pubs.acs.org/JPCB

THE JOURNAL OF

PHYSICAL CHEMISTRY

High-Accuracy Vapor Pressure Data of the Extended [C,,C;im][Ntf,]
lonic Liquid Series: Trend Changes and Structural Shifts

Marisa A. A. Rocha," Carlos F. R. A. C. Lima," Ligia R. Gornes,§ Bernd Schroder,” Joao A. P. Coutinho,’
Isabel M. Marrucho,™ José M. S. S. Esperanga,” Luis P. N. Rebelo," Karina Shimizu,#
José N. Canongia Lopes,"” and Luis M. N. B. F. Santos™"

Centro de Investigagao em Quimica, Departamento de Quimica e Bioquimica, Faculdade de Ciéncias da Universidade do Porto,
R. Campo Alegre 687, P-4169-007 Porto, Portugal

*CICECO, Departamento de Quimica, Universidade de Aveiro, P-3810-193 Aveiro, Portugal
§CIAGEB, Faculdade de Ciéncias da Saude da UFP, Universidade Fernando Pessoa, R. Carlos da Maia 296, P-4200-150 Porto, Portugal

Nnstituto de Tecnologia Quimica e Bioldgica, ITQB2, Universidade Nova de Lisboa, Av. Republica, Apartado 127, P-2780-901 Oeiras,
Portugal

#Centro de Quimica Estrutural/IST, Av. Rovisco Pais, P-1049-001 Lisboa, Portugal

e Supporting Information

ABSTRACT: For the first time, two distinct trends are clearly

evidenced for the enthalpies and entropies of vaporization along /‘(/
the [C,mim][Ntf,] ILs series. The trend shifts observed for

ABH,,° and A8S,,°, which occur at [Cgmim ][Ntf, ], are related 7’

to structural modifications. The thermodynamic results re- /{-Y\
ported in the present article constitute the first quantitative *
experimental evidence of the structural percolation phenomen-
on and make a significant contribution to better understanding
of the relationship among cohesive energies, volatilities, and
liquid structures of ionic liquids. A new Knudsen effusion
apparatus, combined with a quartz crystal microbalance, was
used for the high-accuracy volatility study of the I-alkyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide series
([C,mim][Ntf,], where n = 2, 3, 4, 5, 6, 7, 8, 10, 12). Vapor pressures in the (450—500) K temperature range were measured,
and the molar standard enthalpies, entropies, and Gibbs energies of vaporization were derived. The thermodynamic parameters of
vaporization were reported, along with molecular dynamic simulations of the liquid phase structure, allowing the establishment of a
link between the thermodynamic properties and the percolation phenomenon in ILs.
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1. INTRODUCTION

Many properties of ionic liquids, for example, melting tem-
perature, acidity and basicity, surface tension, or solubility in
water and organic solvents can be adjusted by modifying the
cations, anions, or both. Many authors have claimed that ionic
liquids share common characteristics such as moderate-to-low

advantages for specific applications (catalytic activity, solvent
effects, separation phenomena), ionic liquids have been designated
as “green solvents” because of their low volatility, which prevents
their spread into the atmosphere. Nonetheless, it has been also
found that they are not free of toxicity, with aquatic toxicities at the
same level of some organic solvents,® causing some controversy

electrical conductivity, moderate-to-high viscosity, good thermal
stability, and extremely low vapor pressure at room temperature.
However, extensive studies on the properties of ILs in the past
decade' have shown that almost none of these properties are
shared across the IL range; therefore, none of them can be
considered in and of themselves as a defining characteristic of an
ionic liquid.

Over recent years, a growing number of applications for these
fluids have been developed. Nowadays, they can be used in multiple
industrial processes,” including, cellulose processing,”* gas hand-
ling, solar energy conversion,” and waste recycling. Besides their
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concerning the application of the “green solvent” label.” In fact,
their extremely low volatilities limit the range of techniques
available for their separation and purification, reducing the options
for multiple recycling cycles during or after the manufacturing
process as well as their recovery, storage, and so on.

It has been discovered that, at moderate temperatures, some
ionic liquids may present a range of non-negligible vapor
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pressures.” Earle et al.® have also shown that by fine-tuning the
thermal stability of those ionic liquids it was possible to achieve
their distillation.” Hence, during the past decade, the volatility of
ionic liquids has been the subject of several studies to determine
their vapor pressure and vaporization enthalpy with accuracy.'
Additional information regarding these properties should shed light
on the structural arrangement of the ions in the liquid phase, their
cohesive energy, as well as the nature of the corresponding vapor
phase. Moreover, accurate thermodynamic parameters of vaporiza-
tion equilibrium are required to validate the models (force fields)
used to describe ionic liquids in different simulation techniques
(quantum and molecular mechanics, molecular dynamics (MD),
Monte Carlo) and to anchor the parameters used in P—V—T
equations of state and other semiempirical prediction methods.

Previous works in this field focused on indirect determinations
of vapor pressure at moderate temperatures (generally >400 K).
Several approaches to measuring and predicting this quantity
have been proposed, including MD simulations.'! Direct ex-
perimental determinations have been carried out by the integral
Knudsen effusion method,"* transpiration method,"> mass
spectrometry,"*"> high-precision vacuum vaporization drop mi-
crocalorimetry,'® and thermogravimetry.'” Despite all of these
efforts, most of them centered on the determination of the vapor
pressure and enthalpy of vaporization of ionic liquids of the
1-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
family, [C,C,im][Ntf,], discrepancies still remain within the
state-of-the-art data. Because the majority of the experiments
have to be performed at moderate-to-high temperatures (>400 K
and below the decomposition temperatures of the ionic liquids)
and under very low pressure conditions, most of the expected
systematic errors are related to the purity and thermal stability of
the ionic liquid during the measurement.

In this work, we present for the first time a high-accuracy study
of the volatility of 1-alkyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide ionic liquids ([C,C,im][Ntf,] with n =
2,3,4,5,6,7,8,10, 12). The vapor pressure of each pure ionic
liquid has been determined as a function of temperature in the
[440—495] K range using a new quartz microbalance Knudsen
effusion apparatus'® and applying a methodology developed for
this purpose. On the basis of the experimental results, the
standard molar enthalpy, entropy, and Gibbs energy of vaporiza-
tion have been derived. These properties were used to evaluate
and rationalize the relationship among cohesive energy, volatility,
and structural organization in the liquid phase of this homo-
logous series of ionic liquids.

2. EXPERIMENTAL SECTION

2.1. Synthesis, Purification, and Characterization of Com-
pounds. The ionic liquids used in this work, the 1-alkyl-3-
methylimidazolium bis(trifltuoromethylsulfonyl)imide series, [C,-
C,im][Ntf,] (n=2,3,4, S, 6,8, 10, 12), were synthesized and
purified at QUILL (The Queen’s University Ionic Liquid Labora-
tories, Belfast) following reported procedures.'” The sample
1-heptyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide,
[C,C,im][Ntf,] was purchased from IOLITEC with a stated
purity of better than 99%."H NMR analysis showed no major
impurities except for the presence of water. Chloride analysis using
a chloride electrode and the standard addition method indicated
chloride contents smaller than 150 ppm.

Before each effusion experiment, the ionic liquids were dried
under reduced pressure (<10 Pa) and stirred constantly for a

minimum of 48 h at 373 K to reduce the presence of water or
other volatile contents. The purity of the samples was verified
by 'H and "’F NMR spectroscopy. Karl Fischer titration of the
degassed samples revealed <100 ppm of water before the
sample was inserted in the vacuum chamber. Inside the vacuum
chamber, an additional cleaning experiment was performed at
high temperature that reduces the water level in the sample
inside the Knudsen cell. It was found that the differences in the
derived vapor pressure (in different sets of data with the same
IL obtained in independent experiments) do not correlate with
the initial water content. The hypothetical effect of the water
mass loss in the gravimetric weighing is considered to be
negligible.

2.2. Quartz Crystal Microbalance Knudsen Effusion Appa-
ratus. The vapor pressure of each ionic liquid was measured as a
function of temperature using a new Knudsen effusion appara-
tus combined with a quartz crystal microbalance, KEQCM,
recently described by Santos et al."® This simultaneous gravi-
metric and quartz crystal microbalance mass loss detection
technique enables us to decrease both sample size and effusion
times while achieving temperatures of up to 650 K. The
combination of two mass loss determination techniques per-
mits the instrument to measure vapor pressures from 0.005 to 1
Pa. The temperature step effusion procedure allows for vapor
pressure measurements at different temperatures in one single
experiment. The apparatus is essentially a closed system under
high vacuum, comprising a quartz crystal positioned above the
effusion cell; it is placed in an oven at controlled temperature.
Like a typical Knudsen effusion experiment, the system is kept
at high vacuum, allowing free effusion of the vapor from the cell,
and at a fixed temperature, T. The temperature is controlled
within a temperature fluctuation of £(1 x 10~ %) K, measured
with a resolution better than 1 x 10> K and with an overall
uncertainty better than +(2 x 107%) K along the entire
working temperature range. At the working temperature, the
quartz crystal microbalance is not sensitive to the water. The
vapor pressure data obtained with this apparatus presents a
maximum deviation of 1%.

At the temperature T, the mass m of the sample vaporized
from the effusion cell, during the time period ¢, is related to the
equilibrium vapor pressure of the liquid compound by the
Knudsen equation

p(T) = (Am/At);-(1/Aqw,)- (272RT /M)"? (1)

where M is the molar mass of the sample, R is the gas constant
(R=8.314472]-K '~mol "), A is the area of the orifice, and w,,
is the transmission probability factor (wo= {1 + (1/2r)}"). The
relative atomic masses used were those recommended by the
IUPAC Commission in 2007.>

3. RESULTS AND DISCUSSION

The detailed experimental results for vapor pressure, p,
obtained in the KEQCM for the nine [C,C;im][Ntf,] ionic
liquids as a function of temperature, are given in Table S1 of the
Supporting Information. Figure 1 represents In(p/Pa) as a
function of {(1/T)/K'}. The higher working temperature
was limited by the thermal stability of the ILs, and the lower
temperature was limited by the mass loss detection limited. The
vapor pressure experimental results were fitted to the Clarke and
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Figure 1. Plot ofln(p/Pa) =f[(1/T)/K71] for each studied ionic liquid:
O, (blue), [C,C,im][Ntf,]; @ (blue),[C;C,im][Ntf,]; O (black),
[C4Ciim][Ntf,]; € (pink), [CsCyim][Ntf,]; A (brown), [C6C,im]-
[Ntf,]; @ (green), [C,C,im][Ntf,]; & (orange), [CgC,im][Ntf,];
D> (gray), [C10C1im][NTE]; V (red), [C12Cyim][Ntf,].
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where p is the vapor pressure, p° is the standard pressure (p° =
10° Pa), O is a selected reference temperature, R is the molar gas
constant (R = 8.314472 J-K '-mol "), ABGY, is the standard
molar Gibbs energy of vaporization at the selected reference
pressure, AfHy, is the standard molar enthalpy of vaporization,
and AfC, , is the difference between the heat capacities of the
gaseous and of the liquid phases [AFCp, = Cpm(g) — Com(D)].
The values of A?Czlm were estimated considering the same tem-
perature for all ILs, T = 388 K, and the available literature values
for C, (1) and C;,m(g).zzf25 Hence, the values of AFC,,,,° (T =
388 K) were estimated using the linear fitted function (AFCy, =
—5.40-n(C) — 100.47) derived from fitting the literature data of
AFC) (T =388 K) as a function of the cationic alkyl chain length.
(See Figure S1 of the Supporting Information.) A more detailed
explanation of the AFC,,, (T = 388 K) estimate for the nine
studied ionic liquids is presented as Supporting Information.
Taking the values of AFC,,m (Table 1) into account, the standard
molar enthalpies, entropies, and Gibbs energies of vaporization at
reference temperature, T = 298.15 K, were derived. Table 1 lists
the derived standard (p° = 10° Pa) molar enthalpies, entropies, and
Gibbs energies of vaporization at the mean temperature, <T>, and
at reference temperature, T = 298.15 K, as derived from the fitting
of eq 2 and related to each other by the following eq 3

A'G (T) = —RTIn l@]

o

= APH,(T) — T- A, (T) (3)

The plots of In(p/Pa) as a function of { (1/T)/K '} presented in
Figure 1 show that the volatility of the [C,C,im][Ntf,] ionic liquids

decreases along the homologous series, from [C;C,im][Ntf,] to
[C1,Ciim] [Ntf,]. [C,C,im][Ntf, ] is an exception to this trend, with
lower volatilities than [C;C,im][Ntf,] in the measured tempera-
ture range.

Zaitsau et al.' also measured the vapor pressure of [C,C,im]
[Ntf,], [C4Cim][Ntf,], [C4C,im][Ntf,] and [CgC,im][Ntf, ]
by the effusion Knudsen method. Figure S2, presented as
Supporting Information, compares their data with the present
results. A reasonable agreement between the two data sets is
observed. Nevertheless, small, systematic deviations between the
data will affect the derived thermodynamic properties of vapor-
ization, as discussed below.

The thermodynamic properties of vaporization, at T'=298.15 K,
as derived from the data presented by Zaitsau et al.'> were
recalculated in this work using the same AfC, . The graphic
representation of the standard molar Gibbs energies of vaporiza-
tion, AFG,(298.15 K), as a function of the alkyl side chain length
of the cation, n(C), is presented in Figure 2. The Figure shows
that the thermodynamic parameters of vaporization for
[C,C,im][Ntf,] and [C4C,im][Ntf,] are in reasonable agree-
ment, whereas those for [C4C,im][Ntf,] and [CgC,im][Ntf,]
show differences of around —5 kJ-mol .

The volatility is directly related to the AfGp,(298.15 K): as this
quantity rises, with increasing n(C), the volatility along the ionic
liquid homologous series falls. Figure 2 depicts an ill-defined
trend in the literature data'” in contrast with the steady increase
in (1.9 & 0.1) kJ-mol " per each methylene group (—CH,—)
from [C;C;im][Ntf,] to [C;,C;im][Ntf,] obtained in the
present work. At the reference temperature, [C,C,im][Ntf,]
and [C;C;im][Ntf,] exhibit the highest volatilities in the series.

The standard molar enthalpies of vaporization, AFH,(298.15 K),
as a function of the alkyl side chain length of the cation, n(C), are
represented in Figure 3.

The previous literature data of AfHy,(298.15 K) are in reason-
ably good agreement with the present results, with the exception
of the value for [C4C,im][Ntf,], which is clearly lower. Santos
et al.'® performed direct measurements of the enthalpies of
vaporization by Calvet microcalorimetry. Figure S3 (Support-
ing Information) presents a detailed comparison of those data
with the current ones. Considering the associated uncertainty,
only the APH,,(298.15 K) results for [C,C,im][Ntf,] and
[C4C,im][Ntf,] from Santos et al.'® are in reasonable agreement
with the present set of results or most of the results found in the
literature.'>'® The systematically higher results measured by
Calvet microcalorimetry'® may be attributable to a systematic
error arising from the high experimental temperatures of the
calorimetric measurements, some sample decomposition in the
vaporization experiments, or both.

The current results show, for the first time, two distinct trends
for the enthalpy of vaporization along the series. In the
[C5Cim][Ntf,] to [C4C,im][Ntf,] range, AFH;,(298.15 K)
increases (5.5 & 0.2) kJ -mol ™' per —CH,— group added to the
alkyl side chain of the cation. Between [C4C,im][Ntf,] and
[C1,C,im][Ntf,], the corresponding growth accounts only for
(3.7 £ 0.2) kJ - mol . The decrease in the AFHY, along the series
(from 8.5 to 3.7 kJ+mol '+per —CH,— group), indicates a
falling the contribution per methylene group to the cohesive
energies from [C4C,im][Ntf,] to [C;,C;im][Ntf,]. It is
interesting to observe that the enthalpies of vaporization,
AfH;,, obtained for [C,C,im][Ntf,] and [C5C,im][Ntf,] are
similar, which points out a balance between the decrease in
electrostatic interaction and the increase in the intermolecular
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Table 1. Parameters of Clarke and Glew Equation Fitted from the Vapor Pressure Results and the Derived Standard Molar
Entropy of Vaporization for Each Studied IL at the Reference Temperature, 0, and at the Standard Pressure, p° = 10° Pa

T interval /K 0/K AFG2,(0)/]-mol ABHL,(6)/]-mol " ABSS(0)/]-K ' mol " rz AFCy (T =388 K)/J-K~ ' -mol '
[CoCyim][Ntf;]
44S to 483 464.36" 58683+ 11 114562 + 445 1204 £0.9 0.9997 —112
298.15 82504 + 1150 133177 £+ 930 170.0 £ 2.6
[C3C,im][Ntf]
453 to 493 473.04" 56926 + 14 113331 +539 119.3+£09 0.9996 —117
298.15 82 140 £ 884 133793 +475 173.4+2.8
[C4Cim][Ntf]
463 to 487 475.01° 57248+ 7 117752 + 445 1274+ 0.8 0.9998 —121
298.15 84374 4 881 139152+ 470 183.8+£2.6
[C<C,yim][Ntf, ]
457 to 493 474.99° 57479+ 12 122978 + 526 138.0+ 0.9 0.9997 —127°
298.15 86690 4893 145437 £ 491 196.9+2.8
[C6Ciim][Ntf; ]
465 to 489 477.35° 57490+ 16 126 053 + 990 143.7+£19 0.9993 —134
298.15 88438 +372 150065 + 798 206.9 £ 4.0
[C,C1im] [Ntf,]
465 to 493 478.92° 5808547 128729 + 387 147.6 0.8 0.9999 713819
298.15 90 196 + 887 153675 + 480 213.0+24
[CsCrim] [Ntf,]
473 to 495 484.10" 58582+ 12 128 608 + 857 144.7 + 1.8 0.9996 —143
298.15 91406 4 1222 155199 + 837 2140+ 3.7
[C10C1im][Ntf,]
479 to 495 487.38" 59960+ 5 136 028 + 500 156.1 + 0.9 0.9999 —154°
298.15 96071 + 964 165169 + 573 231.8+2.8
[C12C1im][Ntf ]
481 to 493 486.85" 61731+7 140 348 + 809 161.5+1.8 0.9998 —165°
298.15 99215+ 1210 171484 + 815 242.5+3.5

“ Mean temperature. 1 is the linear regression coefficient. * AFCy,m(388 K) estimated using the linear fitted function (AFC,, = —5.40 n(C) — 100.47) derived
from fitting of the literature data of AFC,,,,(388 K) as a function of the cationic alkyl chain length. It was considered an uncertainty of § J - K 'emol .

interactions arising from the increment of the —CH,— group
from [C,C,im][Ntf,] to [C5C,im][Ntf,] (further discussion
follows).

The entropies of vaporization profile along the series in
Figure 4 are analogous to those observed for the enthalpies of
vaporization.

The results show a steady increase in AfSy, along the homo-
logous series and a trend shift in the increase in AfSy, with n(C),
around n(C) = 6, identical to that observed for the enthalpies of
vaporization profile. Because the absolute standard molar en-
tropies in the gaseous phase increase linearly along the homo-
logous series,”” the observed change should be due to an
additional increase in the absolute entropy in the liquid phase,
starting at [C4C,im][Ntf,]. The derived results for the standard
molar entropies of vaporization and the absolute standard molar
entropies in the gaseous and liquid phases are presented in Table
S3 of the Supporting Information.

The accuracy and resolution of these results for the extended
series of [C,C;im][Ntf,] are sufficient to demonstrate that the
two (entropic and enthalpic) trend changes at n(C) = 6
compensate for each other and that there is a steady increase

in the resulting Gibbs energy values from [C;C,im][Ntf,] to
[C12Cyim ][Nt ].

It is important to stress that previous studies, utilizing only a
handful of cations with an even number of carbon atoms in the
alkyl side chain, did not allow for a complete characterization of
the important trend changes of the thermodynamic parameters
of vaporization, including the outlier character of [C,C,im]
[Ntf,], as evidenced in this work.

Figure 5 demonstrates the increments per —CH,— group in
the vaporization thermodynamic properties in the ILs and some
alkyl derivatives.

It is interesting to observe that the ILs present a regular
increase of (1.9 & 0.1) kJ-mol " per methylene group on the
Gibbs energies of vaporization as compared with an increment of
2.86 k_]-mor1 observed on alkanes, 1-alcohols, and 1-amino
alkanes.”* >® The smaller increase in the Gibbs energies of
vaporization of the ILs reflects the increase in the chemical
potential of the liquid phase. This results from a balance between
the decrease in the electrostatic potential and the increase in the
nonelectrostatic interactions with the increase in the cationic alkyl
chain length. The contribution per methylene unit to AfHy,(298.15
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Figure 2. Graphic representation of standard molar Gibbs energies of
vaporization at reference temperature (T =298.15 K) as a function of the
number of carbon atoms in the alkyl side chain of the cation, n(C). O
(yellow),O (red), this work (Knudsen effusion/quartz crystal micro-
balance method); <, Zaitsau et al.'> (Knudsen effusion method).

K), in the range from [C3C,;im][Ntf,] to [C4C,im][Ntf, ], is
comparable to that observed for the liquid phase in the alkyl
derivatives and decreases after [C4C,im][Ntf,], directly
reflecting the regular decrease in the electrostatic interac-
tion; it indicates the beginning of a new regular type of mole-
cular interaction.

The relatively smaller increase per methylene unit to the
entropy of vaporization of the ILs as compared with the incre-
ment observed for the alkyl derivatives from [C3C,im][Ntf,] to
[C4C,im][Ntf,] must be related to the decrease in rotational
entropy contribution of the alkyl groups in the region of strong
electrostatic interaction. The profile of the AFSy, trend in the
series, above [ C4C;im][Ntf, ], is identical to that observed in the
alkyl derivatives and is identical to those observed along the
alkane homologous series.

The enthalpic and entropic vaporization trend changes along
the [C,,C,im][Ntf,] series and must be related to a change in the
molecular structure of the liquid phase around [C4C,im][Ntf,].
The existing models for the structure of ionic liquids at a
molecular level consider them to be nanosegregated fluids. To
evaluate if this nanosegregation might be related to the trend
changes observed in the thermodynamic properties of vaporiza-
tion, we carried out MD studies for the [C,C,im][Ntf,] ionic
liquid series. These MD studies™ >' and subsequently X-ray
diffraction studies®” recognized the nanosegregated structures of
ionic liquids. Although those first studies focused on the 1-alkyl-
3-methylimidazolium hexafluorophosphate series, [ C,C,im][PF],
the conclusions were quickly extended to the [C,C,im][Ntf,]
series and contained two basic types of conclusion: (i) ionic
liquids are highly structured fluids composed of high-charge
density areas (the “polar heads” of the anions and cations form-
ing a polar network) permeated by low-charge density regions
(the alkyl side chains present in some of the ions forming
nonpolar domains); (i) the topology of the nonpolar domains
is strongly dependent on the relative volumes occupied by the
polar and nonpolar moieties of the molecules. For very small
alkyl side chains, the nonpolar domains are isolated islands in a
continuous polar domain; for longer alkyl side chains, those
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Figure 3. Graphic representation of standard molar enthalpies of
vaporization at reference temperature (T = 298.15 K) as a function of
the number of carbon atoms in the alkyl side chain of the cation, n(C). O
(yellow), O (red), this work (Knudsen effusion/quartz crystal micro-
balance method); <, Zaitsau et al.'* (Knudsen effusion method).
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Figure 4. Graphic representation of standard molar entropies of
vaporization, at reference temperature (T = 298.15 K), as a function
of the number of carbon atoms in the alkyl side chain of the cation, n(C).
O, (yellow), O (red), this work (Knudsen effusion/Quartz crystal
microbalance method); <, Zaitsau et al."* (Knudsen effusion method).

islands start to coalesce, and after a certain threshold value
is reached, they form a second, continuous nonpolar domain.
This corresponds to a kind of percolation limit of the nonpolar
network regions and the formation of a bicontinuous fluid
phase.*3?

The trend shifts observed for AFH}, and AfS;, as a function of
the cationic alkyl side chain length (Figures 3 and 4) are related
to the structural modifications that occur when the number of
alkyl carbon atoms nears six.

For the [C,,C,im][PF¢] ionic quuicls,sl’32 the percolation limit
of the nonpolar islands was found to occur around n(C)= 4 to 5.
With bulkier anions like [Ntf,] ™~ and a concomitantly larger polar
network, as can be inferred from Figure SS (Supporting In-
formation), this threshold value was predicted to be larger.*
New simulation runs were performed for all [C,C,im][Ntf,]
ionic liquids between n(C)= 2 and 10, in order to verify if the
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ILs (before and after the trend shift n(C)) and the typical alkane derivatives data. 2628

percolation limit was attained around n(C)= 6, as occurred for
the AFfH;,[n(C)] and AfSy,[n(C)]. Figure 6 shows the CT—CT
radial distribution functions for the different ionic liquids and two
snapshots of the simulation boxes for [C,C;im][Ntf,] and
[CsC,im][Ntf,] (CT, carbons of the terminal methyl groups
of the chain).

All RDFs show an intense first peak that tends to be higher as
the alkyl side chain gets longer; that is, the terminal carbon atoms
of the alkyl side chains tend to separate from the polar regions of
the ionic liquid and come to rest in proximity to each other. This
is particularly true for ionic liquids from [C,C,;im][Ntf,] to
[CsC,im][Ntf,], where the small clusters (islands) containing
the adjoining CT groups (cf. circled areas in Figure 6a) are
growing. However, above a certain alkyl side chain length
(around [C4C,im][Ntf,]), the intensities of the first peaks start
to become almost constant. This suggests that to segregate from
the nonpolar network, the CT atoms do not have to form a small
cluster (the percolation limit was reached and a more ample and
continuous nonpolar region is now available) and that the first
peak intensities tend to increase because of the overall decrease in
the volume fraction of the CT groups. (Radial distribution func-
tions are normalized taking into account the average density of
the pair under scrutiny in the total system volume.) Additionally,
the structural modification from small clusters to a continuous
nonpolar nanophase can be ascertained from a new type of
analysis based on the second peaks: a string of CT atoms like
those depicted in Figure 6b will exhibit shorter second neighbor
distances than those found between CT atoms from neighboring,
independent clusters. This is indeed the situation observed in the
RDFs from [C,Ciim][Ntf,] to [C;oC,im][Ntf,]: the peak
around 1 nm in [C,C,im][Ntf,] starts decreasing and shifting
in [CsC,im][Ntf,] and forms an incipient peak at 0.8 nm (twice
the distance of the first peak at 0.4 nm) in [C4C,im][Ntf,],

which then grows continuously from [C,C,im][Ntf,] to
[C10Cyim][Ntf, ].

The simulations show a structural shift around [C¢C,im]-
[Ntf,] when the nonpolar island percolation limit is reached for
this series of ionic liquids. This is consistent with higher Sp,(1)
values from [C4C;im][Ntf,] onward, as inferred from the
experimental results of this work (Figure 4). For n(C) > 6, the
absolute entropy in the liquid phase increases more rapidly as the
distances and segregation between the terminal alkyl groups and
polar domains increase and the corresponding interactions
decrease. The same argument also justifies the trend found for
the cohesive energy of the liquid phase (Figure 3).

The [C,C,im][Ntf,] outlier character can also be analyzed
taking into account possible structural changes occurring in the
liquid phase, as evidenced by other simulation studies. (See the
Supporting Information.)

The relation between the AfH;, and AfS;, trends and the
structural changes in the liquid phase observed for the
[C,C,im][Ntf,] series shed further light on recently reported
experimental viscosity data and their temperature dependence
for this same series of ionic liquids.** Figure 7 shows the trends of
the viscosity and the corresponding parameters (A, E) of the
Vogel—Tammann—Fulcher (VIF) equation used to fit the
temperature dependence of the viscosity data along the
[C,C,im][Ntf,] series. (See the details in the Supporting
Information.) The Figure also clearly shows changes around
[CsCiim][Ntf,].

The particularly conspicuous change observed in the pre-
exponential factor of the VIF equation, A, around [CsC,im]
[Ntf,] indicates (and is in agreement with) an additional increase
in liquid phase entropy. On the other hand, the decrease in the
change of cohesive energies is only slightly reflected in the decrease
of the viscosity activation energy, E. Interestingly, [ C,C,im][Ntf, ]
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is again an outlier relative to the rest of the homologous series. In
this case, however, its varying viscosity is dominated by a

significant lower contribution from its activation energy.

4. FINAL REMARKS

The study of the nine imidazolium-based ionic liquids enabled

us to detect important trends in the thermodynamic parameters,

which would have been impossible to verify with a smaller
number of ILs. The high accuracy and resolution of the present

vapor pressure results were sufficient to extract the individual
thermodynamic entropic and enthalpic contributions to the

liquid—vapor equilibrium.
The thermodynamic results herein reported constitute the first

10925

experimental quantitative evidence of the structural percolation
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phenomenon and represent an important contribution to increased
understanding of the relationship between ionic liquids, cohesive
energies, volatility and liquid structures. They also clarify the existent
discrepancy between the thermodynamic properties of vaporization
encountered in the literature and consequently provide strong
experimental validation of the accurate parametrization of molecular
force fields used in computer simulations.
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molar entropies in gaseous and liquid phases, and molecular
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