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Thermophysical Properties of Amino Acid-Based lonic Liquids
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lonic liquids (ILs) having either cations or anions derived from naturally occurring amino acids have been
synthesized and characterized as amino acid-based ionic liquids (AAILS). In this work, the experimental
measurements of the temperature dependence of density, viscosity, heat capacity, and thermal conductivity
of several AAILS, namely, tributylmethylammonium serinate ([Na441][Ser]), tributylmethylammonium taurinate
([Nggae][Tau]), tributylmethylammonium lysinate ([Na4s][LYS]), tributylmethylammonium threonate
([N4441][Thr]), tetrabutylphosphonium serinate ([P4444][Ser]), tetrabutylphosphonium taurinate ([P444][Tau]),
tetrabutylphosphonium lysinate ([Pss44][LYs]), tetrabutylphosphonium threonate ([Paa4][Thr]), tetrabutylphos-
phonium prolinate ([P4444][Pro]), tetrabutylphosphonium valinate ([Ps444][Val]), and tetrabutylphosphonium
cysteinate ([P4444][Cys]), are presented. The influence of cations and anions on studied properties is discussed.
On the basis of experimental data, the QSPR (quantitative structure—property relationship) correlations and
group contribution methods for thermophysical properties of AAILs have been developed, which form the
basis for the development of the computer-aided molecular design (CAMD) of AAILs. It has also been
demonstrated that that the predictive data obtained by correlation methods are in good agreement with the
experimental data. The correlations developed, herein, can thus be used to evaluate the studied thermophysical

properties of AAILs for use in process design or in the CAMD of new AAILs.

Introduction

For more than a decade, ionic liquids (ILs) have attracted
both industry and academia because of their physical and
chemical properties. In particular, the large range of ion
combinations that can induce specific IL behavior has resulted
in them being termed as “designer solvents”.*~® This concept
relies on the fact that both chemical and physical properties
may be changed at will; however, a focused design requires
that some measure of predictability must be available, which
can be difficult with so many combinations available.* ¢ Amino
acid-based ionic liquids (AAILs) were first introduced by
Fukumoto et al., wherein the AAIL was composed of imid-
azolium cations and amino acid anions,” and by Tao et al., who
reported ILs compromising of cations derived from naturally
occurring amino acids.® These materials have been shown to
have a range of useful properties due to the fact that they contain
two functional groups, a carboxylic acid and amino group, as
well as the fact that a chiral center is present, which can be
obtained relatively inexpensively using naturally derived amino
acids.””* Further characteristics of amino acid derived ILs
include improved biodegradability™® and biological activity.**
Because of the fact that most of the reported AAILs are liquid
at room temperature,® the synthetic methods for their formation
are relatively atom-efficient,'® and given that a wide variety of
natural amino acids are available, a large increase in their usage
has occurred.” 121724 For example, the AAIL properties have
demonstrated applications in the areas of peptide synthesis and
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chiral catalysis®* as well as use for bulk chemical processing
such as in CO, capture.'®

In this work, the experimental measurements of the temper-
ature (293.15 < T/K < 363.15) dependence of density, viscosity,
heat capacity, and thermal conductivity of several AAILs,
namely, tributylmethylammonium serinate ([Nass1][Ser]), tribu-
tylmethylammonium taurinate ([Ns441][Tau]), tributylmethylam-
monium lysinate ([Nas1][Lys]), tributylmethylammonium thre-
onate ([N4sq1][Thr]), tetrabutylphosphonium serinate ([Ps444]-
[Ser]), tetrabutylphosphonium taurinate ([Ps444][Tau]), tetrabu-
tylphosphonium lysinate ([P4s44][LYS]), tetrabutylphosphonium
threonate  ([Ps444][Thr]), tetrabutylphosphonium prolinate
([P4aa4][Pro]), tetrabutylphosphonium valinate ([Ps444][Val]), and
tetrabutylphosphonium cysteinate ([P4444][CyS]), are presented.
The experimental densities were also correlated with the 1L
density estimation method proposed by Gardas and Coutinho.?
The temperature dependence of the viscosity is represented by
the Vogel—Fulcher—Tammann (VFT) empirical equation.®
Experimental heat capacities of studied AAILs are predicted
using the corresponding states method based on critical proper-
ties predicted using the modified Lydersen—Joback—Reid
method employed by Ge et al.?” and a second-order group
additivity method proposed by Gardas and Coutinho.?® The
weak temperature dependence of the thermal conductivity is
represented by a linear correlation.® Furthermore, the influence
of cations and anions of AAILs on studied properties is
discussed.

Experimental Section

Materials. AAILSs, having [Nas4:1]" or [Pasas] ™t as a cation and
an amino acid derivative as the anion, were prepared according
to previously reported methods.”*>2° All amino acids, tribu-
tylmethylammonium hydroxide, [N1][OH] (20 % by mass
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Figure 1. Structures of cations and anions of the AAILs studied. Cations:
[Naaas]", tributylmethylammonium; [Pass4] ™, tetrabutylphosphonium. Anions:
[Ser]™, serinate; [Thr] ™, threonate; [Lys] ", lysinate; [Tau]~, taurinate; [Pro] -,
prolinate; [Val]~, valinate; [Cys]~, cysteinate.

Table 1. Molar Mass (M,_), Water Content in Mass Fraction (w,),
Melting Point (T,), Glass Transition Temperature (Tg), and
Decomposition Temperature (Tq4) of the AAILs Studied

M. Tm Ty Ty
1L g-mol™*  w,-10° K K K
[Naaar][Ser] 304.47 0.041 ND? 222.56 439.74
[Nual[Tau]  324.52 0.048 ND 218.92 461.74
[Naaar][Lys] 345.57 0.043 ND 213.76 426.05
[Naa][Thr] 318.50 0049 ND 221.21 437.03
213.77 517.39
[Passal[Ser] 363.53 0.053 ND 213.25°  516.15°
211.70°  493°
[Pasas][Tau] 383.59 0.064  ND 215.01 649.16
206.40 550.97
[Passsl[Lys] 404.63 0.051 ND 214.35°  550.15°
208.01°  498°
[Pasaa][Thr] 377.56 0.050 ND 212.43 496.19
[Pa4aa][Pro] 373.57 0.051 ND 207.28 572.04
[Pasaa][Val] 375.59 0.045 29892  207.59 553.81
[Paaaa][Cys] 379.60 0.050  ND 243.47 463.77

aND: not detected. P Ref 20. © Ref 18.

aqueous solution), and tetrabutylphosphonium hydroxide
[P4424][OH] (40 % by mass aqueous solution) were purchased
from Sigma Aldrich. To ensure the correct 1:1 stoichiometry
(hydroxide/amino acid), the ammonium and phosphonium
hydroxide solutions were titrated using a Metrohm 785 DNP
potentiometric titrator. All AAILs studied were miscible with
water; therefore, for the removal of excess free amino acid, the
crude ILs were washed with mixed solvent (9:1 v/v) of
acetonitrile and methanol. The AAILs were dried under vacuum
(0.1 Pa) at 348 K for at least 48 h to reduce the water content
and volatile compounds to negligible values prior to their use.
The purity of each AAIL was checked by 'H and *C NMR
spectra which were recorded on Bruker Avance 300 MHz NMR
spectrometer, using D,O as the solvent. The structures of the
cations and anions of AAILs studied are shown in Figure 1.
The water content of the AAILs, shown in Table 1, was
determined using a Mettler Toledo DL31 titrator with an
uncertainty of 0.3 % using the Karl Fischer method. The analyte
used for the coulometric Karl Fischer titration was Hydranal-
Coulomat AG from Riedel-de Haén. All samples were dried
and stored under dry nitrogen in a septum sealed flask.
Approximately 0.1 g was used in the measurement.
Experimental Procedure. Melting points (T,,) and glass
transition temperatures (Tg), with an uncertainty of 0.01 K, were
determined using differential scanning calorimetry (DSC Q2000,

TA Instruments) with constant heating of 10 K-min™! and
constant cooling of 5 K-min™' within the predetermined
temperature limit. A known amount of sample (5 to 10 mg)
was placed in an alumina pan which was then hermetically
sealed. The heating and cooling cycles were then repeated for
a minimum of four cycles to ensure reproducibility.?® Dynamic
thermal decomposition temperatures (T4) were measured under
a N, atmosphere using thermogravimetric analysis (TGA, TA
Instruments) at a constant heating rate of 10 K+min™ to prevent
any oxidation of the sample during the measurement. The
decomposition temperature is defined as the intersection of the
baseline weight (after the drying step) and the tangent line
derived from the decomposition curve, as previously de-
scribed.?®2° Again the samples were analyzed using an alumina
pan. All of the temperatures (Tn, Ty, and Ty) reported, herein,
were determined using the Universal Analyzer software version
4.5. Comparing the decomposition temperatures (Ty) of the
[N4saa]™ and [Pas4]t based ILs with a common anion, Ty for
[Paasa]™ ILs are higher (59 to 187) K than that of [Njs4s]" ILs,
which shows that the thermal stability of tetrabutylphosphonium
amino acid ILs is better than that of tributylmethylammonium
amino acid ILs.

Experimental densities were measured using an Anton Paar
DMA 4500 vibrating tube digital densitometer. This instrument
was fully automated and, therefore, the resonant frequency was
automatically determined. The temperature in the cell was
regulated to + 0.01 K with a solid state thermostat. The
experimental setup and calibration procedure, using vacuum,
air, nitrogen, triply distilled water, and aqueous solutions of
NaCl (molalities of 1 mol-L~* and 3 mol-L™1), for the density
measurements have been previously described.®* The repeat-
ability of the density measurements was 10~ g-cm~3, and the
results have an uncertainty to 102 g-cm~2 using a sample size
of 1 cm?®. The effect of the viscosity on the density measurement
was analyzed to validate the density measurements. The density
was found to vary by < 0.1 % and, therefore, was considered
to be negligible.

Viscosities were measured using a Brookfield DV-1I + PRO
digital viscometer attached with a thermostat bath (Grant
Instruments, model LTD6G) controlled to 4+ 0.01 K. To
minimize the uncertainty caused by temperature equilibrium,
all measurements were performed in triplicate or until constant
reading obtained by taking each reading at 10 min intervals.
The repeatability of the viscosity measurements was + 0.2 %
using a sample size of 2 cm®, and a series of polydimethyl-
siloxane (PDMS) oils (Aldrich) covering viscosities from (1 to
100 000) mPa-s was used to calibrate the instrument.

A DSC Q2000 (TA Instruments) was used for the direct
measurement of heat capacity using modulated DSC (MDSC)
technology, with constant heating of 10 K-min~! and constant
cooling of 5 K-min~%. Using MDSC technology, heat flow can
be measured simultaneously with changes in heat capacity
according to eq 1,

dH _ _dT
o = G T 1)

where dH/dt is the total heat flow (sum of all thermal transitions)
comprising a heat capacity component, C,(dT/dt), associated
with reversible heat flow for example glass and melting
transitions, and a kinetic component, f(t,T), associated with
nonreversible heat flow, for example, curing, volatilization, and
decomposition. At least three independent values of heat
capacity were obtained at each temperature. The repeatability
of these measurements was 3 % using a sample size of between



Table 2. Experimental Densities (p) of the Dried AAILs Studied as
a Function of Temperature at Atmospheric Pressure

T/IK ol(g-cm~3)
[Nasaa][Ser]  [Nagal[Tau]l  [Nasas][Lys]  [Nasar][Thr]
293.15 1.019 1.054 0.983 1.003
298.15 1.016 1.051 0.980 1.000
303.15 1.013 1.048 0.977 0.996
313.15 1.006 1.042 0.971 0.990
323.15 1.000 1.036 0.965 0.984
333.15 0.994 1.030 0.959 0.978
343.15 0.988 1.024 0.953 0.972
353.15 0.982 1.018 0.947 0.966
363.15 0.976 1.012 0.941 0.960
[Paaaa][Ser] [Pasaa][Tau] [Paaaa][Lys] [Pasad][Thr]
293.15 0.996 1.030 0.971 0.983
298.15 0.992 1.027 0.968 0.980
303.15 0.989 1.024 0.964 0.977
313.15 0.983 1.018 0.958 0.971
323.15 0.977 1.012 0.952 0.965
333.15 0.971 1.005 0.946 0.959
343.15 0.965 0.999 0.940 0.953
353.15 0.959 0.993 0.934 0.947
363.15 0.953 0.987 0.929 0.941
[Paaas][Pro] [Pasas][Val] [Paaaa][Cys]
293.15 0.996 1.037
298.15 0.993 1.034
303.15 0.989 1.030
313.15 0.983 0.932 1.024
323.15 0.977 0.926 1.018
333.15 0.971 0.920 1.012
343.15 0.965 0.914 1.005
353.15 0.959 0.908 0.999
363.15 0.953 0.902 0.993

(5 and 10) mg. The results have an uncertainty of 5 % which
has been verified by the measurement of the heat capacity of
pure water.

For the studied AAILs, the thermal conductivities as a
function of temperature were measured using a KD2 Pro
thermal properties analyzer (Labcell Ltd., U.K.). This consists
of a thermal probe (1.3 mm diameter, 60 mm length)
containing a heating element and a thermoresistor. The
thermal probe was inserted vertically into a sealed glass vial,
containing approximately 25 cm?® of the AAIL. Before each
measurement, the sample vial was fully immersed in a
temperature-controlled water bath (Grant GD120) and al-
lowed to equilibrate at the desired temperature. To ensure
reproducibility of the measurements, at least four measure-
ments were taken at each temperature, with the interval of
at least 15 min between measurements. Further details
concerning the experimental procedure and calibration, using
water and a standard sample of glycerol of known thermal
conductivity, of the equipment for the thermal conductivity
measurements have been described previously.® The uncer-
tainty in the thermal conductivity measurements was 0.005
W-m~1-K~1 while the temperature has an uncertainty of +
1 K.

Results and Discussion

Density. Density measurements of pure AAILs were carried
out at temperatures ranging from (293.15 to 363.15) K at
0.1 MPa. The experimental density data obtained are reported
in Table 2 for all of the pure ILs studied. For the ILs having
the tributylmethylammonium cation, [Nasi]*, the density
decreased as a function of the amino acid anion in the order
[Tau]™ > [Ser]” > [Thr]~ > [Lys] . A similar trend was found
for the ILs having the tetrabutylphosphonium cation, [Pass] ™,
with the density decreasing with the amino acid anion in the
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Figure 2. Experimental densities of the ILs studied as a function of the
temperature at 0.1 MPa. (a) Effect of the amino acid-based anion on the
densities of [N4s4:]" based ILs: O, [Ser]~; <, [Thr]™; A, [Lys]; @, [Tau] .
(b) Effect of the amino acid-based anion on the densities of [P44]™" based
ILs: O, [Ser]~; <, [Thr]~; A, [Lys]; @, [Tau]~; x, [Pro]~; W, [Val]~; a,
[Cys]~. The solid lines correspond to the fit of the data by eq 2 using
correlation parameters reported in Table 3.

order [Cys]™ > [Tau]™ > [Pro]™ = [Ser]” > [Thr]™ > [Lys]™
> [Val]™. In general, the density of the AAILs decreased with
an increase in alkyl chain length of the amino acid anion,
from serinate to lysinate to threonate, as expected. Comparing
the densities of the [Nas]™ and [Pa4ss]™ based ILs with a
common anion shows that the ammonium systems are
between (1.2 and 2.5) % higher than the analogous phos-
phonium systems. At 298.15 K, the experimental densities
of [Pasa][Ser] (0.992 g-cm™3) and [Pass][Lys] (0.968
g-cm~3) are in good agreement with those reported by Zhang
etal., (0.991 and 0.973) g-cm3, respectively.'® As expected,
the densities of all studied AAILs were found to decrease
with an increase in temperature. For the studied AAILs, up
to a 4.3 % decrement in the density is observed by increasing
the temperature from (293.15 to 363.15) K. The variation of
the density with temperature for the ILs is illustrated in Figure
2. A quadratic equation was used to fit the variation with
temperature at 0.1 MPa of the form:

2
o (M= D, (aT) @)
i=0

with the parameters, a, given in Table 3 together with the
absolute average deviation (AAD) and maximum absolute
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Table 3. Correlation Parameters, &, from Equation 2, the AAD,
and the MD for the Density of the AAILs Studied

Table 4. Density Correlation with Molecular Volume (V) Using
Equation 4, the AAD, and the MD for the AAILs Studied

a 10 & 107 & AAD  MD V+1073/(m?) AAD  MD
IL geem™  grem™3K™!  geem™2:K? % % IL cation®  anion®  data points % %
[Nasaal[Ser] 1.22341  —7.6414 2.2605 0.008 0.018 [Nagar][Ser] 388 110 9 008 013
[Nyga][Tau] 1.26622  —8.2318 3.4034 0.008 0.021 [Nazz][Tau] 388 123 9 027 050
[Naaaal[Lys] 1.17395  —6.9412 1.4370 0.005 0.008 [Nazar][Lys] 388 197 9 015 026
[Nya][Thr] 1.22837  —8.9771 4.3595 0.005 0.011 [Naza][Thr] 388 141 9 009 018
[Paasd[Ser]  1.20868  —8.2478 3.3249 0.002  0.003 [Pasas][Ser] 499 110 9 0.08 018
[Passs][Tau]  1.18700  —7.6910 2.5014 0.003 0.007 [Pasaa][Tau] 499 123 9 028 046
[Passs][Lys] 117171  —7.5590 2.3782 0.004 0.008 [Pasas][Lys] 499 197 9 015 026
[Pasas][Thr]  1.23475  —7.6968 2.4314 0.005 0.008 [Passe] [Tr] 499 141 9 007 018
[Passs][Pro]  1.20541  —7.9773 2.7983 0.007  0.020 [Paass][Pro] 499 126 9 007 014
[Passs][Val]  1.15655  —8.1738 3.2143 0.002 0.002 [Passe][Val] 499 164 6 0.06  0.08
[Pauadd[Cys] 1.24873  —7.9920 2.6190 0.009 0.015 [Pasac][Cys] 499 111 9 0.08 013
aRef 35. P Estimated in this work.
deviation (MD) for the density data of all of the studied ILs. 105 _
The AAD is defined as: o
(a) z
Np %‘f
Z|(pcal - pexp)/pexpli fgf
AAD (%) = - @ o 10 ox
N, £ jg%
where cal and exp denote calculated and experimental properties, ; j?? 4
respectively, and N, represents the number of experimental data ~ ?D
points. An AAD of 0.005 % with the MD of 0.021 % was S ¥
observed for the density correlation with temperature, using eq 0.95 ij
2 with the parameters, &, given in Table 3, for the 96 density g
data points studied for the 11 AAILs. .
Recently, Gardas and Coutinho proposed a predictive X
method? for the estimation of 1L densities in a wide range of x>
temperatures, (273.15 to 393.15) K, and pressures, (0.10 to 100) 0.90 &
MPa, according to eq 4: 0.90 0.95 1.00 1.05
_ M Pexp/ g cM™
TP = Vo + o7 + o) @ 06
where p is the density in g-cm™3, M is molar mass in g-mol™?, (b)
N is Avogadro’s number, V is the molecular volume in R
m3-10~%°, T is the temperature (K), and P is the pressure in s
MPa. The values of coefficients b, ¢, and d were estimated as _ o3 o a
8.005-107* + 2.3-107% 6.652:107* £ 6.9:1077 K™%, and g . R
—5.919-107* £ 2.4-107° MPa1, respectively, by fitting eq 4 = S or
to the previously published experimental pressure—volume— c XXX xyx 00" o ? . 0% .
temperature (PVT) data of the 1Ls.3%34 |00 LJELO T et et
The densities of the studied AAILs were estimated according 3 * R
to eq 4 with the molecular volumes V of ions and groups taken N L=t C el A
from previously reported values?*>3¢ where available. Since 8 -t N
the molecular volumes of the studied amino acid anions were — 03 N
not available, these were estimated in this work by minimizing e
following objective function (OF): A
Np 06
z (o — ,oexp)2 0.90 0.95 1.00 1.05
oOF="— () Pexp/ g-cmM3
N,

where pc, is the calculated density using eq 4, pexp iS the
experimental density, and N, represents the number of data
points. The molecular volumes of amino acid anions estimated
in this work are presented in Table 4 together with the AAD
and the MD observed. As shown in Figure 3a, the calculated
density pcq Of the ILs studied displays a good agreement with
the corresponding experimental density pexp, Where pca =
(1.0001 + 0.0002)pex, (R2 = 0.9975 at a 95 % level of
confidence). For the density prediction from molecular volume,
using eq 4, an AAD of 0.13 % with the MD of 0.50 % was

Figure 3. (a) Linear relationship between experimental and calculated
density using eq 4 for the ILs studied. (b) The relative deviations between
the calculated, using eq 4, and the experimental density data as a function
of experimental density for the ILs studied. Symbols: <&, [Ng441][Ser]; O,
[Nagad][Thr]; O, [Naaar][Lys]; A, [Naaar][Tau]; @, [Pasas][Ser]; @, [Pasas][Thr];
W, [Pua][Lys]; A, [Paa][Tau]; x, [Pasad][Pro]; =, [Paaa][Val]; —,
[Pa4a][Cys].

observed for the 96 density data points studied for the 11 AAILs
(Figure 3b).



Table 5. Experimental Viscosities () of the Dried AAILs Studied
as a Function of Temperature at Atmospheric Pressure

TIK nl(mPa-s)
[Nagar][Ser] [Naaa1][Tau] [Naaai][Lys] [Nagas][Thr]
298.15 10214 6674 2593 8368
303.15 5845 3965 1679 4916
313.15 2160 1600 741.4 1845
323.15 890.7 716.0 368.6 791.3
333.15 410.3 357.5 200.2 377.6
343.15 207.9 193.4 112.9 200.6
353.15 111.8 108.2 68.3 110.9
363.15 64.3 66.8 43.9 66.2
[Paaad][Ser] [Pasaa][Tau] [Paasa][Lys] [Paaag][Thr]
298.15 1143 1019 741.0 739.0
303.15 778.4 712.6 519.8 519.8
313.15 395.4 345.5 268.7 260.1
323.15 209.4 186.2 149.7 143.2
333.15 122.9 106.7 90.4 88.5
343.15 77.6 67.5 59.8 53.9
353.15 49.7 44.2 39.7 36.2
363.15 34.1 29.6 27.5 25.1
[Pasas][Pro] [Pasas][Val] [Paaaa][Cys]
298.15 1695 2946
303.15 1101 1866
313.15 483.5 216.9 832.7
323.15 241.3 120.0 397.4
333.15 133.1 70.8 208.4
343.15 78.2 44.8 118.3
353.15 49.6 29.6 725
363.15 32.2 20.3 46.6

Viscosity. Viscosity measurements of the AAILs were
carried out at temperatures ranging from (298.15 to 363.15)
K at 0.1 MPa. The experimental viscosity data obtained are
reported in Table 5 for the ILs studied. For the [Nys4:] ™" based
AAILs, the viscosity was found to decrease with the amino
acid anion with the following order, [Ser]™ > [Thr]™ > [Tau]~
> [Lys]~. In contrast, the [P4su4]™ based AAILs showed a
variation of viscosity with the order [Cys] > [Pro] > [Ser] >
[Tau] > [Lys] = [Thr] > [Val]. Considering the case of AAILs
having same anion, the viscosities of ILs having the [Ngs]*
cation are much higher than that of the [P4444]" cation. The
experimental viscosity, at 298.15 K, of [Ps44][Lys] (741
mPa-s) is in good agreement with the values reported by
Zhang et al.*® and Kagimoto et al.,* (744.71 and 779) mPa-s,
respectively. In addition, the viscosity of [P4s4][Cys] at
298.15 K (2946 mPa-s) is also in close agreement with the
value (3029 mPa-s) reported by Kagimoto et al.?° However,
the experimental viscosity, at 298.15 K, of [P4444][Thr] (739
mPa-s) is lower than the value (965 mPa-s) reported by
Kagimoto et al.,?° while for [Pss44][Ser], at 298.15 K, the
viscosity reported, herein, (1143 mPa-s) is higher than both
that reported by Zhang et al. (734.20 mPa-s)*® and Kagimoto
et al. (902 mPa-s).?° It is well-known that the viscosity of
ILs is significantly altered by the presence of small amounts
of impurities such as water and, therefore, it is likely that
these differences reflect small changes in the purity of the
samples prepared. Some variation may also be expected by
changes in the experimental techniques adopted; however,
this is not likely to result in the present case.

As expected, the viscosities of all studied AAILs showed
a marked decrease with increasing temperature. The variation
of the viscosity with temperature for the ILs studied is
illustrated in Figure 4a,b. A viscosity-temperature correlation
based on the VFT equation (eq 6) is proposed:
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B

Ingy A+(T—T0) (6)
where 7 is viscosity in Pa+s units, T is temperature (K), and A,
B, and T, are adjustable parameters. The ratio of parameters B
and To, BTy, is also known as the Angell strength parameter.
Experimental viscosity data of AAILs was used to optimize the
parameters A, B, and T, simultaneously by minimizing following
objective function (OF):

Np

S (At —B iy )
= (T _ TO) 77(3)(}')

OF = N, @)
The parameters A, B, and T, of eq 6, are given in Table 6
together with the AAD and MD for the viscosity data of all
studied ILs. The values of the parameter T, obtained (Table 6)
for all studied AAILs are close to the value obtained by Gardas
and Coutinho,?® 165.06 K, for approximately 500 viscosity data
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Figure 4. Experimental viscosities of the ILs studied as a function of the
temperature at 0.1 MPa. (a) Effect of the amino acid-based anion on the
viscosities of [Naa1]" based ILs: O, [Ser]~; <, [Thr]™; A, [Lys]; @, [Tau] .
(b) Effect of the amino acid-based anion on the viscosities of [P444] * based
ILs: O, [Ser]~; <, [Thr]~; A, [Lys]; @, [Tau]~; x, [Pro]~; W, [Val]~; a,
[Cys]~. The solid lines correspond to the fit of the data by eq 6 using
adjustable parameters reported in Table 6.
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Table 6. Correlation Parameters A, B, and T, of Equation 6, Angell
Parameter Strength (B/T,), the AAD, and the MD for the Viscosity
of the AAILs Studied

IL A B/K TJ/K BT, AAD/% MD/%
[Naa][Ser] —13.246 2096.69 16351 12.82  0.30 0.45
[Naai][Tau] —12.108 1858.75 165.32 11.24  0.68 1.21
[Nasag][Lys] —11.499 1664.53 164.62 10.11  0.85 1.38
[Naadd[Thr] —12.409 1888.12 168.20 11.23  0.77 1.10
[Pass][Ser] —10.653 1448.23 164.05 883  0.90 1.26
[Pasal[Tau] —10.769 1432.64 16556 8.65  0.96 1.75
[Pass][Lys] —10.308 1332.89 164.86 8.09  1.03 1.56
[Pasa][Thr] —10590 1364.30 165.69 823  1.20 1.84
[Pass][Pro] —11523 1589.69 166.08 9.57 152 2.06
[Pasad[Val] —10.899 1388.23 164.96 842  0.29 0.29
[Pass][Cys] —11.749 1738.07 162.68 10.68  0.80 1.61

Table 7. Group Contribution Parameters A; and B; for Equation 8
for the Ammonium- and Phosphonium-Based ILs Studied

for ammonium-based ILs for phosphonium-based ILs

species A Bi/(K) species A Bi/(K)
Cations
[Nyg]* —10.543 1320.81 [Piu]™ —9.250 805.15
Anions
[Ser]- —1.896 366.16 [Ser]= —0.455 135.21
[Tau]~ —0.909 176.32 [Tau]~ —0.634 144.05
[Lys]- —0.249 —33.89 [Lys]” —0.145 33.31
[Thr]- —1.423 274.80 [Thr]- —0.441 73.64
[Pro]- —1.433 314.05
[Val]- -—0.745 91.15
[Cys]- —1.438 390.33
Groups
CH? —7.528-1072 40.92 CH? —7.528-1072  40.92

2Values taken from ref 26.

points of 25 imidazolium, pyridinium, and pyrrolidinium based
ILs.

By taking the parameter T, as constant, 165.06 K, for all
studied AAILs, parameters A and B can be obtained by a
group contribution method according to:

k k
A= > nA B= Y nB; (8)
i=1 i=1
where n; is the number of groups of type i and k is the total
number of different groups in the molecule; the parameters A;
and B; are estimated according to the previously reported
methods.?® These parameters are presented individually for the
ammonium- and phosphonium-based AAILSs studied, herein, in
Table 7.

As shown in Figure 5a, good agreement is observed
between the calculated and the experimental viscosity data
using the VFT equation (eq 5) with T, = 165.06 K and group
contribution parameters A; and B; (Table 7) for the AAILs
studied. The results indicate that the viscosity of studied
AAILs decreases markedly with temperature increase, for
example, on increasing the temperature by 5 K from (298.15
to 303.15) K a decrease in viscosity between (55 and 70) %
was observed. This may be compared with a decrease in
viscosity of (5 and 10) % for dodecane and water over the
same temperature range.®” The calculated viscosity (;7ca) of
the AAILs studied displays a good agreement with the
corresponding experimental viscosity (17exp), where In ney =
(0.9647 + 0.0043)In 77¢x, (R?2 = 0.9907 at a 95 % level of
confidence). Relative deviations between the calculated and
the experimental viscosity data as a function of experimental
viscosity for studied AAILs are shown in Figure 5b. The
parameters A and B calculated from group contribution
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Figure 5. (a) Linear relationship between experimental and calculated
viscosity using eqs 6 and 8 along with group contribution parameters A;
and B; reported in Table 7 for the ILs studied. (b) The relative deviations
between the calculated, using egs 6 and 8, and the experimental viscosity
data as a function of experimental viscosity for the ILs studied. Symbols:
O, [Naaa][Ser]; O, [Nagar][Thr]; O, [Nasa][Lys]; A, [Naai][Tau]; @,
[P4444][Ser]; o, [P4444][Thl’], [ B [P4444][Ly5], A, [P4444] [Tau]; X, [P4444] [Pro],
*, [Pasaa][Val]; —, [Paaas][Cys].

Table 8. Parameters A and B Calculated from Group Contribution
According to Equation 8, the AAD, and the MD for the Viscosity of
the AAILs Studied

IL A B/K  datapoints AAD/%  MD/%
[Nasadl[Ser]  —13.117  2055.25 8 0.28 0.87
[Naar][Tau] —12.130 1865.41 8 0.68 1.19
[Nasadl[Lys] —11.470  1655.20 8 0.87 1.42
[Naas][Thr]  —12.643  1963.89 8 1.07 1.41
[Passl[Ser]  —10.608  1431.39 8 0.91 1.39
[Psaa][Tau]  —10.787  1440.24 8 0.95 1.87
[Pasasl[Lys] —10.298  1329.49 8 1.03 1.54
[Paaaa][Thr]  —10.594  1369.82 8 1.14 1.93
[Pass][Pro]  —11.586  1610.24 8 1.60 2.14
[Paas][Val]  —10.899  1387.34 6 0.25 0.29
[Pasas[Cys] —11.591  1686.52 8 0.71 1.92

according to eq 8 are given in Table 8 together with the AAD
and the MD for the viscosity data of AAILs studied. For the
86 data points of 11 AAILs studied, the overall AAD was
found to be 0.88 % with a maximum deviation of 2.14 %.



Table 9. Experimental Heat Capacities (C,) of the Dried AAILs
Studied as a Function of Temperature at Atmospheric Pressure

TIK Cy/(J-mol~-K™)
[Nasad[Ser]  [Nagul[Tau] — [Nasar][Lys] — [Naaar][Thr]
293.15 632 822 817 749
298.15 635 827 824 753
303.15 638 832 831 757
313.15 644 843 846 767
323.15 651 853 861 77
333.15 658 863 878 789
343.15 665 873 893 801
353.15 673 882 910 812
363.15 681 892 925 821
[Paaaa][Ser] [Paaaa][Tau] [Paaaal[Lys] [Pasad][Thr]
293.15 742 988 987 952
298.15 749 995 997 961
303.15 755 1002 1004 971
313.15 766 1015 1021 992
323.15 77 1028 1040 1013
333.15 787 1043 1060 1033
343.15 798 1058 1078 1056
353.15 808 1074 1097 1076
363.15 815 1089 1112 1097
[Pasas][Pro] [Pasas][Val] [Paaaa][Cys]
293.15 838 744 914
298.15 844 747 920
303.15 850 752 927
313.15 864 761 943
323.15 880 772 960
333.15 895 781 977
343.15 910 791 993
353.15 926 801 1008
363.15 939 811 1022

Heat Capacity. Heat capacity was measured for 11 AAILs
using DSC over the temperature range from (293 to 363) K.
The experimental data obtained are reported in Table 9 and
in Figure 6a,b. The heat capacities of the studied AAILs (in
the range from (635 to 997) J-mol~t-K~! at 298.15 K) are
much higher compared with traditional organic solvents. For
example, at 298.15 K, the heat capacities of ethanol, toluene,
and dodecane are (112, 158, and 376) J-mol~t-K™1, respec-
tively.® For all AAILs studied, the relationship between heat
capacity and temperature was found to be approximately
linear, with an (8 to 14) % increase observed over the studied
temperature range. Comparing the heat capacities of the
AAILs with a common cation ([Nasa1]™ or [Paass]™), the heat
capacity was found to decrease with the amino acid anion in
the following order, [Tau]™ = [Lys]™ > [Thr]~ > [Ser]~, and
comparing the heat capacities of studied AAILs having a
common anion shows that the phosphonium ILs ([P444]™)
are between (10 and 25) % higher than the analogous
ammonium ([Nas41]™) systems.

Ge et al.?’ used the modified Lydersen—Joback—Reid
group contribution model to predict the IL heat capacities
as a function of the temperature and also optimized new group
parameters for the groups which are commonly found in ILs,
such as P, B, and —SO,— groups. In the present study, the
method employed by Ge et al.?” was used to predict the heat
capacity of the studied AAILs. The group parameters required
for the calculations of ideal gas heat capacities, boiling points,
and critical properties of studied AAILs are taken from
literature,?”-38:3° except for the group parameters of ideal gas
heat capacities for N and P atoms bonded to four other groups
(ON( and )P, respectively), —SO, and —SH groups which
were optimized (by minimizing the deviation between
experimental and predicted heat capacity data) in this work
and presented in Table 10. The normal boiling point (Ty),
critical temperature (T,), critical pressure (P.), critical volume
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Figure 6. Experimental heat capacities of the ILs studied as a function of
the temperature. (a) Effect of the amino acid-based anion on the densities
of [Naaar]™ based ILs: O, [Ser]; <, [Thr]; A, [Lys]; @, [Tau] . (b) Effect
of the amino acid-based anion on the densities of [Psua]* based ILs: O,
[Ser]7; O, [Thr]™; A, [Lys]™; @, [Tau]~; x, [Pro]~; W, [Val]~; a, [Cys] .

Table 10. Group Parameters, Optimized in This Work, Required
for an ldeal Gas Heat Capacity Calculation According to the
Modified Lydersen—Joback—Reid Group Contribution Model

ACpk 103 ° BCpk 106 M CCpk :I.OB ° DCpk
group  Jemol™*+K™! Jemol™'-K™2 Jemoll-K3 Jemoll-K™*
IN( —-31.10 207 —1290 378
W —72.87 287 25.2 54.8
—S0, 90.18 5.49 325 95.9
—SH 35.30 —75.8 939 414

(V.), the acentric factor (w), and group parameters for ideal
gas heat capacities (Acp, Bep Cepk and Dep) of studied
AAILs were calculated according to the modified Lydersen—
Joback—Reid group contribution model extended by Ge et
al.?” and presented in Table 11, together with the AAD
observed between the calculated and the experimental heat
capacity data. The relative deviations between these as a
function of experimental heat capacity are shown in Figure
7. For the 11 AAILs studied, the AAD was in range of (0.2
to 13.4) % while the overall AAD for 99 data points was
found to be 7.0 % with a maximum deviation of 14.2 %.

The heat capacities were also predicted using the second-
order group additivity method, proposed by Gardas and Coutin
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Table 11. Critical Properties, Normal Boiling Temperature, Group Parameters for the Ideal Gas Heat Capacities of the AAILs Studied,
Calculated According to the Modified Lydersen—Joback—Reid Group Contribution Model Extended by Ge et al.?’

Th Tc Pc Ve Acpk Bepk 10°+ Cepk 108+ D AAD
IL K K N-m=2  cm®-mol? ) Jemol™t+K™t  Jemol™+K™2  Jemol™t-K™®  Jemol™t-K™ %
[Nass][Ser] 890.0  1079.7 14.8 1085.6 1.363 91.51 1.28 —106.8 3.37 11.21
[Naasi][Tau] 869.3  1090.8 19.1 1120.6 1.160 179.68 1.13 —61.4 4.29 2.67
[Naaas][Lys] 939.0 11378 12.7 1275.6 1.240 89.98 1.59 —124.4 3.40 0.88
[Naaad][Thr] 9124 11056 14.2 1141.0 1.341 88.92 1.38 —-1126 3.38 5.02
[Pasasl[Ser] 981.7  1188.0 12.8 1297.2 1.265 47.02 1.63 8.64 0.17 12.65
[Passs][Tau] 961.1  1187.0 15.8 1332.2 1.193 135.19 1.48 54.1 1.09 5.00
[Passsl[Lys] 10307  1247.4 11.2 1487.3 1.143 45.49 1.94 —8.98 0.21 9.65
[Passs][ThF] 10042 12152 12.3 1352.6 1.231 44.42 1.73 2.88 0.18 11.59
[Pasaal[Pro] 9320 11324 12.2 1340.0 1.172 9.89 1.73 14.6 0.10 4.26
[Passs][Val] 9349 11331 11.6 1389.0 1.155 38.22 1.79 0.48 0.18 13.44
[Pasasl[Cys] 952.4  1159.9 14.0 1329.8 1.262 56.62 1.62 84.8 0.31 0.18
Table _12. Group Contributions for Parameters D, E, and F in
ho,?® which employs a group contribution technique to estimate Equation 10
the D, E, and F parameters in eq 9: species di e/(K) fil(K?)
T T2 Cations
C, = R[D + E(—) + F(—) ] 9) [Non]* 6.994 11.887 —1.673
100 100 [Pun]* 17.854 8.200 —0.675
where R is the ideal gas constant (R = 8.314 J-mol 1-K™?) Anions
and T is temperature (K). The group contributions to calculate ﬁeﬂ]’ gg-fﬁlg —11-135 é-gié
H . au|™ . —1. .
D, E, and F parameters are obtained from: fLys]- 95 193 2215 2128
K K k [Thr]~ 32.735 —7.320 2.253
- o _ _ _ £ [Pro]~ 6.232 3.656 0.190
D le nd E th Mi& F Zf n; [Val]~ 10.896 —1.337 0.036
= = = [Cys] 24.206 —2.821 1.389
(10)
Groups
where n; is the number of groups of type I and k is the total CH® —-1133 2443 —0.259

number of different kinds of groups; the parameters d, &, and
fi estimated in this work for the studied AAILs are given in
Table 12.

As shown in Figure 8a, good agreement is observed between
the calculated and the experimental heat capacity data using
the method proposed by Gardas and Coutinho,? eq 9, and group
contribution parameters d;, e, and f; (Table 12). The calculated
heat capacity (C,') of the AAILs studied displays a good
agreement with the corresponding experimental heat capacity
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Figure 7. Relative deviations between calculated heat capacity using the
Ge et al.?” method and experimental heat capacity data as a function of
experimental heat capacity for the ILs studied: <, [Naas][Ser]; O,
[N4441][Thr], O, [N4441][Lys]; A, [N4441][Tau]; ’, [P4444][S€|'], ., [P4444][Thr];
W, [Puu][Lys]; A, [Paa][Tau]; x, [Pasaa][Pro]; =, [Paaa][Val], —,
[Pasad][Cys].

#Values taken from ref 28.

(Cp®), where Cp¥ = (1.002 4 0.002)C,** (R? = 0.980 at a 95
% level of confidence). Relative deviations between the
calculated and the experimental heat capacity data as a function
of experimental heat capacity are shown in Figure 8b. The
parameters D, E, and F calculated from group contribution
according to eq 10 are given in Table 13 together with the AAD
and the MD. For the 99 data points of the 11 AAILs studied,
the overall AAD was found to be 1.5 % with a maximum
deviation of 4.2 %.

The deviations in the predicted heat capacity of the AAILs
obtained by the Ge et al.>” method are higher than that from
the Gardas and Coutinho®® method. This may be a consequence
of the fact that the group parameters, used for the calculations
of ideal gas heat capacities, boiling points, and critical properties
in the method reported by Ge et al.,?” were originally developed
for molecular liquids, while in the case of the Gardas and
Coutinho®® method, the group parameters were developed
specifically for ILs.

Thermal Conductiwity. The thermal conductivity data for the
11 AAILSs studied over the temperature range from (298 to 353)
K are given in Table 14 and also presented in Figure 9a,b. All
of the AAILs studied had similar thermal conductivities, within
the range of (0.146 to 0.171) W-m~-K~1, Thermal conductivi-
ties of all AAILs slightly decreased with the temperature
increase. Comparing the thermal conductivities of the AAILs
with a common cation ([Nsss]" or [Passs]®), it was found to
decrease with the amino acid anion in the following order,
[Lys]”™ > [Ser]” > [Tau]™ > [Thr]~. Comparing the thermal
conductivities of studied AAILs having a common anion shows
that the ammonium ([Ng4]*) are between (0.1 and 0.8) %
higher than the analogous phosphonium ILs ([P4ss]™) systems.
Since thermal conductivity is weakly dependent on temperature,
it could be fitted with a linear correlation of the form:



A=0oT+p (12)
where T is temperature (K). The parameters, a and j of eq 11,

are given in Table 15 together with the AAD and the MD. Using
eq 11 along with the parameters shown in Table 15, for 75 data
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Figure 8. (a) Linear relationship between experimental and calculated heat
capacity using egs 9 and 10 along with group contribution parameters d;,
e, and f; reported in Table 12 for the ILs studied. (b) The relative deviations
between the calculated, using egqs 9 and 10, and the experimental heat
capacity data as a function of experimental heat capacity for the ILs studied.
Symbols: &, [Nggar][Ser]; O, [Naaas][Thr]; O, [Naaar][Lys]; A, [Naaar][Taul;
&, [Pua][Ser]; @, [Puag][Thr]; O, [Pasad[Lys]; A, [Passd][Tau]; x,
[Paaaa][Pro]; *, [Pasas][Val]; —, [Pasaa][Cys].

Table 13. Parameters D, E, and F Calculated from Group
Contribution According to Equation 10, the AAD, and the MD for
the Heat Capacity of the AAILs Studied

IL D E/(K) F/(K? data points AAD/% MD/%

[Naal[Ser] 2665 22.09 —2.15 9 377 417
[Nua][Tau] 29.91 3270 —3.15 9 007 026
[Naal[Lys] 21.92 31.66 —1.88 9 080  1.03
[Nua][Thr] 2953 2655 —1.75 9 353 417
[PasddlSer] 3411 2573 —1.93 9 397 417
[Paus[Tau] 37.37 3634 —2.93 9 019  0.38
[PaaallLys] 29.38 3530 —1.66 9 074 154
[Pas][Thr] 3699 3020 —1.53 9 278 417
[Pauad[Pro] 1049 4117 —359 9 021 047
[Paus][Val] 1515 3618 —3.75 9 019 0.8
[Pauad[Cys] 2846 3470 —2.39 9 012 027

Journal of Chemical & Engineering Data, Vol. 55, No. 4, 2010 1513

Table 14. Experimental Thermal Conductivities (4) of the Dried
AAILs Studied as a Function of Temperature at Atmospheric
Pressure

TIK AM(Wem~t-K™1)
[Nasarl[Ser]  [Nasarl[Tau]  [Nagas][Lys]  [Naaas][Thr]
298.15 0.169 0.161 0.171 0.160
303.15 0.168 0.160 0.170 0.159
313.15 0.167 0.159 0.169 0.158
323.15 0.166 0.158 0.168 0.157
333.15 0.165 0.157 0.167 0.156
343.15 0.164 0.156 0.166 0.155
353.15 0.163 0.155 0.165 0.154
[Paaad][Ser] [Pasaa][Tau] [Paaaa][Lys] [Paaag][Thr]
298.15 0.161 0.160 0.163 0.156
303.15 0.160 0.160 0.163 0.155
313.15 0.159 0.159 0.162 0.154
323.15 0.158 0.158 0.161 0.153
333.15 0.157 0.157 0.160 0.152
343.15 0.156 0.156 0.159 0.152
353.15 0.155 0.155 0.158 0.151
[Paaaa][Pro] [Passa][Val] [P44aa][Cys]
298.15 0.154 0.152
303.15 0.153 0.151
313.15 0.152 0.157 0.150
323.15 0.151 0.156 0.149
333.15 0.150 0.155 0.148
343.15 0.149 0.154 0.147
353.15 0.148 0.153 0.146

points of the 11 AAILs, the overall AAD was found to be 0.1
% with a maximum deviation of 0.3 %.

The parameters a and 3 can also be obtained from a group
contribution approach as:

K k
a = Z na B= 2 ng; (12)
i=1 i=1

where n; is the number of groups of type i and k is the total
number of different groups in the IL; the parameters o and fj;
estimated for the studied AAILs are given in Table 16.

As shown in Figure 10a, good agreement is observed
between the calculated and the experimental thermal con-
ductivity data using the linear group contribution approach
proposed by Gardas and Coutinho,?® eq 11, and group
contribution parameters o; and S; (Table 16) for the AAILs
studied. The calculated thermal conductivity (Acy) of the
AAILs displays good agreement with the corresponding
experimental thermal conductivity (Aexp), Where Acy = (0.9998
+ 0.0010)Aexp (R2 = 0.9435 at a 95 % level of confidence).
Relative deviations between the calculated and the experi-
mental thermal conductivity data as a function of experi-
mental thermal conductivity are shown in Figure 10b. The
parameters o and S calculated from group contribution
according to eq 12 are given in Table 17 together with the
AAD and the MD. For the 75 data points the overall AAD
was found to be 0.67 % with a maximum deviation of
1.85 %.

The QSPR (quantitative structure—property relationship)
correlations and group contribution methods developed here
are useful for predicting thermophysical properties necessary
for the design of processes or products involving AAILSs,
and, furthermore, these models can provide the basis for the
development of computer aided molecular design (CAMD)
of AAILs. These equations allow rapid calculation, are facile
to use, and can provide predictions of property values for
AAILs other than those studied. For example, densities of
six ILs based on the 1-ethyl-3-methylimidazolium cation with
[Ser]™, [Lys]~, [Thr]~, [Pro]~, [Val]~, and [Cys]™ as the
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Table 16. Group Contribution Parameters o; and f; for Equation
12 for Thermal Conductivities of the Ammonium- and
Phosphonium-Based ILs Studied
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Figure 9. Experimental thermal conductivities of the ILs studied as a
function of the temperature. (a) Effect of the amino acid-based anion on
the thermal conductivities of [Nas4:]™ based ILs: O, [Ser]~; <, [Thr]~; A,
[Lys]™; @, [Tau]". (b) Effect of the amino acid-based anion on the thermal
conductivities of [P44]™ based ILs: O, [Ser]™; <, [Thr]™; A, [Lys]; @,
[Tau]™; x, [Pro]~; M, [Val]~; A, [Cys]~. The solid lines correspond to the
fit of the data by eq 11 using correlation parameters reported in Table 15.

Table 15. Correlation Parameters, a and f, from Equation 11, the
AAD, and the MD for the Thermal Conductivities of the AAILs
Studied

105+ B AAD MD
I Wem K2 Wem KL % %

[Nasa][Ser] —10.618 0.2004 0.08 0.14
[Nasar][Tau] —10.785 0.1929 0.08 0.14
[Nazad][Lys] —10.895 0.2033 0.09 0.13
[Naga][Thr] —10.632 0.1915 0.08 0.15
[Paasal[Ser] -10.712 0.1927 0.08 0.14
[Paass] [Tau] —9.060 0.1872 0.10 0.15
[Paasa][Lys] —9.106 0.1904 0.09 0.14
[Pasad][Thr] -8.863 0.1820 0.22 0.29
[Paasa][PTO] —10.510 0.1851 0.09 0.15
[Pasaa][Val] —10.000 0.1883 0.01 0.01
[Paasa][Cys] —10.089 0.1818 0.15 0.16

anion, at 298.15 K, were predicted using eq 4 with the anion
molecular volumes V given in Table 4 [molecular volume
for 1-ethyl-3-methylimidazolium cation is (182+1073%) m®].%®
The predicted densities show good agreement with the density
values obtained from molecular dynamics simulations by
Sirjoosingh et al.° For the six data points, the AAD was
found to be 0.9 % with a MD of 1.4 %. Similar correlations
cannot be made, to date, for the thermophysical properties

10°%-q; Bi
species W-em1-K? Wemt.K!
Cations
[Niau]* 5.290 0.1625
[P1ui]™® 3.230 0.1503
Anions
[Ser]™ 3.802 0.0301
[Tau]~ 4.149 0.0268
[Lys]~ 3.091 0.0301
[Thr]~ 1.629 0.0162
[Pro]~ 3.595 0.0208
[Val]~ 3.644 0.0259
[Cys]~ 3.705 0.0191
Groups
CH,? 0.2586 0.0010
2Values taken from ref 26.
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Figure 10. (a) Linear relationship between experimental and calculated
thermal conductivity using egs 11 and 12 along with group contribution
parameters o and f3; reported in Table 16 for the ILs studied. (b) The relative
deviations between the calculated, using egs 11 and 12, and the experimental
thermal conductivity data as a function of experimental thermal conductivity
for the ILs studied. Symbols: <, [Naa][Ser]; O, [Naa][Thr]; O,
[Naza][Lys]; &, [Naass][Tau]; @, [Paasa][Ser]; @, [Paasa][Thr]; B, [Pasas][Lys];
A, [Paaaa][Taul; x, [Pasaa][Prol; *, [Pasas][Val]; —, [Pasaa][Cys].

of other AAILs because of the lack of experimental data;
however, as data becomes available, these group contribution
methods will be developed further.



Table 17. Parameters a and # Calculated from Group
Contribution According to Equation 12, the AAD, and the MD for
the Thermal Conductivities of the AAILs Studied

105+ B AAD MD
IL W-m1-K? W-m?l-K?! datapoints % %

[Nazai][Ser] 11.419 0.2016 7 0.84 1.07
[Nagar][Tau] 11.766 0.1984 7 146 1.85
[Nagai][Lys] 10.708 0.2016 7 0.65 0.78
[Nazad[Thr] 9.247 0.1877 7 048 0.68
[Paasa][Ser] 10.135 0.1924 7 097 1.02
[Paa44][Tau] 10.482 0.1891 7 166 1.85
[Paasa][Lys] 9.424 0.1924 7 061 0.78
[P4444][Thr] 7.962 0.1785 7 041 081
[Paaz][Pro] 9.928 0.1831 7 0.05 0.34
[Paass][Val] 9.977 0.1882 5 0.01 0.01
[Paasa][Cys] 10.038 0.1814 7 007 0.32

Conclusions

Several ILs based on amino acid anions and either ammonium-
or phosphonium-based cations were synthesized and their density,
viscosity, heat capacity, and thermal conductivity measured as a
function of temperature. The experimental data was used to develop
QSPR correlations and group contribution models for the prediction
of thermophysical properties of AAILs. Calculated thermophysical
property values for the studied AAILSs displayed a good agreement
with the corresponding experimental data. The correlations devel-
oped here can be used to evaluate the thermophysical properties
of AAILSs for use in process design or in the CAMD of new AAILSs.
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