial distribution functions (rdfs) obtained from molecular dynamic runs in simulation boxes of pure [C,mim]Cl and [C,omim]Cl with 400
ions (C4 and C10 black lines in panel A) and mixtures of [C;mim]Cl and [ C,omim]Cl (400 ions) with 10 and 40 pyridine molecules (dark and light gray
in C4 mixtures; dark and light orange in C10 mixtures). All rdfs are between the atom types displayed in each panel. A: anion—cation rdfs showing the
increase of segregation between the polar network and the nonpolar domains as one increases the size of the latter by the shift from C4 to C10; B:
pyridine—nonpolar domain (alkyl chain terminal carbon, CT) rdfs showing the “sinking” of the pyridine molecules in the larger nonpolar domains of
[C1omim]Cl—larger Npyr-CT distances corresponding to roomier nonpolar domains; C and D: pyridine—anion and pyridine—cation rdfs showing
more efficient interactions between pyridine and both ions when mixed in [C,mim]Cl (and solvated in smaller nonpolar domains).

In fact the SLE trends of all systems are quite standard, with the
liquidus lines starting at the melting point temperatures of each
pure ionic liquid and following the usual pattern of freezing point
depression, AT = Tinp([C,mpy]Cl) — Ty, as pyridine is
added to the mixture:

ATrix = %pyeR(Tmp ([Compy]C1))* / AgusHun ([Compy]Cl)
(1)

From the data collected in Table 1, it was possible to estimate
the ideal solubility lines of pyridine in the different ionic liquids.
Conversely, the ideal solubility lines of the ionic liquids in
pyridine were also estimated, taking into account the melting
point temperature of pyridine (T;,,(CsHsN) =232 K)*® and its
enthalpy of fusion (AgHm(CsHsN) = 8.28 k]« mol *).3 These
ideal trends are represented in Figure S along with the real
liquidus lines. The most obvious feature of the former lines is that
due to the large differences between the melting points of the
[C,mpy]Cl ionic liquids and pyridine, the ideal eutectic tem-
perature will be only slightly lower than the melting temperature
of pyridine and the eutectic composition not far removed from

4360

pure pyridine. Due to limitations of the experimental methods
used, it was not possible to determine directly the existence of
such eutectics. Nevertheless, the ideal solubility lines explain the
monotonous behavior of the measured liquidus lines. Moreover,
the slopes of the ideal and liquidus lines (that according to eq 1
should be directly proportional to T,mp2 and inversely propor-
tional to A, Hy,) are quite close, except in the case of the system
with [Compy]CL In this case the difference can be explained by
the low value of AHg,[c, mpylci (the lowest of the four ionic
liquids used in the mixturess that contributes to a quite high slope
of the ideal solubility line. In fact the liquidus lines corresponding
to the mixtures with ionic liquids with larger alkyl side chains in
the cations ([C;ompy]” and [C smpy]”) exhibit lower slopes
than those of the mixtures that include ionic liquids with smaller
cations ([C,mpy] " and [Cgmpy]™). These comparisons are quite
straightforward if one compares the pairs (C4 and C16) and
(C6.and C10), where in each case the liquidus lines start at approxi-
mately the same melting point temperatures. However, it must
be stressed that the less steep and more curved liquidus curves of
the systems containing [C,ompy]* and [C;smpy]” are caused
by the larger difference between the molar volumes of the

dx.doi.org/10.1021/je2001446 |J. Chem. Eng. Data 2011, 56, 4356-4363
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Figure 8. Goldilocks-type schematics of the solvation process of pyridine and nicotine in [C,mim]Cl ionic liquids. a: enhanced stability/solubility of
pyridine in C4/C6 “just-right” nonpolar domains with strong interactions with the polar network (check signs); b: decreased stability of pyridine in C10/
C16 “too big” nonpolar domains with weak interactions with the polar network (X-marks); c: LLE of nicotine in C4/C6 “too small” nonpolar domains
(X-marks); d: complete miscibility of nicotine in C10/C16 “just right” nonpolar domains (check marks).

corresponding ionic liquids and pyridine. If Figure 3 is redrawn in
terms of volume fraction instead of mole fraction (Figure 6), the
slope and curvature of the different liquidus lines is much more
similar, although the relation with the corresponding ideal behavior
lines (also redrawn in terms of volume fractions) is still the same:
positive deviations from the ideal behavior in the case of systems
containing the larger cations; negative deviations with smaller
cations.

Another way to look at the relative slopes between the different
liquidus lines and their relation to the ideal behavior lines is to think
about the interactions between pyridine and the ionic liquid (the
fact that a volume fraction representation yields a more regular
behavior along the homologous series suggests that interactions
are indeed a key issue).

For the mixtures of nicotine with the different ionic liquids
(Figure 4) the most striking feature is the appearance of liquid—
liquid immiscibility regions in the solutions of [C,mpy]Cl and
[C¢mpy]Cl The two liquid systems that were the more stable
with pyridine are now the less stable with nicotine.

As already discussed in the Introduction, pyridine is more
soluble than benzene in most ionic liquids because its nitrogen
heteroatom confers the molecule a dipole moment that is capable
of more efficient interactions with the high charge-density parts
of the ions that compose the ionic liquid. Auxiliary molecular
dynamics simulations have yielded radial distribution functions
that confirm such a notion from a molecular point of view
(Figure 7): although a large portion of the pyridine molecule is
solvated in the nonpolar domains of the ionic liquid, part of the
molecule is oriented toward the vicinity of the polar network, namely,
toward the chloride anions. This explains the total miscibility of
pyridine in all studied ionic liquids but also why the systems with
smaller nonpolar domains have a higher-than-ideal solubility: with a
smaller nonpolar-to-polar domain ratio the pyridine molecules
can have the best of both worlds, that is, part of the molecule
remains solvated in the nonpolar domain while the most acidic
hydrogen atoms of the molecule can interact with the chloride
atoms of the polar network. When the nonpolar-to-polar ratio
increases, the pyridine molecules “plunge” more deeply into the
nonpolar domain, and the interactions with the polar network are
no longer so efficient (Figure 7, panels B to D). Moreover, the
polar network is now more stretched and tightly bound to
accommodate the larger (and continuous) nonpolar domain
(Figure 7, panel A), which means that part of the chloride atoms
are no longer available to interact with the pyridine molecules. In
other words, the existence of larger nonpolar regions in the ILs
with longer alkyl chain length originates less stable liquid phases
with higher solid—liquid transition temperatures.

On the basis of the molecular insights provided by the MD
results of the (pyridine + ionic liquid) systems, the following
qualitative arguments can be advanced: the difference between
pyridine and nicotine is the aliphatic N-methylpyrrole group
substituted at the 2 position of the former molecule. This large
aliphatic residue has to be accommodated in the nonpolar
regions of the ionic liquid. When these are too small (as in the
case of [C,mpy]Cl or [Csmpy]Cl), the systems exhibits liquid—
liquid demixing. This effect—smaller alkyl side chains in the
cations decrease the solubility and induce the appearance of
liquid—liquid immiscibility phenomena—is also found in solu-
tions of imidazolium-based ionic liquids with nicotine” or other
aromatic' and aliphatic molecules.*”*”*® In the cases where
[C,mpy]Cl has a longer alkyl chain length (n = 10 and 16) the
fluid phase behavior is similar to the one with pyridine, without
the appearance of liquid—liquid demixing.

The different SLE and LLE scenarios found for the eight
systems (C4, C6, C10, or C16 with either pyridine or nicotine)
are interpreted schematically in Figure 8: in the case of the C4/
C6 systems with pyridine the latter molecule fits the nonpolar
domains while maintaining at the same time its interactions with
the polar network (Figure 8A); in the C10/C16 systems, pyridine
sinks more deeply into the larger nonpolar domains, and parts of
those favorable interactions are lost (Figure 8B); in the case of
nicotine with C4/C6, the molecule does not fit so nicely the
nonpolar domains (they get saturated sooner), and this leads to
the appearance of liquid—liquid immiscibility for higher con-
centrations of nicotine (Figure 8C); finally the larger nonpolar
domains in C10/C16 are able to accommodate the nicotine
molecules, and the stronger van der Waals interactions between
the nicotine molecule and the longer alkyl side chains are
responsible for the complete miscibility of the two components
in the entire concentration range of the mixtures (Figure 8D).

B CONCLUSION

The homologous series of 1-alkyl-3-methylpyridinium chloride
ionic liquids, [C,mpy]Cl, exhibit working liquid ranges con-
strained between their melting points ((350 to 390) K) and
decomposition temperatures (onset) of about S00 K. These
liquid ranges—somewhat shifted to higher temperatures relative
to those of their imidazolium-based counterparts—make them
good alternative candidates for applications in heterogeneous
catalysis or in membrane extraction processes.

Pyridine and nicotine further highlight the unique and tunable
solvent properties of ionic liquids: the ratio of polar-to-nonpolar
domains in the ionic liquids (that can be easily adjusted by the
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length of the alkyl side chains present in most homologous
series) determines that [C,mpy] Cl-pyridine mixtures with smal-
ler n (C4 or C6) are more stable than those with greater n (C10,
C16), whereas the opposite is true for mixtures containing
nicotine—leading to liquid—liquid immiscibility situations in
the cases of mixtures with [C,mpy]Cl or [Cgmpy]Cl
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