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N =5 to 10) series of ionic liquids. The density presents a regular decrease along the ionic liquid series, with
no detectable alkyl chain length dependence of the thermal expansion coefficient. Both the refractive index
and viscosity show a trend shift along the series around the [CsC;im][PFg] that could be associated to the impact
of the change in the nanostructuration of the ionic liquids. The experimental results are compared with the

Ié?f/:;s;ise' indices analogous [Cy — 1C;im][NTf,] series and the effect of the anion is analyzed. The sphericity of the [PFg]~ anion
Viscosities is reflected in the lower pre-exponential VTF parameter, A,, and the higher viscosity of the [Cy — 1C;im][PFg],
Densities when compared with the [Cy — 1C;im][NTf,] series, is ruled by the higher energy barriers, which are related
Hexafluorophosphate with stronger electrostatic interaction due to the low charge dispersion of the [PFg] ~.anion.

Nanostructuration © 2013 Elsevier B.V. All rights reserved.
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1. Introduction

The physicochemical properties of ionic liquids can vary
considerably depending on the combination of cations and anions.
Therefore, for the interpretation of their properties and a successful
modeling of ionic liquids, highly accurate data regarding these
physicochemical properties are needed, such as heat capacities, vapor
pressures, viscosities, densities and refraction index. Recently, we
reported several thermodynamic studies of the extended series of ILs
[Cn — 1Gim][NTf;] (with N = 3-9, 11, and 13), and of the symmetric
[Cn/2Cn / 2im][NTE;] (with N = 4-24) [1-4]. Based on these works,
it was possible to highlight the effect of the nanostructuration of [Cy
—1Gim][NTf;] and [Cn,2Cn,2im][NTf;] ionic liquid series and to
evaluate the effect of the cation topological symmetry on the
thermodynamic properties of vaporization, heat capacities and
viscosity data. Understanding the impact of nanostructuration on
the thermophysical properties of ionic liquids is highly relevant but
previous works used only the even numbered ionic liquids, and
consequently the complete characterization of important trends
which are related with the nanostructuration is not possible, neither

* Corresponding authors. Tel.: +351 220402836; fax: +351 220402659.
E-mail addresses: marisa.alexandra.rocha@gmail.com (M.A.A. Rocha),
Ibsantos@fc.up.pt (LM.N.B.F. Santos).

0167-7322/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.molliq.2013.09.031

the identification of the outlier character of [C;C;im|[NTf,] and

In this work, the thermophysical properties of 1-alkyl-3-
methylimidazolium hexafluorophosphate, [Cy — 1Cqim][PFg] (with
N = 5-10), specifically density, viscosity and refractive index, and
their dependency with temperature were measured. Concerning
this family of ionic liquids, most of the thermophysical studies have
been focused on the following liquids: [C4C;im][PFs], [CsC;im][PFg]
and [CgCyim][PFs], which prevent the identification of the
nanostructuration on these ionic liquids [5-31]. The experimental
results obtained will be used to evaluate the effect of the chemical
nature of the anion, sphericity, and size, as well as the overall impact
of the nanostructuration on the thermophysical properties of these
ionic liquids.

2. Experimental section
2.1. Materials and purification

The 1-alkyl-3-methylimidazolium hexafluorophosphate, [Cy —
1C1im][PFg] (with N = 5-10), used in this work, was purchased from
IOLITEC with a stated purity of better than 99%. All the ionic liquids
were dried and purified under vacuum (<10Pa) at moderate
temperature (323 K) and constant stirring, in order to reduce the
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Table 1
Experimental results of density, p, at 0.1 MPa for the [Cy _ 1C;im][PFs] ionic liquid series as
a function of temperature.

TK  p/(kg-m3)

[CGim]  [CsGim]  [CeCiim]  [GCiim]  [GgCiim]  [CoCyim]

[PFs] [PFs] [PFe] [PFe] [PFs] [PFs]
293.15 13718 1332.2 1298.5 1266.7 1240.9 1217.0
298.15 13674 1327.8 1294.2 1262.6 12369 12131
303.15 1363.2 1323.7 1290.1 1258.5 12329 1209.2
308.15 1359.0 1319.6 1286.1 1254.5 1229.0 12053
313.15 13549 1315.5 1282.1 1250.6 1225.1 12015
318.15 1350.8 1311.6 1278.2 1246.8 12213 1197.8
323.15 1346.8 1307.6 12743 1243.0 1217.6 1194.1
328.15 13427 1303.7 1270.5 12393 12139 11904
333.15 1338.7 1299.8 1266.7 1235.5 12102 1186.8
338.15 13347 1295.9 1262.9 1231.8 1206.6 1183.2
343.15 1330.6 1292.0 1259.1 1228.1 1202.9 1179.6
348.15 1326.6 1288.1 12553 12244 11993 1176.0
353.15 13227 1284.3 1251.5 1220.7 1195.6 11724
358.15 1318.7 1280.4 1247.7 1217.0 1192.0 1168.8
363.15 13148 1276.6 1244.0 12133 11884 11653

Note: the magnitude of the experimental differentiation between the two independent set
of density data: 0.2 kg-m~>,

presence of water or other volatile contents. This process was performed
systematically before and during the thermophysical property
measurements.

2.2. Density and viscosity

The density, p, and dynamic viscosity, 7, measurements were
performed with an automated SVM 3000 Anton Paar rotational
Stabinger viscometer-densimeter. The description concerning the
operation of this equipment is available in the literature [32]. The
measurements were carried out at atmospheric pressure in the
temperature range from 293.15 to 363.15 K for the pure ionic liquids.
The apparatus was calibrated using the three standard calibration
samples, APN7.5, APN26 and APN415 in the same experimental
conditions of the ionic liquid measurements. The reproducibility of the
dynamic viscosity and density measurements is, according to the
manufacturer, 0.35% and =+ 0.5 kg-m™>, respectively from 288.15K to
378.15K and the uncertainty of temperature is within +0.02 K. For
each ionic liquid, at least two independent measurements of the density
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and viscosity were performed, using the same experimental conditions
and different samples.

2.3. Refractive index

The refractive indices were measured at the sodium D-line using a
Bellingham model RFM340 refractometer (+3x 107> stated
precision), as a function of temperature (288.15 to 318.15) K. The
apparatus was calibrated with degassed water (Millipore quality) and
toluene (Spectranal, 99.9%). The temperature in the refractometer cell
is controlled using an external thermostatic bath within a temperature
fluctuation of (45 x 10~3) K, measured with a resolution better than
1 x 1073 K and an uncertainty within 4-0.02 K. Samples were directly
introduced into the flow cell (prism assembly) using a syringe; the
flow cell was kept closed after sample injection. For each ionic liquid
at least two independent experiment were performed and in each
experiment at least three measurements were taken at each
temperature. The refractive indices were measured with respect to air
and no corrections were applied.

3. Results and discussion
3.1. Density

The experimental density data for the studied ionic liquids are
presented in Table 1. Fig. 1 displays the logarithm of density as a
function of temperature and the respective relative deviations between
the experimental density measured in this work and those reported in
the literature.

The experimental density data, in the temperature range, was
described using a second order polynomial equation correlation,
according to Eq. (1):

ln(p/kg~m*3):a+b~T+c-T2 (1)

The comparison with the literature data was limited due to the lack
of data for the odd number of the studied ionic liquids series ([CsC;im]
[PFg], [C7C1im][PFg] [CoCim][PFg]). Only densities of three ionic liquids,
[C4Cim][PFg], [CsCiim][PFg] and [CgC;im][PFs], were found in the
literature. The densities obtained in this work are in good agreement
with the literature results, with deviations under 0.1% [12,33]. Higher
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Fig. 1. (I) Logarithm of density as a function of temperature for [Cy — ;C;im][PFg] ionic liquid family. The thin lines results from the linear fitting of the experimental results. ] — [C4C;im]
[PFs]; O — [CsCyim][PFg]; A — [CeCqim][PFs]; 7 — [C;Cqim][PFg]; <> — [CsCqim][PFs]; <] — [CoCqim][PFs].(11) Relative deviations between the experimental density measured in this work
(Pexp) and those reported in the literature (pexp) as a function of temperature for [Cy — 1C;im][PFg] ionic liquid series. Tomida et al. [13] @ — [C4Ciim][PFs]; Y. Gengetal. [14] O — [C4Cqim]
[PFg]; D. Tomida et al. [15] <] — [CsCyim][PFg], > — [CsCyim][PFg]; Taguchi etal. [16] A — [CsCiim][PFs], O — [CsCyim][PFg]; A.B. Pereiro et al. [20] @ — [C4Cyim][PFs], @ — [CgCyim][PFg];

W.Fanetal.[21] w — [C4C,im][PFg]; K. R. Harris et al. [22]
[26] <7 — [CsC1im][PFg]; A.B. Pereiro et al. [31] @ — [CsCyim][PFg].

— [CgCqim][PFg]; K. R. Harris et al. [23] @ — [C¢C1im][PFg]; Tokuda et al. [25] ] — [C4Cyim][PFg]; A. Muhammad et al.
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