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Experimental data on the surface tension and refractive index of tetradecyltrihexylphosphonium-based
ionic liquids with bromide, chloride, decanoate, methanesulfonate, dicyanimide, bis(2,4,4-trimethylpen-
tyl)phosphinate and bis(trifluoromethylsulfonyl)imide anions are reported. The data were obtained for
pure and water saturated samples at temperatures from 283 K to 353 K and at atmospheric pressure.
The refractive index of the investigated ionic liquids decreases with increasing the water content in
the sample. On the other hand, no clearly dependence of the surface tension with the water content
up to a weight fraction of 16% was found. The prediction of the refractive index for the studied ionic liq-
uids was also accomplished by a group contribution method and new values for the cation and diverse
anions were estimated and proposed. The studied ionic liquids show lower surface tension in comparison
with imidazolium-, pyridinium- or pyrrolidinium-based ionic liquids with a similar anion; also they show
higher surface entropy than cyclic nitrogen-based fluids which indicates a lower surface organization.
The anion dependence of the surface tension and surface entropy for the investigated ionic liquids is
weaker than that for short-chain imidazolium-based ionic liquids. Their critical temperatures evaluated
from Eötvos and Guggenheim equations are also lower than those of N-heterocyclic ionic fluids.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

During the last decade, ionic liquids (ILs) have been largely
studied and are broadly recognized as promising new solvents
for industrial applications. Ionic liquids are a group of molten salts
usually composed of inorganic or organic anions, and relatively
large organic cations, which do not form an ordered crystal and,
consequently, they remain liquid at or near room temperature
[1–4]. Besides the overexplored imidazolium-based ionic liquids
[5–11], new families of ionic liquids attracted increasing interest
in the past few years. Among them, studies considering piperidini-
um-, pyrrolidinium-, pyridinium- [12,13], cholinium- [14,15] and
guanidinium-based [16] cations have emerged in literature. Be-
sides these nitrogen-based ionic liquids, new classes of ionic liq-
uids including the sulfonium- [17,18] and phosphonium-based
[19,20] have also been investigated.

The Cytec Industries Inc., specialized in phosphorus specialties,
produces tetralkylphosphonium ionic liquids in bulk quantities,
and therefore the number of studies and industrial applications
regarding phosphonium-based ionic liquids is growing progres-
sively [4]. Phosphonium-based salts also present further advanta-
ll rights reserved.

: +351 234 370084.
ges compared to nitrogen-based ionic liquids: they are less toxic,
thermally more stable and less expensive [21,22]. Moreover, phos-
phonium-based ionic liquids are usually less dense than water
[6,19,23] which could bring additional advantages in large-scale
operations. Based on these advantages, several academic studies
aiming at evaluating the potential of these fluids have appeared
in literature. For instance, Dias et al. [24] evaluated the capacity
of four phosphonium-based ionic liquids to modify the properties
of neat PVC to allow their use as potential alternatives to tradi-
tional phthalate-based plasticizers in biomedical applications.
Carvalho et al. [25] studied the solubility of CO2 in phosphonium-
based ionic liquids showing that large amounts of gas can be dis-
solved, enhancing the potential of these fluids to be applied in
the CO2 capture and gas separation processes at the industrial le-
vel. Oliveira et al. [26] measured the solubility of adamantane in
phosphonium-based ionic liquids with the goal of proposing a
new extraction technique to separate diamondoids from reservoir
fluids, and showed that longer alkyl chains at the cation enhance
the solubility of adamantane. Neves et al. [27] reported that phos-
phonium-based ionic liquids are improved candidates for the
extraction of ethanol from fermentation broths when compared
with the largely studied imidazolium-based fluids. Finally, the tai-
lored hydrophobicity of phosphonium-based ionic liquids, and
their thermal and chemical stability, allowed their application as
main solvents in the processing of cellulose [28].

http://dx.doi.org/10.1016/j.jct.2012.09.004
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In the sequence of optimization and operation processes at the
industrial level, the knowledge of the thermophysical properties of
ionic liquids, such as density, viscosity, refractive index and surface
tension are relevant features. In spite of a large number of studies
concerning imidazolium-based ionic liquids, phosphonium-based
fluids are still poorly characterized. Only a few studies report vis-
cosities [19,29,30], densities at low and high pressures [19,31–
33], surface tensions [34,35] and refractive indexes [30,36] of some
phosphonium-based ionic liquids. Moreover, ionic liquids tend to
be highly hygroscopic and the control of their water content at
low values is not an easy task. Therefore, in this work, we present
surface tension and refractive index data for seven tetra-
decyltrihexylphosphonium-based ionic liquids for both pure and
water-saturated samples. Both properties were determined as a
function of temperature, and the related surface thermodynamic
functions and hypothetical critical temperatures were also esti-
mated. The ionic liquids investigated further allow us to gather a
better understanding on the anion effect upon their thermophysi-
cal properties.
2. Experimental

2.1. Chemicals

Seven tetradecyltrihexylphosphonium-based ionic liquids were
studied in this work: tetradecyltrihexylphosphonium bis(trifluoro-
methylsulfonyl)imide [P666(14)][NTf2] (mass fraction purity > 98%),
tetradecyltrihexylphosphonium bromide [P666(14)]Br (mass frac-
tion purity � 96% to 98%), tetradecyltrihexylphosphonium chloride
[P666(14)]Cl (mass fraction purity � 93% to 95%), tetradecyltrihexyl-
phosphonium decanoate [P666(14)][Deca] (mass fraction
purity � 97%), tetradecyltrihexylphosphonium methanesulfonate
[P666(14)][CH3SO3] (mass fraction purity � 98% to 99%), tetra-
decyltrihexylphosphonium dicyanimide [P666(14)][N(CN)2] (mass
fraction purity � 97%), and tetradecyltrihexylphosphonium
bis(2,4,4-trimethylpentyl)phosphinate [P666(14)][Phosph] (mass
fraction purity � 93%). All ionic liquids were kindly provided by
Cytec Industries Inc. The ionic structures of the studied ionic liq-
uids are depicted in figure 1.
FIGURE 1. Ionic structures of (a) tetradecyltrihexylphosphonium, [P666(14)]+; (b) bromi
[CH3SO3]�; (f) chloride, Cl�; (g) bis(trifluoromethylsulfonyl)imide, [NTf2]�; (h) bis(2, 4, 4
Due to the low initial purity level of all samples, the ionic liq-
uids were purified by repeatedly washing them with ultra-pure
water (at least 4 times), under constant stirring for a minimum
of 24 h, as previously reported by us [19]. All ionic liquids form a
second liquid phase in the presence of water at room temperature.
The water used was doubled distilled, passed by a reverse osmosis
system and further treated with a MilliQ plus 185 water purifica-
tion apparatus. After stopping the agitation, the phases were sepa-
rated and the water-rich phase was removed. Thereafter,
individual samples of each ionic liquid were dried at moderate
temperature (�323 K) and at high vacuum (�10�5 Pa), under con-
stant stirring, and for a minimum period of 48 h. After this purifi-
cation procedure, the purity of all ionic liquid samples was
further checked by 1H, 13C and 31P (and 19F NMR for the fluorinated
ionic liquid) and showed to be P99 wt%.

The water content of each ionic liquid, after the drying step and
immediately before the measurements of the thermophysical
properties for pure ionic liquids, was determined by Karl Fischer
titration making use of a Metrohm 831 Karl Fischer coulometer.
For the water-saturated samples, the ionic liquids were left in con-
tact with water for at least 48 h and at 298.15 K. Further details on
the equilibrium procedure were previously reported [37]. The
water content in the water-saturated samples was also measured
by Karl Fischer titration, and the values obtained were compared
with previous solubility data [19]. The saturation values of water
at 298.15 K in each ionic liquid have an average relative deviation
of 0.05% to those previously published [19]. The reagent employed
was Hydranal–Coulomat AG from Riedel-de Haën. The water con-
tent of each ‘‘pure’’ ionic liquid after the drying procedure and in
the water-saturated samples is presented in table 1.
2.2. Apparatus and procedure

2.2.1. Refractive index
Measurements of refractive index (nD) were performed at

589.3 nm using an automated Abbemat 500 Anton Paar refractom-
eter, developed for measuring both liquid and solid samples.
Refractive index measurements were carried out in the tempera-
ture range from (283.15 to 353.15) K for pure ionic liquids and
de, Br�; (c) dicyanimide, [N(CN)2]�; (d) decanoate, [Deca]�; (e) methanesulfonate,
-trimethylpentyl)phosphinate, [Phosph]�.



TABLE 1
Water content (weight fraction percentages) in the studied ionic liquids.

Ionic liquid Water content/(wt%)

Pure Water-saturated

[P666(14)][NTf2] 0.01 0.23
[P666(14)][Deca] 0.02 15.26
[P666(14)][Phosph] 0.02 15.80
[P666(14)][N(CN)2] 0.01 3.09
[P666(14)]Br 0.03 6.65
[P666(14)]Cl 0.04 13.34
[P666(14)][CH3SO3] 0.08 11.81
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from (298.15 to 353.15) K for water-saturated ionic liquids, at
atmospheric pressure. The Abbemat 500 Anton Paar refractometer
uses reflected light to measure the refractive index, where the
sample on the top of the measuring prism is irradiated from differ-
ent angles by a LED. The maximum deviation in temperature is
±0.01 K and the maximum uncertainty in the refractive index mea-
surements is ±0.00002. Previous data reported by us [38] support
the applicability of the method here used to determine the refrac-
tive index of ionic liquids.

2.2.2. Surface tension
The surface tension of each sample was determined through the

analysis of the shape of a pendant drop and measured using a Data-
physics contact angle system OCA-20. Drop volumes of (15 ± 2) lL
(depending on the ionic liquid) were obtained using a Hamilton DS
500/GT syringe connected to a Teflon coated needle placed inside
an aluminium air chamber able to maintain the temperature of
interest within ±0.1 K. The temperature was attained by circulating
water in a double jacketed aluminium cell by means of a Julabo F-
25 water bath. The surface tension measurements were performed
in the temperature range from 298 K to 343 K. The temperature in-
side the aluminium chamber in which the surface tensions were
determined was measured with a Pt100 within ±0.1 K (placed at
a distance of approximately 2 cm to the liquid drop). After reaching
a specific temperature, the measurements were carried out after
30 min to guarantee the thermal stabilization. Silica gel was kept
inside the air chamber aiming at keeping a dry environment. For
the surface tensions determination at each temperature, and for
each ionic liquid, at least six drops were formed and measured.
For each drop, an average of 130 images was captured. The analysis
of the drop shape was executed with the software modules SCA 20
where the gravitational acceleration (g = 9.8018 m�s2) and latitude
(lat = 40�) were used according to the location of the assay. The
TABLE 2
Experimental refractive index values, nD, of the pure ionic liquids.

nD ± 0.00

T/K [P666(14)][NTf2] [P666(14)][Deca] [P666(14)][Phosph]

283.15 1.45436 1.47754 1.47702
288.15 1.45279 1.47586 1.47538
293.15 1.45120 1.47413 1.47374
298.15 1.44960 1.47242 1.47209
303.15 1.44797 1.47069 1.47044
308.15 1.44637 1.46896 1.46879
313.15 1.44476 1.46722 1.46712
318.15 1.44317 1.46548 1.46546
323.15 1.44158 1.46341 1.46383
328.15 1.43948 1.46165 1.46216
333.15 1.43836 1.46002 1.46056
338.15 1.43681 1.45828 1.45893
343.15 1.43524 1.45660 1.45716
348.15 1.43370 1.45497 1.45553
353.15 1.43213 1.45327 1.45387

a Expanded uncertainty at the 0.95 confidence level, 2u(nD), evaluated from the standar
density values required for the calculation of the surface tensions
from the drop image data were taken from literature [19]. Further
details on the equipment and its validity to measure surface ten-
sions of ionic liquids were previously addressed [38,39].
3. Results and discussion

3.1. Refractive index

The refractive index data for pure tetradecyltrihexylphosphoni-
um- and water-saturated tetradecyltrihexylphosphonium-based
ionic liquids at several temperatures are presented in tables 2
and 3, respectively.

For a common temperature, the refractive index values for the
pure tetradecyltrihexylphosphonium-based ionic liquids decrease
in the follow anionic sequence: Br� > [N(CN)2]� � Cl� > [CH3SO3]�

� [Phosph]� � [Deca]� > [NTf2]�. The results also indicate that the
refractive index of the studied ionic liquids slightly decreases with
an increase in temperature. For ionic liquids having imidazolium-
based cations, it was previously demonstrated that the refractive
index increases with the following anionic trend: Cl�> [C2H5SO4]�

> [CH3SO4]� > [CF3SO3]� > [NTf2]� > [BF4]� > [PF6]� [40]. Therefore,
it seems that the refractive index depends slightly on the anionic
volume. Indeed, several equations have been proposed to deter-
mine the molar refraction or molar polarizability making use of
density data [36]. As stated by Deetlefs et al. [41], an implication
of some of these approaches is that the refractive index of a
substance is higher when its molecules are more tightly packed,
i.e., when the compound is denser. Taking into account this
hypothesis, the refractive indices obtained in this work were corre-
lated with the ionic liquids molar volumes (determined from den-
sity literature data [19]). The results obtained are depicted in figure
2 where a dependence of the refractive index with the ionic liquid
molar volume is observed. The scattering of the data on this figure
may be related with the observation of Tariq et al. [36] that showed
an inverse dependency between the densities and refractive
indices for the series of 1-alkyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide ionic liquids. In fact, care must be taken
when generalizing some relations commonly employed to
isotropic fluids since the nanostructure of ionic liquids [42,43]
may hinder their application. This may be particularly relevant
for ionic liquids with long alkyl chains [36].

The prediction of the refractive index for the ionic liquids stud-
ied was also accomplished making use of the group contribution
002a

[P666(14)][N(CN)2] [P666(14)]Br [P666(14)]Cl [P666(14)][CH3SO3]

1.48861 1.49456 1.48794 1.47813
1.48706 1.49295 1.48635 1.47668
1.48545 1.49139 1.48471 1.47507
1.48387 1.48977 1.48309 1.47346
1.48228 1.48814 1.48142 1.47186
1.48064 1.48654 1.47973 1.47025
1.47902 1.48490 1.47796 1.46865
1.47744 1.48330 1.47570 1.46702
1.47585 1.48167 1.47387 1.46540
1.47421 1.47999 1.47210 1.46380
1.47252 1.47834 1.47029 1.46217
1.47090 1.47677 1.46854 1.46053
1.46926 1.47511 1.46677 1.45895
1.46767 1.47346 1.46504 1.45727
1.46599 1.47189 1.46340 1.45572

d deviation and applying a coverage factor k = 2.



TABLE 4
Group contribution parameters (ai,nD and bi,nD) of the group contribution method of
Gardas and Coutinho [40] for pure ionic liquids.

Ionic species ai,nD bi,nD/K�1

Cation
[P666(14)]+ 1.4782 2.6581 � 10�4

Anion
[NTf2]� [40] 0.0628 7.506 � 10�4

[CH3SO3]� [40] 0.0783 8.653 � 10�4

Cl� [40] 0.1247 2.836 � 10�4

Br� 0.1084 5.866 � 10�5

[Deca]� 0.0985 8.373 � 10�5

[Phosph]� 0.0925 6.447 � 10�5

[N(CN)2]� 0.1021 5.727 � 10�5

FIGURE 3. Experimental refractive index of pure ionic liquids (symbols) as a
function of temperature and respective prediction using the group contribution
method proposed by Gardas and Coutinho [40] (lines): h, [P666(14)][NTf2]; 4,
[P666(14)][Phosph]; +, [P666(14)][CH3SO3]; e, [P666(14)][Deca]; s, [P666(14)]Cl; ,
[P666(14)][N(CN)2]; –, [P666(14)]Br.

TABLE 3
Experimental refractive index values, nD, of the water-saturated ionic liquids.

nD ± 0.00002a

T/K [P666(14)][NTf2] [P666(14)][Deca] [P666(14)][Phosph] [P666(14)][N(CN)2] [P666(14)]Br [P666(14)]Cl [P666(14)][CH3SO3]

298.15 1.44921 1.45342 1.45864 1.47866 1.47820 1.46283 1.45621
303.15 1.44765 1.45194 1.45697 1.47702 1.47646 1.46133 1.45460
308.15 1.44606 1.45041 1.45534 1.47535 1.47465 1.45953 1.45281
313.15 1.44449 1.44877 1.45363 1.47367 1.47289 1.45768 1.45111
318.15 1.44293 1.44699 1.45192 1.47207 1.47115 1.45595 1.44947
323.15 1.44136 1.44498 1.45019 1.47049 1.46939 1.45425 1.44795
328.15 1.43980 1.44310 1.44849 1.46893 1.46765 1.45266 1.44655
333.15 1.43822 1.44129 1.44683 1.46739 1.46587 1.45124 1.44532
338.15 1.43669 1.43948 1.44523 1.46586 1.46414 1.44998 1.44427
343.15 1.43515 1.43763 1.44374 1.46442 1.46244 1.44892 1.44334
348.15 1.43362 1.43579 1.44240 1.46302 1.46078 1.44798 1.44253
353.15 1.43207 1.43397 1.44126 1.46163 1.45926 1.44710 1.44181

a Expanded uncertainty at the 0.95 confidence level, 2u(nD), evaluated from the standard deviation and applying a coverage factor k = 2.

FIGURE 2. Dependence of the refractive index and surface tension of ionic liquids with their molar volumes (at 298.15 K). The solid line represents the data linear
dependence.
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method proposed by Gardas and Coutinho [40], according to the
following equation,

nD ¼ AnD � BnD T; ð1Þ

where

AnD ¼
Xk

i¼1

niai;nD
; ð2Þ

BnD ¼
Xk

i¼1

nibi;nD
; ð3Þ

where ni is the number of group of type i, and k is the total number
of different groups in the molecule.

The estimated parameters ai,nD and bi,nD for the studied pure
ionic liquids are given in table 4, and the comparison between
the experimental data and the group contribution method is
depicted in figure 3. New values for ai,nD and bi,nD for the ions
[P666(14)]+, [N(CN)2]�, [Phosph]�, [Deca]� and Br� were estimated
with the data collected in this work. The average absolute relative
deviation between the experimental and the fitting data are 0.02%
for [P666(14)][NTf2], 0.01% for [P666(14)][Deca], 0.01% for [P666(14)]
[Phosph], 0.01% for [P666(14)][N(CN)2], 0.01% for [P666(14)]Br, 0.01%
for [P666(14)]Cl and 0.01% for [P666(14)][CH3SO3]. For the water-
saturated phosphonium-based salts the refractive index decreases
in the following rank: [N(CN)2]� > Br� > Cl� > [Phosph]�> [CH3SO3]�

> [Deca]� > [NTf2]�. Figure 4 depicts the dependence of the varia-
tion of the refractive index of the several ionic liquids, presented
as the difference between the water-saturated refractive index
and pure refractive index (DnD), along with the water content
difference between the water-saturated and the ‘‘neat’’ sample
(DH2O/wt%), at 298.15 K.



FIGURE 4. Variation of the refractive index of ionic liquids, presented as the
difference between the water-saturated and pure refractive index, along with the
water content difference (at 298.15 K).
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For all samples, the refractive index of the water-saturated tet-
radecyltrihexylphosphonium-based ionic liquids is lower than that
of the pure ionic liquids. In general, the refractive index decreases
with the water content on the ionic liquid, albeit a slight increase is
observed for the two more complex ionic liquids: [P666(14)][Deca]
and [P666(14)][Phosph]. In fact, the ionic liquid with the lowest
water content, [P666(14)][NTf2], only shows a deviation on the
refractive index in the order of �4 � 10�3. Due to its fluorinated
anion, [P666(14)][NTf2] dissolves very low amounts of water [19].
Our results agree with previous ones on the refractive index of
aqueous solutions of ionic liquids [44,45] where the refractive in-
dex decreases with increasing water content.
3.2. Surface tension

The surface tensions of pure and water-saturated tetra-
decyltrihexylphosponium-based ionic liquids are presented in ta-
bles 5 and 6, respectively. For a better analysis on the
temperature influence, and on the quasi-linear dependence of sur-
face tension with temperature, the results for pure ionic liquids are
also depicted in figure 5.

For a common temperature, the surface tensions of the pure
tetradecyltrihexylphosponium-based ionic liquids decrease in
the following sequence: [P666(14)][N(CN)2] > [P666(14)][CH3SO3] �
[P666(14)] Br� [P666(14)]Cl > [P666(14)][NTf2] > [P666(14)][Deca] > [P666(14)]
TABLE 5
Experimental surface tension, (h), of the pure ionic liquids.

[P666(14)][NTf2] [P666(14)][Deca]

T/K (c ± 2u(c)a)/(mNm�1) T/K (c ± 2u(c)a)/(mNm�1)

298.2 30.1 ± 0.1 298.0 29.0 ± 0.2
307.9 29.5 ± 0.1 307.9 28.5 ± 0.2
317.9 28.7 ± 0.2 318.0 27.8 ± 0.2
327.9 28.1 ± 0.1 328.5 27.2 ± 0.2
337.8 27.5 ± 0.2 338.0 26.6 ± 0.2
343.2 27.3 ± 0.2 343.0 26.2 ± 0.2

[P666(14)]Br [P666(14)

T/K (c ± 2u(c)a)/(mNm�1) T/K (c

298.2 30.9 ± 0.2 298.6 30
308.5 30.2 ± 0.2 308.0 30
318.0 29.6 ± 0.1 318.0 29
328.8 28.7 ± 0.2 328.1 28
338.6 28.1 ± 0.1 338.3 27
343.4 27.9 ± 0.2 343.3 27

a Expanded uncertainty at the 0.95 confidence level, 2u(c), evaluated from the standard
[Phosph]. The experimental surface tension values obtained
indicate that the ionic liquid anion largely contributes to the struc-
tural organization of the ionic liquid at the air–liquid interface.
Moreover, compared to imidazolium-, pyridinium- or pyrrolidini-
um-based ionic liquids with a similar anion, the surface tensions
of the tetradecyltrihexylphosponium-based fluids are significantly
smaller [35]. The rather low surface tensions of the ionic liquids
investigated in this work are a direct result of the large number
of carbon atoms in the alkyl chains at the cation.

Previously, Santos and Baldelli [46] demonstrated that an in-
crease in the length of the aliphatic chain of the anion decreases
the surface tensions, whereas Martino et al. [47] did not found a
common trend with the anion size. The experimental data acquired
in this work indicate that an increase in the anion size leads to a
decrease on the surface tensions (with the halogen-based ionic
liquids as the main outliers of a linear trend presented by the other
anions) – figure 2. The molar volume of each ionic liquid was
calculated from the respective experimental density data at
298.15 K [19]. This dependence on the molar volume was previ-
ously observed by us with imidazolium-based fluids [39,48] and
it is shown here to extend to phosphonium-based ionic liquids.

For a constant temperature, the surface tensions of the water-
saturated tetradecyltrihexylphosponium-based ionic liquids de-
crease in the same sequence observed for the pure ionic liquids:
[P666(14)][N(CN)2] > [P666(14)][CH3SO3] � [P666(14)]Br � [P666(14)]Cl >
[P666(14)][NTf2] > [P666(14)][Deca] > [P666(14)][Phosph]. Therefore, inde-
pendently of the water content (up to the saturation level in
phosphonium-based salts) no variations in the general trend are
observed. Despite this one we must be aware that the presence
of water greatly influences the surface tension of the sample, as
previously observed for imidazolium-based ionic liquids [7]. A
decrease in the surface tension was observed for low water con-
tents, whereas for higher amounts of water, the surface tensions
reach values close to those of ‘‘pure’’ ionic liquids [7]. Aiming at
evaluating the effect of water in the surface tension of phospho-
nium-based salts, the variation on the surface tension, defined as
the difference between the surface tension of the water-saturated
samples and the pure ionic liquids, as a function of the water
content is depicted in figure 6. In fact, there is a decrease in the
surface tension of [P666(14)][NTf2], the ionic liquid with the lower
amount of water, and an increase in the surface tension for the
remaining ionic liquids with higher water contents. As previously
established by us [7] at low water concentrations the water
migrates to the near-surface region of the ionic liquid establishing
[P666(14)][Phosph] [P666(14)][N(CN)2]

T/K (c ± 2u(c)a)/(mNm�1) T/K (c ± 2u(c)a)/(mNm�1)

297.9 28.2 ± 0.2 298.4 32.3 ± 0.2
307.9 27.6 ± 0.1 308.0 31.6 ± 0.2
317.7 26.9 ± 0.1 318.0 30.9 ± 0.2
328.1 26.2 ± 0.2 328.4 30.3 ± 0.2
338.0 25.5 ± 0.2 339.2 29.7 ± 0.2
342.9 25.0 ± 0.2 343.4 29.4 ± 0.1

]Cl [P666(14)][CH3SO3]

± 2u(c)a)/(mNm�1) T/K (c ± 2u(c)a)/(mNm�1)

.6 ± 0.1 298.3 31.0 ± 0.1

.1 ± 0.1 308.0 30.3 ± 0.1

.3 ± 0.1 318.5 29.6 ± 0.1

.6 ± 0.1 328.8 28.8 ± 0.1

.8 ± 0.1 338.7 28.2 ± 0.2

.5 ± 0.2 343.5 27.9 ± 0.2

deviation and applying a coverage factor k = 2.



TABLE 6
Experimental surface tension, (h), of the water-saturated ionic liquids.

[P666(14)][NTf2] [P666(14)][Deca] [P666(14)][Phosph] [P666(14)][N(CN)2]

T/K (c ± 2u(c)a)/(mNm�1) T/K (c ± 2u(c)a)/(mNm�1) T/K (c ± 2u(c)a)/(mNm�1) T/K (c ± 2u(c)a)/(mNm�1)

298.1 30.05 ± 0.02 298.4 29.1 ± 0.2 297.9 28.32 ± 0.04 298.2 32.56 ± 0.09
307.8 29.33 ± 0.02 307.7 28.5 ± 0.2 307.9 27.70 ± 0.07 307.8 31.8 ± 0.2
318.0 28.6 ± 0.1 318.0 27.7 ± 0.2 317.9 27.24 ± 0.03 318.0 31.2 ± 0.1
328.0 27.91 ± 0.05 328.9 26.8 ± 0.2 328.8 26.41 ± 0.06 328.0 30.5 ± 0.1
338.6 27.17 ± 0.03 339.2 26.0 ± 0.2 339.0 25.60 ± 0.07 338.8 29.9 ± 0.2
343.3 26.88 ± 0.07 344.3 25.6 ± 0.2 343.4 25.34 ± 0.06 342.8 29.5 ± 0.1

[P666(14)]Br [P666(14)]Cl [P666(14)][CH3SO3]

T/K (c ± 2u(c)a)/(mNm�1) T/K (c ± 2u(c) a)/(mNm�1) T/K (c ± 2u(c)a)/(mNm�1)

298.1 31.4 ± 0.1 298.6 30.81 ± 0.03 298.6 31.15 ± 0.03
307.9 30.35 ± 0.03 308.0 30.01 ± 0.03 307.8 30.45 ± 0.05
318.1 29.64 ± 0.05 318.3 29.20 ± 0.03 318.0 29.81 ± 0.07
328.1 28.95 ± 0.04 328.7 28.45 ± 0.02 323.8 29.09 ± 0.03
338.9 28.20 ± 0.05 342.7 27.43 ± 0.04 338.2 28.29 ± 0.02
344.2 27.91 ± 0.08 342.7 28.05 ± 0.05

a Expanded uncertainty at the 0.95 confidence level, 2u(c), evaluated from the standard deviation and applying a coverage factor k = 2.

FIGURE 6. Variation of the surface tension of ionic liquids, presented as the
difference between the water-saturated and pure ionic liquid surface tension, along
with the water content difference (at 298.15 K).

FIGURE 5. Surface tension values for the pure ionic liquids as a function of
temperature: e, [P666(14)][NTf2]; 4, [P666(14)][Phosph]; +, [P666(14)][CH3SO3]; h,
[P666(14)][Deca]; , [P666(14)]Cl; –, [P666(14)][N(CN)2]; s, [P666(14)]Br.
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hydrogen-bonding interactions with the anion while leading to a
decrease on the cohesive energy of the ionic liquid. The addition
of extra water leads to the appearance of water molecules not
hydrogen-bonded to the ionic liquid and to the development of
water clusters, and thus to an increase in the surface tension
values.

In spite of the significance of surface tension data in a wide
range of applications in pure and applied sciences, the data avail-
able are scarce when taking into account the large number of pos-
sible ionic liquids that can be synthesized. The data for
phosphonium-based fluids are indeed scarce [49]. Between the io-
nic liquids studied, surface tension data for [P666(14)][NTf2] [34,35],
[P666(14)]Cl [34,50], and [P666(14)][N(CN)2] [34,50] were found in lit-
erature. Whereas Carrera et al. [50] reported surface tensions on-
ly at room temperature, Carvalho et al. [35] and Kilaru et al. [34]
evaluated the influence of temperature in the surface tensions of
[P666(14)][NTf2], [P666(14)]Cl and [P666(14)][N(CN)2]. The relative devi-
ations between our data and those from literature [34,35,50] are
depicted in figure 7. Both positive and negative relative deviations
are observed among our data and literature data. For instance, po-
sitive relative deviations are observed for [P666(14)]Cl [50] and
[P666(14)][N(CN)2] [50] (1.20% and 5.19%, respectively), whereas
negative relative deviations are encountered for [P666(14)][NTf2]
[34,35], [P666(14)]Cl [34] and [P666(14)][N(CN)2] [34]. The purification
technique used in this work for the ionic liquid samples is similar
to that reported by Carvalho et al. [35]. The data reported by the
authors were measured using a different technique (Du Noüy
ring); yet, low relative deviations are observed between our results
and the published data [35]. On the other hand, large deviations
are observed between our results and the data provided by Kilaru
et al. [34]. Large average relative deviations are particularly ob-
served for [P666(14)]Cl, [P666(14)][N(CN)2] and [P666(14)][NTf2]
(�8.12%, �7.19% and �8.29%, respectively). Therefore, these large
relative deviations are a main consequence of the samples purity:
traces of tetradecene isomers, HCl, and [PR3H]+Cl� for [P666(14)]Cl,
traces of residual chloride for [P666(14)][N(CN)2], and traces of water
and chloride content for [P666(14)][NTf2] were reported [34].

The surface thermodynamic properties, namely surface entropy
and surface enthalpy, can be estimated based on the quasi-linear
dependence of the surface tension with temperature (shown in fig-
ure 5). The surface entropy, Sc, can be calculated according to
[51,52],

Sc ¼ � dc
dT

� �
; ð4Þ

while the surface enthalpy, Hc, according to [51,52],

Hc ¼ c� T
dc
dT

� �
; ð5Þ

where c stands for the surface tension, and T for the temperature.



FIGURE 7. Relative deviations between the experimental surface tension (cexp) and
literature (clit): �, [P666(14)][NTf2] [35]; N, [P666(14)][N(CN)2] [50]; j, [P666(14)]Cl [50];
s, [P666(14)][N(CN)2] [34]; e, [P666(14)][NTf2] [34]; 4, [P666(14)]Cl [34].
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The values of the thermodynamic functions for the pure and
water-saturated tetradecyltrihexylphosponium-based ionic liq-
uids, along with their standard deviations [53], are presented in
table 7.

In agreement with the results previously reported for different
cation-based ionic liquids [5,7,35,38,39], this class of fluids reveals
surprisingly low surface entropies when compared with molecular
organic compounds. These values reflect a high surface organiza-
tion, as well as an inherent highly structured liquid phase in ionic
liquids. However, phosphonium-based ionic liquids present
slightly higher surface entropies than their imidazolium-based
counterparts [7,39] which indicate a lower surface organization.
In previous works we have addressed the effect of the alkyl chain
length and the effect of the cation core and anion nature
[5,35,38,39] on the surface entropy and surface enthalpy of ionic
liquids. For short chain imidazolium-based ionic liquids it was ob-
served a significant influence of the anion which composes the io-
nic liquid through the surface entropy values [7,39]. Nonetheless,
in this study, the influence of the anion on the surface thermody-
namic properties seems to be less relevant. This fact may be a re-
sult of the large ‘‘aliphatic’’ chains present at the phosphonium
cation which overwhelm the anion contribution.

By comparing the surface entropy of pure and water-saturated
samples it is verified, for almost all systems investigated, an in-
crease in the surface thermodynamics properties in the presence
of water. The water present in the ionic liquids degrades the sur-
face structure leading to a poorer organization of the ionic liquid
at the air–liquid interface.

The critical temperature of fluids, Tc, is an important property
used in corresponding states relations concerning equilibrium
and transport properties [54]. However, the determination of the
TABLE 7
Surface thermodynamic functions of the pure and water-saturated ionic liquids, and e
Guggenheim ((Tc)Gug) [57].

Ionic liquid (Sc ± ra)�10�5 /(J�m�2�K�1)

Pure Water-saturated Pur

[P666(14)][NTf2] 6.6 ± 0.2 7.02 ± 0.08 4.9
[P666(14)][Deca] 6.2 ± 0.1 7.7 ± 0.1 4.7
[P666(14)][Phosph] 7.05 ± 0.09 6.6 ± 0.3 4.9
[P666(14)][N(CN)2] 6.4 ± 0.1 6.6 ± 0.2 5.1
[P666(14)]Br 6.9 ± 0.1 7.3 ± 0.3 5.1
[P666(14)]Cl 7.21 ± 0.2 7.6 ± 0.2 5.2
[P666(14)][CH3SO3] 6.8 ± 0.1 7.0 ± 0.1 5.1

a Standard deviation.
critical temperatures of ionic liquids is impossible since they
decompose long before reaching those high temperature values.
Rebelo et al. [55] proposed the use of the Eötvos [56] and Guggen-
heim [57] equations to estimate the hypothetical critical tempera-
tures of ionic liquids. Although the authors acknowledge that this
method ‘‘allows only for rough estimates of the critical tempera-
tures’’ and should therefore be used with caution, recent results
from molecular simulations by Rai and Maggin [16,58] suggest that
the critical temperatures estimated by these simple methods are in
good agreement with those obtained by molecular simulation. The
critical temperature values determined from the surface tension
data obtained in this work are reported in table 7. The phospho-
nium-based ionic liquids present lower critical temperatures than
imidazolium-, pyridinium, or pyrrolidinium-based ionic liquids
with a common anion [35,39].

4. Conclusion

New experimental data were reported for the refractive index
and surface tension of seven ionic liquids with the tetra-
decyltrihexylphosphonium cation combined with the anions
bis(trifluoromethylsulfonyl)imide, bromide, chloride, decanoate,
methanesulfonate, dicyanimide and bis(2,4,4-trimethylpen-
tyl)phosphinate. The experimental data were measured for both
pure and water-saturated ionic liquids in the temperature range
between 283 K and 353 K.

The surface tension and the refractive index decrease with the
temperature increase and are generally dependent on the anion
which composes a given ionic liquid. A slight dependence with
the ionic liquids molar volume was observed for both properties.
In general, water-saturated ionic liquids present lower refractive
index and higher surface tension values when compared to the
pure samples.

The surface thermodynamic functions were also investigated
and reveal that phosphonium-based ionic liquids present higher
surface entropies than their imidazolium-based counterparts, indi-
cating thus a lower surface organization of these long alkyl chain
fluids. In addition, the effect of the ionic liquid anion in phospho-
nium-based salts seems to be less relevant in their surface organi-
zation. The hypothetical critical temperatures were also estimated
and tend to be lower than those offered by cyclic-nitrogen-based
fluids.
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stimated critical temperatures (Tc) using the equations of Eötvos ((Tc)Eot) [56] and

(Hc ± ra)�10�2 /(J�m�2) (Tc)Eot/K (Tc)Gug /K

e Water-saturated

8 ± 0.05 5.09 ± 0.03 859 ± 2 848.7 ± 0.7
5 ± 0.04 5.23 ± 0.04 884 ± 2 865.4 ± 0.7
3 ± 0.03 4.82 ± 0.09 776 ± 2 782.4 ± 0.7
4 ± 0.04 5.20 ± 0.05 924 ± 2 908.0 ± 0.7
4 ± 0.04 5.3 ± 0.1 846 ± 2 843.3 ± 0.7
2 ± 0.03 5.36 ± 0.05 811 ± 2 813.2 ± 0.7
3 ± 0.04 5.22 ± 0.04 852 ± 2 848.4 ± 0.7
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