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ABSTRACT: Experimental density measurements are reported along with the derived thermodynamic properties (isothermal
compressibility, isobaric expansivity, and thermal pressure coefficient) for trihexyltetradecylphosphonium-based ionic liquids—
chloride, bromide, bis(trifluoromethylsulfonyl)imide, dicyanamide and methyl sulfonate—in the pressure range (0.10 to 45.00
MPa) and temperature range (283.1S to 333.15) K. The effect of the anion of the ionic liquid on the properties under study was
evaluated. Experimental densities were correlated using the Tait equation, the modified cell model equation of state, and the
Sanchez—Lacombe equation of state, and compared against the predictive method proposed by Gardas and Coutinho. It is shown
that the three correlations describe well all the ILs studied, with the Tait equation providing the lowest average relative deviation
(less than 0.004 %) and the Sanchez—Lacombe equation of state the highest (inferior to 0.5 %), and that the predicted densities
estimated by Gardas and Coutinho method are in good agreement with the experimental densities determined.

B INTRODUCTION

The recognition of remarkable and advantageous properties in
ionic liquids (ILs)' ™ has led, in the past several years, to their
widespread application and popularity in numerous and diverse
fields.> > A few, among many other possible examples, include
their successful use as green alternatives to conventional organic
solvents in biotechnology, either in separation and purification
processes or in biochemical reactions, in chemical synthesis and
catalysis, or in electrochemistry and nanotechnology. ILs have
also shown great potential in other applications as, for instance,
heat transfer and azeotrope-breaking fluids, stationary phases for
chromatography, matrices for mass spectrometry, supports for
the immobilization of enzymes or anticorrosion coatings, and
electropolishing or antimicrobial agents.”¢~>*

For the correct design, optimization, and operation of
(industrial) processes involving ILs and an efficient exploration
of the potentialities of these compounds as designer solvents, the
knowledge of their thermophysical properties, such as viscosity,
density, and interfacial tension, is required. Although during the
past decade the investigation has been intensive and the data
bank on the fundamental physical and chemical properties of ILs
has increased remarkably,”*”*° the thermophysical characteriza-
tion of ILs is by no means satisfactory to face the exponential
growth of the current scientific and industrial demands. As it is
definitely not viable to perform measurements in all ILs due to
the high number of combinations of cations and anions possible,
there is the need to develop systematic studies on selected
systems in order to provide results that can be used to get the
basic understanding of their structure —property relationships, to
establish adequate correlations and to test predictive methods.
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Most of the published work regarding ILs has been focused on
imidazolium-based ILs. In spite of the little attention devoted so far
to phosphonium-based ILs, their advantageous properties*'**
have been attracting the industry attention” and they are recog-
nized as interesting options for several purposes. Compared to
their equivalent imidazolium-based ILs, phosphoniumlLs are
thermally more stable and less expensive.' * Furthermore,
unlike most ILs, they are less dense than water**** and more
stable toward nucleophilic and basic conditions because they have
no acidic protons.*® There are also studies showing that these ILs
can dissolve larger amounts CO, than the corresponding imida-
zolium ones.**** These characteristics offer greater practicality
and scope and have proved to be valuable for many specific
applications, for instance, in the purification of biomolecules in
aqueous two-phase systems,'>* in the separation of ethanol—
water mixtures to overcome problems associated to ethanol
production,*® in the extraction of metals®' ~** and of diamondoids
from natural gas’* and in CO, capture and gas separation
processes.46’48’ 3

In previous papers we reported experimental data for high
pressure densities and derived thermodynamic properties of
imidazolium-,*>' ** pyridinium-, pyrrolidinium-, and piperidi-
nium-based ILs** and evaluated the influence of the nature of
the ionic structures on the properties under study. The results
obtained indicated that the density of the ILs can be manipulated
by judicious selection of the cation and anion. In a continua-
tion of that systematic study under development, we present, in
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the current work, experimental measurements of the pressure
(0.10 < p/MPa < 45.00) and temperature (283.15 < T/K <
333.15) dependence of the density and derived thermodynamic
properties (isothermal compressibility, isobaric expansivity and
thermal pressure coefficient) of phosphonium-based ILs and
investigate the relationship between the ionic structures and the
thermodynamic properties, in order to contribute for the data bank
of pure ILs and to establish principles for the molecular design of
ILs. For that purpose, the trihexyl(tetradecyl)phosphoniumcation,
[THTDP], was studied in combination with five different anions
—chloride, [Cl], bromide, [Br], bis(trifluoromethylsulfonyl)-
imide, [NTf,], dicyanamide, [N(CN),], and methyl sulfonate,
[CH3SO3]—to conclude about the anion effect. The experimental
densities were correlated using the Tait equation,*® the Sanchez—
Lacombe equation of state (S-L EoS),”” and the modified cell model
equation of state (MCM E0S)>**” and compared against the values
obtained bgf the predictive method proposed by Gardas and
Coutinho.” Derived thermodynamic properties, such as the iso-
thermal compressibility (kr), the isobaric expansivity (), and the
thermal pressure coefficient (y,,) were calculated and reported as
Supporting Information. The results obtained for [THTDP][CI]
and [THTDP][NT%,] were also compared with previously pub-
lished data.*® Thermophysical property data for phosphonium-
based ILs are still quite scarce and have seldom been considered.>**!

B EXPERIMENTAL SECTION

Materials. Experimental densities were measured for five
phosphonium-based ILs, namely [THTDP][Cl], [THTDP][Br],
[THTDP][NTS], [THTDP][N(CN),],and [THTDP][ CH;SOs].
All of the ILs were kindly provided by Cytec Industries Inc. with
mass fraction purities of < 95 %, < 98 %, < 98 %, < 97 %, and < 99 %
for the [THTDP][Cl], [THTDP][Br], [THTDP][NTE,],
[THTDP][N(CN),], and [THTDP][CH;SO3], respectively.

The ILs were further purified by repeatedly washing them with
ultra pure water followed by drying under high vacuum (1 + 10>
Pa) and moderate temperature (353 K) for a period never
inferior to 48 h.**** The water used was double distilled, passed
through a reverse osmosis system, and further treated with a
Milli-Q plus 185 water purification apparatus. It has a resistivity
of 182 MQ-cm and a TOC (total organic carbon content)
smaller than § #g- dm . The purity of each IL was evaluated by >'P,
'H, °C, and "°F (only for the [THTDP][NTf,]) NMR spectra
after each purification step and this procedure was repeated until no
impurities were observed in the ILs by NMR analysis. The final
purity is estimated to be better than 99 % with a final IL water mass
fraction content, determined with a Metrohm 831 Karl Fischer
coulometer, of 33.6 - 10 ° and (15.95, 28.58, 1626, and 15.12) -
10° for [THTDP][NTf,], [THTDP][Br], [THTDP][Cl],
[THTDP][CH;SO3], and [THTDP][N(CN),], respectively.
The analyte used for the coulometric Karl Fischer titration was
the Hydranal - Coulomat AG from Riedel-de Haéen.

M EXPERIMENTAL PROCEDURE

Experimental high pressure densities were determined using
an Anton Paar S12P vibrating tube densimeter, connected to an
Anton Paar DMA 4500 data acquisition unit. This device
determines the vibration period of a metallic U-shape cell filled
with the studied fluid, which is directly linked to the sample fluid
density. The calibration procedure used in this case has been
described previously in detail,**%* using water and vacuum as

calibrating references. This method enables the highest accuracy
in density determination over wide ranges of pressure, and even
reliable density extrapolation, i.e., the determination of density
above the reference water values, can be performed. The

Table 1. Experimental Density (p) Data for [THTDP][CI],
[THTDP][Br], [THTDP][NTf,], [THTDP][N(CN),], and
[THTDP][CH;S0;]

P p/(kg~m_3) at T/K

MPa 283.15 293.15 303.15 313.15 323.15 333.15

[THTDP][C]]
0.10 8984 8924 8865  880.6 8748 8689
1.00 8988 8929 8870 8811 8753 8694
200 8993 8934 8875 8817 8758 8700
300 8998 8939 8880 8822 8764 8706
400 9003 8944 8885 8827 8769  87L1
500 9007 8949 8891 8833 8776 8718

10.0 903.1 8973 8915 8859 8802 8745
15.0 9053  899.6 8940 8884 8828 8773
20.0 907.5 9018 8963 8908 8853 8799
25.0 909.6 9040 8986 8932 8878 8825
30.0 9117 9063  900.8 8955  890.1 8849
35.0 9137 9083 9030 8977 8926 8873
40.0 9157 9103 9051 8999 8948  889.6
45.0 9176 9124 9072 9021 8970 8920
[THTDP][Br]

0.10 962.7 956.5 950.3 944.1 937.8 931.7
1.00 963.2 957.1 950.9 944.6 938.4 932.3
2.00 963.7 957.6 951.4 945.3 939.0 933.0
3.00 964.2 958.1 952.0 945.8 939.7 933.6
4.00 964.8 958.7 952.6 946.4 940.3 934.2
S.00 965.3 959.2 953.1 947.0 941.0 934.9

10.0 9679 9619 9559 9498 9439 9380
15.0 9703 9645 9586 9527 9468  941.0
20.0 9728 9670 9612 9554 9497 9439
25.0 9753 969.3 9638 9580 9524 94638
30.0 9776 9718 9663  960.6  955.1 949.6
35.0 9798 9742 9687 9632 9577 9523
40.0 9820 9765 9710 9655 9602 9549
45.0 9842 9788 9734 9679 9627 9573
[THTDP][NT,]

0.10 1077.4 1070.0 1062.7 10554 1048.0 1040.8
1.00 1077.9 1070.5 1063.3 1056.0 1048.7 1041.5
2.00 1078.4 1071.2 1063.9 1056.7 1049.3 1042.2
3.00 1079.0 1071.8 1064.5 1057.3 1050.1 1042.9
4.00 1079.6 1072.3 1065.2 1057.9 1050.7 1043.6
5.00 1080.2 1072.9 1065.8 1058.6 1051.4 1044.4
10.0 1083.0 1075.9 1068.8 1061.7 1054.7 1047.8
15.0 1085.6 1078.6 1071.8 1064.9 1057.9 1051.2
20.0 1088.3 1081.4 1074.7 1067.8 1061.0 1054.3
25.0 1090.8 1084.0 1077.4 1070.7 1064.0 1057.4
30.0 1093.3 1086.6 1080.1 1073.5 1066.9 1060.4
35.0 1095.6 1089.1 1082.7 1076.2 1069.8 1063.3
40.0 1097.9 1091.5 1085.1 1078.8 1072.4 1066.2
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Table 1. Continued
P p/(kg-m™>) at T/K

MPa 283.15 293.15 303.15 BB 323.15 SBEILS
45.0 1100.2 1093.9 1087.7 1081.3 1075.1 1068.9

[THTDP][N(CN),]
010  907.5 9017 8959 8902 8843  878.6
100 9080 9021 8964  890.6 8848 8792
200 9084 9026 8969 8912 8854 8797
300 9089 9031 8974 8916 8859 8802
400 9093 9035 8979 8921 8865 8808
500  909.8 9040 8983 8927 8870 8813

10.0 9121 9063 9007  895.1 889.5  884.0
15.0 9143 9085 9030  897.5 8920  886.6
20.0 9162 9107 9053  899.9 8944  889.1
25.0 9183 9128  907.5 9021 8967 8914
30.0 9203 9149  909.6 9043 8990 8939
35.0 9222 9169 9116 9065 9014 8962
40.0 9242 9189 9137 9085 9034 8983
45.0 9261 9209 9157 9107 9056  900.5
[THTDP][CH,SO5]

0.10 938.0 931.8 925.7 919.6 913.4 907.4
1.00 938.4 932.3 926.2 920.1 914.0 908.1
2.00 938.9 932.8 926.7 920.7 914.6 908.7
3.00 939.5 933.4 927.3 921.3 915.3 909.3
4.00 940.1 933.9 927.9 921.9 915.9 910.0
5.00 940.5 934.4 928.4 922.5 916.6 910.6

10.0 943.1 937.1 931.3 925.3 919.5 913.7
15.0 945.6 939.7 934.0 928.1 922.3 916.7
20.0 948.0 942.2 936.6 930.8 925.2 919.6
25.0 950.3 944.6 939.0 933.5 927.9 922.3
30.0 952.7 947.1 941.5 935.9 930.5 925.0
35.0 954.9 949.4 943.8 938.4 933.1 927.7
40.0 957.1 951.6 946.2 940.8 93S8.5 930.2
45.0 959.3 953.9 948.5 943.3 938.1 932.7

repeatability in the density values determined from the vibration
period measured by the DMA 4500 unit is 10> g-cm .

Temperature stability is ensured with a PolyScience 9510
circulating fluid bath, and the temperature value is determined with
a CKT100 platinum probe placed in the immediacy of the density
measuring cell, with an uncertainty that has been determined to be
lower than 5 + 10~ > K. Pressure is generated and controlled using a
Ruska 7610 pressure controller, whose pressure stabilityis 2 + 10 >
MPa. The pumping hydraulic fluid (dioctylsebacate fluid) is in
direct contact with the fluid sample inside the 1.59 + 10 > m
diameter steel pressure line conduction, with a coil designed to keep
a distance (around 1 m) from the fluid contact interface to the
measuring cell, avoiding any diffusion effect.

The combinations of density determination repeatability, and the
accuracies in temperature and pressure measurement, lead to an
overall experimental density uncertainty value that is lower than 10~
g-cm ° for the whole pressure and temperature range studied in

this work.

B RESULTS AND DISCUSSION

Density measurements were carried out at temperatures ran-
ging from (283.15 to 333.15) K and pressures from (0.10 to 45.0)

MPa. The experimental pressure—volume—temperature (PVT)
data obtained are reported in Table 1 for all the ILs studied.
Experimental density data for [THTDP][Cl] and [THTDP]-
[NT®] are available in literature*®®" for the pressure and tem-
perature ranges considered in this work. To the best of our
knowledge, density results for [THTDP][N(CN),] are only
available at atmospheric pressure,”* and no density data had been
previously reported for [THTDP][Br] and [THTDP][CH;SO;].
The relative deviations between the experimental results obtained
in this work and those reported in literature as a function of
temperature at 0.10 and 45.0 MPa are presented in Figure 1.
The figure shows that, at atmospheric pressure, experimental
density values are in better agreement with Esperanga et al.*®
than with Kilaru et al.®' data, whereas on the other hand, the
agreement with the high pressure data of the latter reference is
remarkable. This difference in the experimental data trends with
Kilaru et al. may be attributed to a calibration issue in their work,
taking into consideration the good agreement found with
Esperanga et al.”® values for all temperature and pressure ranges
studied. The values of [THTDP][CI] are all lower and an almost
constant relative deviation of —0.2 % is found for all tempera-
tures and pressures. Nevertheless, slightly higher (more
negative) deviations appear at higher pressures. The lowest
deviations are observed for [THTDP][NTf,], ranging from
(=0.1 % to 0.005 %); for all temperatures considered, the
deviations are higher at higher pressure and excellent agreement
(0.01 %) is found at low temperature and pressure conditions.
From the experimental densities obtained in this work for the
[THTDP]-based ILs, it is observed that the density of the ILs is
dependent on the nature of the anion and increases in the order
Cl < N(CN), < CH3S05< Br < NTf,. This is the trend observed
for the anion dependence of experimental density results for
imidazolium-based ILs.>>*> Moreover, the comparison between
the experimental data here reported and available literature data
for other classes of ILs (Table 2) shows that, independently of
the anion nature, the densities of phosphonium-based ILs are, as
expected,”®®" significantly lower than those of other IL families.
The molar volumes obtained in this work for the series of
[THTDP]-based ILs increase with the effective size of the anion
and follow the trend Cl < Br < N(CN), < CH;SO; < NTf,.

B DENSITY MODELING

Tait Equation Correlation. The liquid densities were corre-
lated using the Tait equation,®® and other thermodynamic
properties such as isothermal compressibility, kt, the isobaric
expansivity, Q,, and the thermal pressure coefficient, y,, were
calculated and reported as Supporting Information. The results
show that the Tait equation correlates well the data for the pure
ILs studied with an average relative deviation (ARD) inferior to
0.004 %.

The following form of the Tait equation®®

p(T,P = 0.1MPa)

p =
B+P
l—Clni( +P) (1)
(B+0.1)
where
o(T,P = 0.IMPa) = a; + a,T + a3T* (2)
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Figure 1. Relative deviations between the experimental density data of this work and those reported in literature as a function of temperature, at 0.10
MPa. (a) [THTDP][CI] at 0.10 MPa: O, ref 28; O, ref 60. [THTDP][CI] at 45.0 MPa: x, ref 60. (b) [THTDP][NTHf,] at 0.10 MPa: <, ref 28; [, ref 60.

[THTDP][NTE] at 45.0 MPa: X, ref 60. (¢) [THTDP][N(CN),] at 0.10 MPa: [, ref 60.
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Table 2. Experimental Density (p), Isothermal Compressi-
bility (kr), Isobaric Expansivity (0,), and Thermal Pressure
Coefficient (,) Data of Pure Ionic Liquids Reported in the
Literature, at 0.10 MPa“

0 kr o, - 107y, T

ionic liquid kg'm ° GPa ' K" MPa-K* K ref

[C4mim][Cl] 1080 298.15 65
[C4mim][N(CN),] 106373 0366 0.6013 293.15 40
[C2mim][NT%] 15260 0459 0749 1632 29315 32
[C4mim][NT£] 144134 0514 06696 1208° 293.15 40
[C7mim][NTE] 13528 0517 0759 1468 29315 32
[C8mim][NTE] 13281 0515 0.809 1571 29315 32
[Clomim][NTf,] 12824 065 0.7 L1 293.15 33
[C3mpy][NT5] 14549 0531 0723 1362 29315 34
[C3mpip][NTE,] 14169 0498 0719 1444 29315 34
[C3mpyr][NTf,] 14386 0507 0704 1389 29315 34
[C4mpyr][NTH] 14091 0515 0705 1368  293.15 34
[N(4)113][NTf,] 13483 0.579 298.15 61
[N(4)111][NTf,] 13747 0.605 298.15 61
[N(6)222][NTf,] 12793 0.579 298.15 61
[N(1)888][NTf,]  1082.3 0.593 298.15 61

?[N(4)113], dimethyl(butyl(i-propyl)ammonium; [N(4)111], trimethyl-
(buyl)ammonium; N(6)222] , tnethyl(hexyl)ammomum, [N(1)888],
trloctyl(methyl)ammonlum T = 298.15 K, ref’

was fitted to the density data. In eq 2, a4, a,, and a5 were found by
fitting to the experimental p(T,P = 0.1 MPa) and are given in
Table 3.

Coefficient B is defined as

B = b, +b,T+byT? (3)

The coeflicients C, by, by, and b; were obtained by fitting the Tait
equation to experimental data, and their values, along with
standard deviation o of fit are given in Table 4. The standard
deviation is defined by

1/2

Np

0= izl (pcalcd - pexptl)iz/(NP - k) (4)

where N, represents the number of data points (N, = 84) and kis

the number of adjusted parameters (k = 4). The average relative
deviation (ARD) was defined as

N,

P

Z |(pcalcd pe}q;tl)/pexptl‘i

ARD(%) = X100 (5)
NP

and is listed in Table 4. A good agreement is found between the
experimental density data and isotherms obtained with the Tait
equation. A graphical illustration is given in Figure 2 for the case
of [THTDP][NTE].

The Tait equation is an integrated form of an empiri-
cal equation representative of the isothermal compressibility
behavior versus pressure. The effect of pressure in density can
be best described by the isothermal compressibility, kr, which is

Table 3. Coeflicients of eq 2, along with Standard Deviation
of the Fit (0)

a; a, a3~107 o
ionic liquid kg'm ° kg'm *-K ' kg'm K ? kg'm °
[THTDP][CI] 1076483  —0.66212 11712 0.03
[THTDP][Br] 1136618  —0.60838 0.2050 0.03
[THTDP][NTf,] 1296118  —0.80713 12226 0.06
[THTDP][N(CN),] 1081.095 —0.64255 1.0466 0.05
[THTDP][CH,SO;] 1124578  —0.70102 1.4794 0.04

Table 4. Coeflicients of eqs 1 and 3, along with Standard
Deviation of the Fit (¢) and Average Relative Deviation
(ARD) of eq 1

b, by-10~* o ARD

ionic liquid C b, MPa MPa-K  kg- m > %
[THTDP][CI] 0.07646 408.34 —1.2181 9.8188 0.03 0.003
[THTDP][Br] 0.07882 354.22 —0.8128  2.9070 0.05 0.004
[THTDP][NTH,] 0.0796S5 443.17 —1.4985 14.7738 0.04 0.003
[THTDP][N(CN),] 0.08057 442.55 —1.3044 10.734S 0.04 0.003
[THTDP][CH,80;] 0.07960 451.63 —1.5470 15.6978  0.04  0.003

calculated according to the following expression:

1/0Vy 1/0 dln
k= —o(2) =2(38) = (SRR} (o)
viaer ). p\éP). P ).
where p is the density and P the pressure at constant temperature,
T. The isothermal compressibilities can be calculated using egs 1

and 6
kr = (Bip) (p(T,P :p0.1 MPa)) @)

For illustration purposes, the isothermal compressibilities of
[THTDP][CI] are shown in Figure 3. The ILs become more
compressible with increasing temperatures and less compressible
with increasing pressure. The values obtained for kr are given in
Table S1 (cf. Supporting Information). In the ranges of tempera-
ture (283.1S to 333.15) K and pressure (0.10 to 45.00) MPa
considered, kr ranges in GPa™! are 042 to 0.68 for
[THTDP][C]] and [THTDP][Br], and 0.45 to 0.74, 0.40 to
0.63, and 0.44 to 0.72 for, respectively [THTDP][NTH,],
[THTDP][N(CN),], and [THTDP][CH,SO;].

The isobaric expansivity, Op, is defined as

1 [oVy, 1/9 dIn
w=—(22) = —=(2L) = — (222} ()
Ve \ T /, p\dT /), T )/,
and the following expression is derived from the Tait equation

(eq 1)

__ [[dp(T,P = 0.1 MPa)/dT]
o { p(T,P = 0.1 MPa) }
dB
—(P—0.1
+C ar' ) (9)

[1 ~Cln (BB:OI:)} (B+0.1)(B+P)
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Figure 3. Isotherms for the isothermal compressibility, kr, of [THTDP][CI].

where dp(T,P = 0.1 MPa)/dT = a, + 2a;T and dB/dT = b, +
2b5T. The data calculated for otp of the ILs studied are summar-
ized in Table S2 (cf. the Supporting Information) and the values
obtained for [THTDP][NTf,] as a function of pressure are
depicted in Figure 4. Typically, the value of &tp of the ILs under
study decreases with decreasing temperature for pressures up to
20 MPa. At higher pressures, the increase of temperature
originates a decrease in Op. In the ranges of temperature
(283.15 to 333.15) K and pressure (0.10 to 45.00) MPa, the
isobaric expansivity ranges are [(0.56 to 0.67)- 1073, (0.55 to
0.67)+10 3, (0.58 to 0.70)-10 >, (0.55 to 0.65)-10 > and
(0.56 t0 0.66)-10 >] K~ ! for, respectively, [THTDP][CI],
[THTDP][Br], [THTDP][NTf,], [THTDP][N(CN),], and
[THTDP][CH;SO3].

The thermal pressure coefficient, y,, is calculated according to
(10)

The values of y, as a function of pressure for
[THTDP][N(CN),] are shown in Figure S and the data
calculated for the ILs studied are given in Table S3 (cf.
the Supporting Information). In general, the values of y,
decrease with the increase of temperature and with the
decrease of pressure. However, the variation of the thermal
pressure coefficient of the ILs with pressure is almost non
significant for the lowest temperatures considered. By applying
the propagation law of errors at eqs 7, 9, and 10 taking into
account the uncertainties in the density, temperature, pressure,

yv_kT
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and coeflicients involved in eqs 7, 9, and 10, we obtained an
uncertainty of the order of + 0.05 GPa™ ' for ke, =5 - 10 "K'
for o, and & 1 MPa- K™ for y,. Uncertainties obtained in ¥, were
almost of the same magnitude of the thermal pressure coefficient
derived from PVT data.

Unfortunately, as far as authors are aware, there are no data
available for comparison of the thermodynamic properties of
all the ILs considered in this work since only (rather scarse)
results for N(CN),— and NTf,— based ILs have been
published. From the comparison of the values of kr and ap
available for the N(CN), anion (Table 2) with those of
[THTDP][N(CN),], it is observed that these properties are
significantly higher when the cation is phosphonium. For
[NTf,]-imidazolium based ILs, there is an increase of k with
the increase of the length of the cation chain (Table 2) and the
value of kr obtained for [THTDP][NTf,] is closer to the

values reported for long chain imidazolium-based ILs. On the
other hand, although no clear trend is observed for Op, the
result obtained for [THTDP][NTY,] is similar to those of
other IL classes.

Sanchez—Lacombe Equation of State. The Sanchez—
Lacombe equation of state (S—L EoS) is based on lattice fluid
theory”” and can be used to describe phase equilibria from the
pure component parameters. This equation of state is given by
the following equations

p>+P+T {ln(l—ﬁ)+ (I—i)ﬁ] =0

p= p/p* P=P/P* T =T/T*
= RT* v* = RT*/P*¥ r = MP*/RT*p*

(11)
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Table 5. Sanchez—Lacombe Equation of State Parameters, Characteristic Pressure (P*), Temperature (T*) and Density (p*),
Segment Number of One Molecules (r), Segment Interaction Energy (£*), Segment Volume (v*), and Hard Core Volume (v*-r),

and Average Relative Deviation (ARD) of Ionic Liquids

p* T* p* &* v vEer ARD
ionic liquid MPa K kg-m > r J-mol ! em®-mol ™! em®-mol ! %
[THTDP][CI] 689.9 497.1 1004.8 86.3 4133 5.99 5169 048
[THTDP][Br] 600.0 507.9 1069.8 749 4223 7.04 527.3 043
[THTDP][NTf,] 623.0 500.2 1200.5 95.3 4159 6.67 635.7 0.42
[THTDP][N(CN),] 643.0 509.9 1006.9 82.8 4239 6.59 548.7 0.43
[THTDP][CH,SO;] 563.8 $61.1 1017.1 68.8 4665 827 569.0 022
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Figure 6. Relative deviations between the experimental and calculated density using eq 11 as a function of experimental densities of ILs: O,
[THTDP][CI]; M, [THTDP][Br]; x, [THTDP][NTS]; A, [THTDP][ [N(CN),]]; O, [THTDP][CH,SO;].

where P¥, T%, and p* represent characteristic parameters of the
EoS; M is the molar mass and R is the gas constant. For the ILs
studied, the characteristic parameters were determined by fitting
the EoS (eq 11) to the experimental PVT data in the range (283
to 333) K and (0.1 to 45) MPa.

The S—L EoS parameters and the segment number of one
molecule (r), segment interaction energy (£*), segment volume
(v*), and hard core volume (v*:r) calculated from the S—L EoS
parameters are displayed in Table 5. As shown by the ARD
values, provided as well in Table 5, the data could be fit to within
an ARD of less than 0.5 % for all the ILs. The relative deviations
between the experimental and calculated density data as a
function of experimental densities, using eq 11, are depicted in
Figure 6, for all the ILs considered. The maximum deviation
between calculated and experimental density data was within
0.84 % for all the ILs studied.

The free volume (V;) was calculated from

Vi = Vi — (v¥+r)

(12)

where V,,, is the molar volume of the IL at the given T and P. This
equation has been applied before®*®° to determine the free volumes
of imidazolium-based ILs. Figure 7 shows the free volumes
determined from eq 12, as a function of temperature, at 0.1 and

2212

45 MPa. The values of the free volume increase with temperature
and decrease with pressure. For the ILs considered in this work, V¢
increases in the order [THTDP][CH;SO;] < [THTDP][Br] <
[THTDP][N(CN),] < [THTDP][CI] < [THTDP][NT%].

Modified Cell Model Equation of State. The MCM EoS has
been widely used in the analysis of polymer PVT data® and has
been recently proved to be able to fit extremely well PVT data of
a wide number of ILs, including [THTDP]-based ILs.%*% This
equation of state is given by

PV
T — gnl3 0.8900; — 2 (120452 _ Lout# (13)
- v : r—r\"v T v
1 . vV .. T . P
V—;; V_W’ = T% P—ﬁ (14)

where ris constant (r = 1.07) and P¥, T*, and V* are characteristic
parameters for the given compound and was used to correlate the
experimental PVT data in the range (283 to 333) K and (0.1 to
45) MPa. The characteristic parameters, summarized in Table 6,
were obtained for each IL studied by minimizing ARD (Table 6)
between calculated and experimental density results in the range
(283 to 333) K and (0.1 to 45) MPa. The data presented in

dx.doi.org/10.1021/je101232g |J. Chem. Eng. Data 2011, 56, 2205-2217



Journal of Chemical & Engineering Data

100
A
A
90 1
A
A
80 g
‘ K
~. 70 ‘ g
3 £ <
t 3 2 :
o e +
~ 60
N a . % n
2 + S
01 e + .
+ *
40 - . ¢
*
30 :
280 290 300 310 320 330 340
T/K

Figure 7. Free volume of the ILs studied, [THPDP][CI]: O, 0.10 MPa; ®, 45.00 MPa. [THTDP][Br]: O, 0.10 MPa; +, 45.00 MPa. [THTDP][NTf,]:
A, 0.10 MPa; —, 45.00 MPa. [THTDP][N(CN),]: B, 0.10 MPa; —, 45.00 MPa. [THTDP][CH,S0s]: 0, 0.10 MPa; #, 45.00 MPa.

Table 6. Modified Cell Model Equation of State Character-
istic Parameters, Pressure (P*), Volume (V*), and Tempera-
ture (T*), and Average Relative Deviation (ARD) of Ionic
Liquids

P* v* T* ARD

ionic liquid MPa em?®-g ! K %
[THTDP][Cl] 5954 0.9853 5169 0.01
[THTDP][Br] 567.0 09191 5161 0.03
[THTDP][NTf] 581.0 0.8182 5032 0.06
[THTDP][N(CN),] 635.1 0.9744 5155 0.04
[THTDP][CH,SO;] 5622 09422 5126 0.03

Table 6 shows that the ARD was inferior to 0.06 % for all of the
ILs, for 84 data points.

Figure 8 shows the relative deviations between the experi-
mental and calculated density data as a function of experimental
densities. The maximum deviation between calculated and
experimental density data was within 0.1 % for all the ILs studied

Gardas and Coutinho Method. The method proposed by
Gardas and Coutinho® for the estimation of ionic liquid
densities in a wide range of temperatures (273.15 to 393.15) K
and pressures (0.10 to 100) MPa is based on eq 15

M 15
P = NV(a+bT +cP) (15)
here p is the density in kg- m™>; M is the molar mass in kg- mol %
N is the Avagadro constant; Vis the molecular volume in A% Tis
the temperature in K, and P is the pressure in MPa. The
coefficients a, b, and ¢ were estimated by fitting eq 15 to
experimental data.*"** A total amount of ca. 800 density points
were used. The values of coefficients g, b, and c obtained are, respec-
tively, (8.0 - 10 ' £23-10 %), (6.7- 10 *+69-10 )K"
and (—5.9 - 107 *+ 24 - 10 °) MPa" ', at 95 % confidence
level. The average relative deviation of calculate densities from

the experimental densities is 0.29 %. The experimental density
(Y) for the ILs used to obtain coefficients a, b, and ¢ of eq 15 is
essentially identical to its calculated density (X); Y = (0.9998 +
0.0003)X (correlation coefficient: R* = 0.9989, at 95 % level of
confidence). For the density calculation, the molecular volume
(V) of the [THTDP] cation and of the [N'T£, ] anion were taken
from Ye and Shreeve.®® The molecular volumes of the remaining
anions were estimated in this work (Table 7) by minimizing the
objective function (O. F.),

Np

.;1 ‘(pcalcd - pexpt1>2|i
OF. = = (16)

Np

where Nj, represents the number of data points.

The calculated densities using eq 15 and the correspondent
ARD of the ILs under study are provided in Table 7 and the
relative deviations between the experimental and calculated
density data using eq 15 are represented as a function of the
experimental densities in Figure 9. As can be seen, the experi-
mental densities (Y) of all the ILs considered are in very good
agreement with the predicted densities (X) from eq 15: Y =
(1.0095 % 0.0068)X (correlation coefficient: R* = 0.9812, at
95 % level of confidence). As previously shown in works address-
ing other families of ionic liquids,>>** and reinforced by the
results here obtained for phosphonium-based ILs the density
estimation method proposed by Gardas and Coutinho® can be
applied with confidence to ionic liquids from families different
than those used on the development of the correlation.

It is worth noting that the molecular volumes provided in this
work (Table 7) for Cl, Br, N(CN),, and CH3SOj5 anions are
rather different from the ones given by Ye and Shreeve,”® [(47,
56, 88, and 99) A3, respectively]. Yet, these new values provide
good predictions for Esperanga®® and Kilaru®' density values of
[THTDP][Cl], [THTDP][NT£], and [THTDP][N(CN),]
and comparatively good correlations were obtained between
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Figure 8. Relative deviations between the experimental and calculated density as a function of experimental densities of ILs with the MCM: ¢,
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Table 7. Calculated Densities Using eq 15. Molar Mass (M), Molecular Volume (V), Experimental Average Density (Pexptl-av),
Calculated Average Density (P ajed.ay), and Average Relative Deviation (AARD) of Ionic Liquids

M V/A? (sziiter Pealed-av ARD
ionic liquid g mol ! cation anion data points kg- m > kg- m° %
[THTDP][CI] 51932 947 24 226 891.8 892.3 0.09
[THTDP][Br] 563.76 947 36 84 956.3 956.8 0.09
[THTDP][NTf] 764.01 947 248 210 1068.9 1066.7 024
[THTDP][N(CN),] 549.90 947 72 84 900.8 900.3 0.17
[THTDP][CH,SO;] 578.95 947 89 84 931.7 931.9 0.08
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Figure 9. Relative deviations between the experimental and calculated density as a function of experimental densities of ILs using eq 15: O,
[THTDP][CI]; M, [THTDP][Br]; x, [THTDP][NTS]; A, [THTDP][[N(CN),]]; O, [THTDP][CH,SO;].
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the calculated and experimental densities, with relative deviations
~ 0.9 %.

Bl CONCLUSIONS

Experimental density data for five phosphonium-based ILs in
the temperature range (283.15 to 333.15) K and pressure range
(0.10 to 45.0) MPa were provided. From the experimental data, a
molar volume increase with the effective anion size is observed.

The experimental results were also used to estimate some
derivative thermodynamic properties such as the isothermal
compressibility, the isobaric expansivity and the thermal
pressure coefficient of the studied ILs that are difficult to
obtain by direct measurements at extreme conditions of
pressure and temperature.

The liquid densities of the ILs investigated were correlated
using the Tait equation, the Sanchez—Lacombe equation of state
(S-L EoS) and the modified cell model equation of state (MCM
EoS). The results obtained by the three correlations evaluated are
very good, with the Tait equation providing the lowest ARD
(inferior to 0.004 %). The MCM EoS could correlate the data to
within an ARD of 0.06 %. The highest ARD values were obtained
with the S-L EoS, but still a good description of the ILs was
obtained using this model (less than 0.5 %).

The Gardas and Coutinho method for the prediction of ionic
liquid densities was tested against the measured densities and the
results show that this predictive method applies to other ionic
liquid families than those used for its development.
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© supporting Information. Derived thermodynamic prop-
erties, such as the isothermal compressibility (kr), the isobaric
expansivity (0,), and the thermal pressure coefficient (y,,) are
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