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The influence of the cation’s central atom in the behavior of pairs of ammonium- and phosphonium-
based ionic liquids was investigated through the measurement of densities, viscosities, melt-
ing temperatures, activity coefficients at infinite dilution, refractive indices, and toxicity against
Vibrio fischeri. All the properties investigated are affected by the cation’s central atom nature, with
ammonium-based ionic liquids presenting higher densities, viscosities, melting temperatures, and en-
thalpies. Activity coefficients at infinite dilution show the ammonium-based ionic liquids to present
slightly higher infinite dilution activity coefficients for non-polar solvents, becoming slightly lower
for polar solvents, suggesting that the ammonium-based ionic liquids present somewhat higher polar-
ities. In good agreement these compounds present lower toxicities than the phosphonium congeners.
To explain this behavior quantum chemical gas phase DFT calculations were performed on isolated
ion pairs at the BP-TZVP level of theory. Electronic density results were used to derive electro-
static potentials of the identified minimum conformers. Electrostatic potential-derived CHelpG and
Natural Population Analysis charges show the P atom of the tetraalkylphosphonium-based ionic
liquids cation to be more positively charged than the N atom in the tetraalkylammonium-based
analogous IL cation, and a noticeable charge delocalization occurring in the tetraalkylammonium
cation, when compared with the respective phosphonium congener. It is argued that this charge de-
localization is responsible for the enhanced polarity observed on the ammonium based ionic liquids
explaining the changes in the thermophysical properties observed. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4864182]

INTRODUCTION

ITonic liquids (ILs) are composed of ions, and as a re-
sult, there are a large number of potential compounds to be
synthesized by simple structural rearrangements. ILs may be
either inert, acting only as solvents, or can be designed to
actively participate in a large range of chemical reactions.
These ionic compounds have often been considered as “green
solvents™! because of their negligible vapor pressures and, in
many cases, low flammability, when compared with common
organic solvents. Moreover, the ionic nature of ILs is the main
characteristic responsible for some of their most outstanding
properties, namely a high ionic conductivity, high thermal and
chemical stability, and enhanced solvation ability for a large
array of compounds.>? At the same time, the combination of
different ions, sustained by a wide chemical diversity, allows
the tailoring of their properties, making them quasi specific
fluids for a particular application, thus “designer solvents.”
Nonetheless and despite the large number of works outing
ionic liquids as “designer solvents,” the number of studies
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dealing with their structural design, besides the simple com-
bination of cations and anions, is, at this point, surprisingly
scarce.

This work is part of a series of systematic studies aimed
at developing the knowledge inherent to the ILs’ struc-
ture/behavior duality and ultimately create general rules for
the ILs design. Specific heuristics have been previously pro-
posed covering the ILs’ structural characteristics, namely the
alkyl chain length and isomerism and the presence/absence
of the aromaticity effect in a large range of physical, chemi-
cal, and biological properties.*”’ It aims at understanding the
impact in the ILs thermodynamic, thermophysical, and bio-
logical properties promoted by the simple substitution of a
phosphorous by a nitrogen atom on the cation’s core. In con-
trast to the ion substitution studies, the atom substitution, of
the constituent ions, has been object of a limited number of
studies.>"!* Shirota and Castner'' reported that the substitu-
tion of carbon by silicon in the neopentyl group at the imida-
zolium cation (1-methyl-3-neopentylimidazolium ([Cmim]™*)
vs 1-methyl-3-trimethylsilylmethylimidazolium ([Simim]™))
leads to a substantial reduction of viscosity. On the anionic
side, the heavy atom substitution in a series of [XFg]™ an-
ions (X = P, As, or Sb) in 1-butyl-3-methylimidazolium

© 2014 AIP Publishing LLC
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([C4mim]™)-based ILs also affects the viscosity: 290 cP for
[C4mim][PFs], 228 cP for [C4mim][AsFg], and 134 cP for
[C4mim][SbFs].!2 In addition to studies with aromatic cation-
based ILs, reductions in the viscosities of ILs with heav-
ier atoms in the same position were also reported for non-
aromatic cation-based ILs.% 10-13.14

Tsunashima and co-workers®® were the first to compare
the behavior of pairs of [NTf,]™ anion-based ammonium and
phosphonium ionic liquids investigating the differences upon
viscosities, conductivities, and thermal stability. Contrary to
most neutral molecular liquids, where the substitution of a
constituent atom by a heavier atom leads to a viscosity in-
crease, the authors® reported lower viscosities and higher con-
ductivities for the phosphonium, when compared to those of
corresponding ammonium ILs. Furthermore, in a later study’
the authors reported higher thermal stability for benzyl-
substituted phosphonium, compared to the corresponding
benzyl-substituted ammonium compounds. Shirota et al.'’
suggested that the unexpected properties change, achieved by
the heavy atom substitution in the ILs cation central atom, re-
sult from weaker interionic interactions, due to the ionic vol-
ume increase, and that this substitution has an impact on bulk
properties (i.e., density and viscosity) but not on surface prop-
erties (i.e., surface tension). This is further confirmed by the
results reported by Lee et al.'* using NOE 2D NMR.

Aiming at extending these studies to other pairs of ammo-
nium/phosphonium ionic liquids with variable chain lengths
and different anions than those previously investigated, four
pairs of ammonium/phosphonium ILs, only distinguishable
by the cation’s central atom, were studied through the
determination of the properties: (i) density, viscosity, and
refractive indices for the compounds in the liquid state and
melting points for the solid ILs, (ii) infinite dilution activity
coefficients on a large set of solvents, (iii) ecotoxicity investi-
gated by Microtox® assays. To try to provide an explanation
for the differences in behavior observed, quantum chemical
gas phase DFT calculations were performed on isolated ion
pairs at the BP-TZVP level of theory for some of the IL pairs
investigated.

MATERIALS AND METHODS
Materials

This work was developed using eight ILs based on the
quaternary ammonium and phosphonium cations, namely,
tributylhexylammonium  bis(trifluoromethylsulfonyl)imide,
[N4.446][NTf,], tributylhexylphosphonium
bis(trifluoromethylsulfonyl)imide, [Ps446][NTf,], tributyl-
hexylammonium hexafluorophosphate, [N44.46][PF¢], tetra-
butylammonium hexafluorophosphate, [N4444][PF¢], trib-
utylhexylphosphonium hexafluorophosphate, [Pa446][PFs],
tetrabutylphosphonium hexafluorophosphate, [P44.44][PFs],
trioctylmethylammonium bis(trifluoromethylsulfonyl)imide,
[Ngs.s.1][NTf,], and trioctylmethylphosphonium
bis(trifluoromethylsulfonyl)imide,  [Pggs ]J[NTf;].  The
chemical structures, purity, and supplier are displayed in
Figure 1.

To reduce the water and volatile compounds content to
negligible values, ILs individual samples were dried under
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moderate vacuum and temperature, for a minimum of 48 h.
After this procedure, the purity of each IL was confirmed by
TH, 13C, and '"°F NMR and shown to be better than 98% for all
the compounds investigated. The water concentration of dried
ILs was determined through Karl Fisher titration and was less
than 3 x 10™* mass fraction. The water used was ultra-pure
water, double distilled, passed by a reverse osmosis system
and further treated with a Milli-Q plus 185 water purification
apparatus.

Methods
Density, viscosity, and melting points

Viscosity and density data were measured for the
ILs [Ng446l[NTf2], [Ps446][NTf2], [Nggg1]l[NTf2], and
[Psgs1]1[NTf,] using an automated SVM 3000 Anton Paar
rotational Stabinger viscometer-densimeter in the tempera-
ture range from 283.15 to 373.15 K, within an uncertainty
of £0.02 K and at atmospheric pressure. The relative uncer-
tainty of the dynamic viscosity obtained is £0.35%, while the
absolute uncertainty in density is 5 x 107* g cm™3. Fur-
ther details about the equipment and method can be found in
Refs. 15 and 16.

The ILs [N4’4’476][PF6] and [P4,4’4,6][PF6] are not lquId
within the temperature range available for the density and
viscosity measurements, therefore, their density and viscos-
ity were not collected.

The melting points and glass transition temperatures
of the ILs investigated were determined through a DSC
(Diamond Differential Scanning Calorimetry) Perkin Elmer
equipment, using a Universal Thermal Analyzer DSC Q200
V23.12.

The analytical procedure included a cooling ramp down
to 183.15 K and a heating ramp up to 733.15 K at a rate
of 0.167 K s~!. The ILs were submitted to three cycles
of cooling and heating with a constant nitrogen flow of
0.833 cm® s!, supplied to the DSC cell in order to avoid
condensation of water at the lower temperatures. At least two
independent runs were performed for each compound.

Refractive index

Refractive indices (np), at 589.3 nm, were measured for
the ILs [N 446][NTf2], [P44.46][NTH2], [Nggg1]1[NTf:], and
[Psg.s.1]1[NTf,] using an automated Abbemat 500 Anton Paar
refractometer, at 298.15, 323.15, and 348.15 K and atmo-
spheric pressure. The instrument uses reflected light to mea-
sure the refractive index, where the sample on top of the mea-
suring prism is irradiated from different angles by a LED.
The maximum deviation in temperature is £0.01 K and the
maximum uncertainty in the refractive index measurements
is £0.00002, respectively. The derived molar refractions, Ry,
free volumes, f;,,, and polarizabilities were determined, as well
as the following:'7-1?

o n%—l 3M, 1)
drey  \n% +2) 4wpNys’
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FIG. 1. Chemical structure, abbreviations, purity, and supplier of all ILs investigated.

where « is the electronic polarizability, & is the vacuum per-
mittivity, p is the compound’s density, M, is the molecular
weight, and Ny is the Avogadro number

N 21
R, = A%0 = (n ) Vi, (2)

3eg n24+1

where V,, is the molar volume

fm:Vm_Rm~ 3)

Activity coefficients at infinite dilution

Inverse chromatography experiments were carried
out using a Varian CP-3800 gas chromatograph equipped
with a heated on-column injector and a flame ionization
detector. The injector and detector temperatures were
kept at 523 K during all experiments. The helium flow
rate was adjusted to obtain adequate retention times.
Methane was used to determine the column hold-up
time. A more detailed description about the equipment
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and method can be found in the
material.*?

The retention data garnered by inverse chromatography
experiments were used to calculate partition coefficients of
the numerous solutes in the different ILs. The standard-
ized retention volume, Vy, was calculated following the

relationship®®-?!

supplementary

’ Tcol Pow
VN=J-U0tRT 1—P . 4)
rt 0

The adjusted retention time, tk, was taken as the differ-
ence between the retention time of a particular solute and that
of methane, T,,; is the column temperature, U, is the flow
rate of the carrier gas measured at room temperature (7)),
P,,, is the vapor pressure of water at T,,, and P, is the outlet
pressures. The factor J in Eq. (4) corrects for the influence of
the pressure drop along the column and is given through the
relation?%?!

=r——=2 5)

where P; is the inlet pressure.
Activity coefficients at infinite dilution for solute 1
in each IL, yl.‘f}’L, were calculated with the following

expression:?%2!

R-T By — V90
ln VI,OC;L — ln <nz—0> — P()#

Vy P, ""R-T
2Bj3 — V>
] (©6)

where n, is the number of moles of stationary phase com-
ponent within the column, R is the ideal gas constant, T is
the oven temperature, By, is the second virial coefficient of
the solute in the gaseous state at temperature 7, B3 is the
mutual virial coefficient between solute 1 and the carrier gas
(helium, denoted by “3”), and PlO is the probe’s vapor pres-
sure at temperature 7. The values of Pl0 result from correlated
experimental data. The molar volume of the solute, Vlo was
determined from experimental densities and the partial molar
volumes of the solutes at infinite dilution, V,>°, were assumed
to be equal to Vlo. The values required for the calculation of
these parameters were taken from previous works.?

Microtox® toxicity tests

The Microtox® test?* was used to evaluate the inhibition
of the luminescence in the bacteria Vibrio fischeri using a pro-
cedure detailed in Refs. 7 and 24. The bacterium was exposed
to a range of diluted aqueous solutions (typically from 0%
to 81.9%) of each IL, where 100% of IL corresponds to the
known concentration of a stock solution previously prepared.
After 5, 15, and 30 min of exposure to the IL, the light output
of the luminescent bacteria is measured and compared with
the light output of a blank control sample, allowing the es-
timation of the corresponding 5, 15 and 30 min-ECs, values
through Microtox® Omni™ Software version 4.1.%

J. Chem. Phys. 140, 064505 (2014)

Partial charges and charge delocalization

In quantum chemical gas phase calculations, ge-
ometries, and atom charges of the isolated ion pairs
were optimized using the TZVP basis set and non-local
BP exchange/correlation functional as implemented in Gaus-
sian 03 Rev D.02.%6 After independently optimizing the con-
stituting ions, different initial guess conformations for the two
isolated ion pairs were prepared by matching the most positive
areas of the cation with the most negative areas in the anion.
Then, initial geometries were optimized; vibrational analysis
on the obtained structures confirmed the presence of true min-
ima on the potential energy surface. On the obtained minima,
atomic charges of the six different ionic pairs were retrieved
by Mulliken population analysis®’ as well as electrostatic sur-
face potential (ESP) fits, using the CHelpG algorithm®® to
electron densities obtained at the BP/TZVP level.

RESULTS AND DISCUSSION

Density, viscosity, melting points,
and refractive indices

Viscosity and density measurements were carried out in
the temperature range of (283.15-373.15) K at atmospheric
pressure, as depicted in Figure 2 and reported in Table I. The
change of a P (Ar = 30.9738) for a N (Ar = 14.006) leads to
a surprising increase in both the density and viscosity of the
IL pairs. Inverting the effect of the addition of a heavier atom,
the densities of the ammonium are higher than those of phos-
phonium, and this effect is even more noticeable on the vis-
cosities. Although it could be expected that the introduction
of a heavier atom would increase the densities and viscosi-
ties, as commonly observed, or that the large cation’s alkyl
chains used in this study would shield the central atom and
therefore smooth or even remove its influence on the interac-
tions, and ultimately on the properties of the IL, the viscosity
and density results show that even surrounded by large alkyl
chains, the cation’s central atom still has an important im-
pact on these basic thermophysical properties. The two pairs
here reported present the same behavior previously observed
by Tsunashima et al.® and Shirota et al.'® Tsunashima et al.®
reported a 'H NMR chemical shift towards a high magnetic
field, of the ammonium CH,; groups adjacent to the cationic
center compared to the corresponding phosphonium. The au-
thors suggested that the shifts observed are attributed to rel-
atively high electron density of the protons in the phospho-
nium cations and that this electron density increase leads to
lower acidity and lower electrostatic interactions of the phos-
phonium ILs and therefore, to a density decrease.® Shirota
et al.,'" supporting the work of Tsunashima and co-workers,
stated that the substitution of the ILs cation central atom, with
a heavier atom, leads to weaker interionic interactions due
to the ionic volume increase. Furthermore, according to the
authors this substitution is more relevant on bulk properties,
such as viscosity and density, and almost negligible on surface
properties, such as surface tension.

Their melting points and glass transition temperatures
were measured and are reported in Table II. Similarly to what
was observed for the density and viscosity, the change of the
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FIG. 2. Density (top) and viscosity (bottom) for the studied [NTf,] anion-based ILs. The solid curves are guides for the eyes.

TABLE I. Experimental densities (p), viscosities (1), and molar volumes (V,,,).

o " Vm 1Y n Vm o u Vm 0 u Vm
(g cm™?) (mPas) (cm? mol™!) (g cm™?) (mPas) (cm? mol™!) (g cm™3) (mPas) (cm? mol™!) (g cm™3)  (mPas) (cm® mol™!)

T (K) [Ng s.8.1][NTf;] [Pss.8,1][NTH2] [N4.4.46][NTf,] [P4.4.46][NTf2]

278.15 1.2081  3573.70 455.81 1.1729  1589.3 483.95
283.15 1.1191  1905.20 580.69 1.1056  806.54 603.13 1.2039  2173.00 457.40 1.1690  1077.8 485.57
288.15 1.1152  1272.10 582.72 1.1016  569.19 605.32 1.1996  1374.10 459.04 1.1650 751.99 487.24
293.15 1.1113 877.56 584.76 1.0977 411.22 607.47 1.1954 910.46 460.65 1.1609 542.14 488.96
298.15 1.1075 619.64 586.77 1.0938  303.04 609.63 1.1911 611.32 462.31 1.1570 391.90 490.61
303.15 1.1035 446.75 588.90 1.0900  227.45 611.76 1.1868 426.67 463.99 1.1531 291.62 492.26
308.15  1.0997 328.50 590.93 1.0863 173.60 613.84 1.1827 305.82 465.60 1.1493 220.77 493.89
313.15  1.0960 246.02 592.93 1.0826  134.59 615.94 1.1786 225.69 467.22 1.1455 170.65 495.53
318.15  1.0923 187.39 594.94 1.0789  105.87 618.05 1.1746 168.22 468.81 1.1418 132.53 497.14
323.15 1.0886 145.00 596.96 1.0753 84.42 620.12 1.1706 128.62 470.41 1.1380 104.88 498.80
328.15 1.0850 113.88 598.94 1.0716 68.18 622.26 1.1666 100.02 472.02 1.1344 84.037 500.38
333.15 1.0814 90.68 600.93 1.0679 55.73 624.42 1.1627 79.08 473.61 1.1307 68.281 502.02
33815 1.0778 73.14 602.94 1.0643 46.03 626.53 1.1588 63.19 475.20 1.1270 55.795 503.66
343.15  1.0742 59.69 604.96 1.0607 38.41 628.66 1.1549 51.30 476.81 1.1234 46.185 505.28
348.15 1.0706 49.26 607.00 1.0571 32.37 630.80 1.1510 42.09 478.42 1.1197 38.566 506.95
353.15  1.0670 41.07 609.04 1.0535 27.51 632.95 1.1472 34.98 480.01 1.1161 32.527 508.58
358.15  1.0635 34.57 611.05 1.0499 23.58 635.12 1.1433 29.30 481.64 1.1125 27.559 510.23
363.15  1.0599 29.38 613.12 1.0464 20.38 637.25 1.1395 24.83 483.25 1.1089 23.562 511.89
368.15 1.1357 21.18 484.87 1.1053 20.286 513.55
373.15 1.1320 18.27 486.45 1.1018 17.633 515.18
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TABLE II. Melting temperature (7,,), enthalpy (AHp), and entropy
(ASjus) of the studied ILs.

Tmto AHps + 0 ASfs £ 0

X) (kJ mol™1) (kJ mol~! K1)
[P444,61[PFs] 414.43 +0.01 850+£021  0.0205 = 0.0005
[N44.461[PFs] 440.17 £0.03  9.624022  0.0219 % 0.0005
[P44.4.41[PFs]* 498.60 £0.03  14.67£0.02  0.0294 % 0.0001
[N44441[PFg]* 524334£0.19  1641£0.13  0.0313 £ 0.0002
[P4.4.46][NTf2] «193.15
[Ny 4,46][NTE] 296.85+£0.24  4491+076  0.1513 £0.003

2Neves et al.* and o, standard deviation.

cation central atom, a phosphorous by a nitrogen, leads to an
increase on both the IL melting temperature and enthalpy.
Furthermore, the same behavior was observed for the ILs
[Ny.444][PFs] and [Py444][PFs], recently reported by us.?
Contrary to Tsunashima and co-workers® observations, the
liquid ILs studied here follow the same trend, with the change
of the cation central atom, a phosphorous by a nitrogen, lead-
ing to the increase on both the IL melting temperature and
enthalpy.

The experimental refractive indices for the ammo-
nium/phosphonium ILs pairs are listed in Table III at 298.15,
323.15, and 348.15 K along with the derived molar refrac-
tions, Ry, and the calculated free volumes, f,, and polariz-
abilities, at 298.15 K. The phosphonium-based ILs refractive
indices are slightly higher than those of the homologous am-
moniums, but the polarizabilities and the free volumes derived
molar refractions follow the opposite behavior, the latter in
good agreement with the density values measured for these
pairs.

Recently, Seki et al.”” evaluated the refractive indices of
17 ILs, as function of temperature, against theoretical po-
larizabilities obtained through ab initio calculations. On the
premise that refractive indices are an indication of the dielec-
tric response to an electrical field, induced by electromagnetic
waves, and that refractive indices can be considered as the re-
sponse to electronic polarization as the first order approxima-
tion, within an instantaneous time scale, the authors proposed
a correlation between the refractive index and the polarizabil-
ity normalized in terms of the molecular volume.*

Following the work of Seki et al.*® the refractive indices
of the studied ILs, at 303.15 K, were plotted against the exper-
imental polarizability normalized in terms of the IL molecular
volume. As depicted in Figure 3 the correlation proposed by

1 30
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FIG. 3. Relationship between refractive index and polarizability/molecular
volume for ILs at 303.15 K. The white triangles and the solid line represent
the experimental data and the correlation of Seki e al.,’ respectively.

the authors is able to predict the refractive index from the po-
larizability and vice versa, within the uncertainty of the cor-
relation.

Activity coefficients at infinite dilution

The experimental activity coefficients at infinite dilution,
Y171 for the ammonium/phosphonium ILs pairs, calculated
through Eqgs. (4)—(6), are listed in Table IV for 323 K, 333 K,
and 343 K, alongside with the solvents solubility parameters,
8 solvens> gathered from literature.3!

In a previous work®? it was shown that imidazolium-
based ionic liquids present an amphiphilic character and are
able to interact differently depending on the solute polarity.
In fact, this ability to interact either with non-polar, through
dispersion forces, and polar solutes/solvents, through dipoles
and hydrogen bonding, are the reason behind the enhanced
ILs solvation ability. Although, as previously reported for
imidazolium-based ILs and other complex molecules,>3¢
this chameleonic behavior is not observed for the ammonium
and phosphonium ILs pairs here studied.

The data presented in Table IV shows that, overall, the
temperature increase leads to the yf‘} . decrease, as com-
monly observed in literature.>”-3® Moreover, the IL anion is
also shown to play a key role on the IL—solvent interactions.
In fact [PFg]-based ILs present activity coefficients at infi-
nite dilution two orders of magnitude higher than those of

TABLE III. Refractive indices, isotropic polarizabilities, derived molar refractions (Ry,), calculated free volumes (fr,), experimentally and QC derived polar-
izabilities for the studied ILs at 298.15 K, 323.15 and 348.15 K and atmospheric pressure.

Polarizability (bohr?)

L NP(298.15 K) Np(323.15 K) NP(348.15 K) Rin 298,15k (cm® mol~1) fm 208,15k (cm3 mol™!) Expt. BP-TZVP
[Ngg.81]1[NTf;] 1.43794 1.43023 1.42260 153.78 432.09 411.39 426.42
[Pg g1 ][NTf] 1.44541 1.43753 1.42971 162.14 446.58 433.76 444.42
[N4446][NTf;] 1.43375 1.42614 1.41862 120.34 341.98 321.92 328.36
[Ps4.46][INTf] 1.45156 1.44397 1.43636 132.24 358.37 353.77 346.21




TABLE IV. Experimental activity coefficients at infinite dilution, y,°}, and solubility parameter, 8., of organic compounds in ILs at various temperatures.

[N4,4,4,6][PF¢] [Na4.4,6][NTf] [P4.4.461[PFs] [P4.4,4,6][NTf;] [Ng g,8,1][NTf?] [Pggg,1][NTf;]
T (K) T (K) T (K) T (K) T (K) T (K)

Solute Sso1. 32225 33245 342,75 32225 33245 34275 322775 33295 34275 32155 33295 343.15 323.15 333.15 343.15 323.15 333.15 343.15
1,4-dioxane 20.5 5.234 5.134 5.179 0.527 0.531 0.529 7.813 7.407 7.045 0.708 0.673 0.661 0.522 0.512 0.513 0.552 0.540 0.535
1-butanol 233  10.171 9.613 9.255 1.613 1.454 1312 11490 10.276 10.860 1.395 1.176 1.129 1.155 1.330 0.976
1-heptyne 1.416 1.594 1.578 1.503 1.469 1.463 1.037 1.041 1.053 0.953 0.936 0.970
1-hexene 15.1 2.307 2.288 2.247 2.338 2.209 2.143 1.330 1.295 1.281 1.143 1.136 1.136
1-hexyne 1.287 1.281 1.266 1.243 1.209 1.200 0.908 0.895 0.901 0.844 0.840 0.838
1-nitropropane 21.1  32.847 29414 26.738 0.531 0.528 0.521 23.103 20912 19.682 0.547 0.563 0.554 0.523 0.874 0.501 0.542 0.519 0.510
1-propanol 24.3 5.022 4.886 4.800 1.427 1.308 1.183 6.749 5.020 5.839 0.557 0.523 0.508 1.360 1.190 1.086 1.151 1.052 0.964
2,2 4-Trimethylpentane 1.999 1.976 1.940 1.688 1.663 1.654
2-butanone 19.0 8.892 8.119 7.040 0.346 0.326 0.299 12483 10.489 8.922 0.427 0.375 0.341 0.305 0.282 0.261 0.308 0.283 0.262
2-Methyl-1-propanol 9.750 9.400 8.770 1.513 1.372 1.241 12.220  11.299  10.894 0.492 0.511 0.504 1.319 1.181 1.084 1.097 1.000 0.927
2-pentanone 17.938 18.494 17.679 0.419 0.466 0472 25536 24.089 21.686 0.547 0.540 0.531 0.373 0.377 0.385 0.369 0.376 0.383
2-propanol 23.5 5.223 5.086 4919 1.399 1.265 1.154 8.300 6.919 7.115 0.667 0.619 0.603 1.312 1.172 1.080 1.192 1.085 0.999
3-Methylpentane 3.026 2918 2.787 2.934 2.721 2.620 1.591 1.552 1.513 1.343 1.317 1.307
3-pentanone 17.010 16.770 16.402 0.425 0.434 0.445 25288 22312 19.997 0.498 0.489 0.498 0.343 0.350 0.362 0.338 0.351 0.358
Acetonitrile 24.3 1.441 1.866 2.280 0.422 0.378 0.435 1.520 1.515 1.412 0.504 0.515 0.494 0.486 0.425 0.454 0.578 0.549 0.537
Benzene 18.8 10414 9.291 9.171 0.551 0.568 0.577 8.260 7.863 7.084 0.669 0.640 0.642 0.472 0.469 0.473 0.470 0.463 0.470
Butyraldehyde 18.4 0.199 0.240 0.306 0.487 0.084 0.080 0.428 0.449 0.441
Chloroforme 19.0 5.781 5.572 5.360 0.482 0.499 0.507 2.739 2911 3.076 0.260 0.301 0.318 0.404 0.414 0.427 0.370 0.376 0.386
Cycloheptane 5.789 7.879  10.840 5.069 7.060 9.550 2.956 4.139 5.729 2.485 3.502 4.849
Cyclohexane 16.8 2.249 2.106 2.116 2.135 1.977 1.883 1.238 1.201 1.171 1.042 0.999 1.009
Decane 13.5 461.10 429.81 337.72 8.789 8.129 7.641 388.802 406.767 338.666 7.794 6.899 6.544 3.289 3.178 3.111 2.643 2.564 2.523
Dichloromethane 20.3 3.935 4.320 4.720 0.172 0.412 0.422 3.559 3.178 3.014 0.309 0.357 0.367 0.342 0.356 0.369 0.320 0.331 0.343
Diethyl ether 15.1 1.149 1.097 1.133 1.146 1.220 1.044 0.810 0.798 0.801 0.755 0.749 0.748
Di-iso-propyl ether 14.1 2.092 2.077 2.018 1.960 2.079 2.100 1.277 1.266 1.267 1.134 1.122 1.130
Dodecane 16.2 747.76  685.3 648.75 606.251 584.431 575.779
Ethanol 26.0 2.681 2.618 2.834 0.687 0.758 1.064 12917 2.167 2.866 0.557 0.518 0.502 1.270 1.133 1.053 1.212 1.098 1.020
Ethylbenzene 18.0 53.440 46.713 44.526 0.989 1.011 1.026  42.707 38.588 35.176 1.155 1.125 1.106 0.681 0.706 0.718 0.676 0.682 0.692
Formaldehyde 0.193 0.219 0.243 0.089 0.097 0.104 0.101 0.117 0.124 0.010 0.086 0.091 0.082 0.087 0.093
Heptane 15.1 4.276 4.077 3.968 4.023 3.670 3.523 1.998 1.952 1.901 0.157 1.638 1.622
Hexane 14.9 3.326 3.199 3.089 3.216 2.491 1.698 1.663 1.630 1.436 1.411 1.398
Methanol 29.6 0.544 0.489 0.671 2.079 1.843 2.514 0.395 0.365 0.332 0.757 0.717 0.665 1.042 0.942 0.880
Methylcyclohexane 159 2.819 2.686 2.601 2.612 2.408 2.303 1.424 1.373 1.352 1.131 1.169 1.157
Methylcyclopentane 2.277 2.128 2.182 2.238 2.068 1.932 1.277 1.230 1.201 1.078 1.094 1.046
m-xylene 18.0 60.499 55.849 49.949 1.029 0.647 1.052 46.826 42.276 38.712 1.204 1.170 1.148 0.686 0.694 0.708 0.680 0.673 0.684
Nitromethane 26.0 10.158 9.400 9.283 0.569 0.559 0.536 6.984 6.662 6.238 0.598 0.609 0.580 0.664 0.624 0.599 0.718 0.676 0.644
Nonane 15.6 7.519 7.062 6.668 351.838 323.323 263.141 6.836 6.099 5.772 3.045 2.941 2.868 2.491 2.413 2.361
Octane 15.6 5.409 5.177 4918 5.003 4.532 4.354 2.358 2.292 2.276 1.954 1.910 1.886
o-xylene 18.0 56.535 50.124 45.588 0.932 0.939 0.960 40.824 36.552 46.946 1.099 1.058 1.055 0.641 0.654 0.670 0.629 0.640 0.653
Propionaldehyde 0.097 0.113 0.148 0.422 0.075 0.124 0.444 0.469 0.463 0.053 0.369 0.365 0.378 0.383 0.374
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32225 33245 34275 32225 33245 34275 322775 33295 34275 321.55 33295 343.15 323.15 333.15 343.15 323.15 333.15 343.15

Ssol.

Solute

0.707 0.669 0.674 0.679

0.366
0.775

0.700
0.359
0.767

1.119 0.687

0.446
0.916

44.628 41216 37.028 1.168 1.151
0.470 0.450

13.828
12.361

1.041

0.310

1.036
0.303
1.125

51.519  46.276 1.036
0.312

57.087

18.0

p-xylene

0.360
0.766

5.602
11.567

5.857
11.985

21.9 1.558 1.730 1.809

17.6

Pyridine

0.690 0.691

0.687

0.901

0.828

1.112

1.124

Tetrachloromethane

897.165 859.374 860.623

1063.46  996.99

1073.02

Tetradecane
Thiophene
Toluene

0.547 0.552 0.515 5.132 5.160 4.717 0.557 0.593 0.590 0.469 0.466 0.469 0.471 0.462 0.462
0.726 19.518 17.780 16.607 0.836

5.462
22.139
807.39

5.559
22.640
881.94

5.866
25.267
946.98

20.1

0.567 0.544 0.544 0.556

0.555

0.548

0.840

0.863

0.755

0.740

18.2

751.650 731.283 728.042

Tridecane

1.218

0.776
0.374

3.735

1.138
0.449

2.323

15.1

Triethylamine

0.275 0.272 0.269

0.398

Trifluoroethanol

3.639 2.900

8.520 7.985

9.468 504.459 477.470 451.743 9.824

10.184

11.127

592.20 476.98

611.61

Undecane
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[NTf,]-based ILs. The ratio between ammonium and phos-
phonium IL pairs, presented in Figure 4, show that the
ammonium-based ILs present somewhat higher activity co-
efficients at infinite dilution for non-polar solvents, decreas-
ing until becoming slightly lower for polar solvents. Although
noticeable for all the ILs pairs studied it is more noticeable
for the trioctylmethylphosphonium and trioctylmethylammo-
nium ILs, as depicted in Figure 4. These results suggest a
higher polar nature of the ammonium based ionic liquids
when compared with the phosphonium based, in agreement
with the results for the other thermophysical properties pre-
sented before.

Microtox® toxicity tests

The ILs ecotoxicity was investigated using the
Microtox® bioassay, a well-known bioluminescence in-
hibition test assessing on the bacterium Vibrio fischeri.

The impact of all the ILs investigated in this work was
studied considering various structural features, the length of
the alkyl chain substituted in the cation core and the influ-
ence of the substitution of the central atom in the cation.
Table V shows the ECsy results for all ILs at the expo-
sure times of 5, 15, and 30 min. Three exposure times were
adopted to assure the total toxic impact of each IL in the or-
ganism. Again, the presence of a phosphorous or a nitrogen
as the cation’s central atom has a significant impact on the IL
toxicity. For the same IL pair, the ECs values indicate that the
bacterium is more tolerant to the presence of the ammonium
than to the phosphonium ILs. The results show that the phos-
phonium family is more toxic, being this effect independent
of the exposure time, anion and alkyl chain lengths (ECs-
ammonium > ECsp-phosphonium). Moreover, the results of
Table V also show that the [NTf,] anion is the most toxic,
which is in close agreement with the literature results.”’
Despite the scarce number of studies reporting toxicity data
for these non-aromatic and acyclic families, the same ten-
dency here described was also identified in literature.*’ Mag-
inn and co-workers* reported the ecotoxicity of tetrabutylam-
monium bromide, [N4444][Br], and tetrabutylphosphonium
bromide, [P444.4][Br], for the Vibrio fischeri bacterium, with
the phosphonium-based IL presenting a higher ecotoxicity
[(0.51 < EC5p = 0.51 < 0.51) mg 1717 in comparison with
the ammonium cation [(1.58 < ECs5p = 1.86 < 2.18) mg 1.

It is widely accepted in the literature*":#? that the toxi-
cities of ionic liquids are related with their hydrophobicities.
The lower toxicity of the ammonium compounds supports that
they present a lower hydrophobic nature (higher polarities)
than their corresponding phosphonium counterparts, which
is in agreement with the infinite dilution activity coefficients
reported.

Partial charges and charge delocalization

To attempt to explain the results o described
above, geometries and atom charges of the isolated
ion pairs were calculated using the TZVP basis set
and non-local BP exchange/correlation function. The
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FIG. 4. Activity coefficients at infinite dilution as function of solvents solubility parameters. The solid curves are guides for the eyes.

determination of the ion pairs geometries and atom charges
allows the evaluation of the impact of the cation’s central
atom on the IL structure, interactions capability and ul-
timately on the properties. Electrostatic potential-derived
CHelpG charges calculations were conducted for the pairs
[Nsgs811[INTf,1/[Psgs11[NTf,], [Ngssi1[PFsl/[Ps3ss,1]1[PFsl,
and [N4 4.4 61[NTf21/[P44.46][NTf;]; coordinates and Mulliken
and CHelpG charges for all atoms are given as supplementary
material.*> While Mulliken charges are based on orbital
occupancies, CHelpG electrostatic potential-derived charges
allocate point charges to fit the computed electrostatic po-
tential at a number of points at the molecular van der Waals
surface.

With respect to the CHelpG electrostatic potential-
derived charges, the P atom of the respective phosphonium-
based cations has a positive partial charge ([Pggg1]1[NTf]:
+0.306; [P4.4.46][NTf,]: 40.318 and [Ps g 1][PFc]: +0.404)
while the N atom in the ammonium-based cations is nearly
electro-neutral, ([Nggg][INTf;]: —0.078; [Na446][NTf,]:
+0.111 and [Nggs][PFs]: —0.042) due to a noticeable
charge delocalization occurring in the alkyl ammonium
cations, when compared with the respective phosphonium
congeners. The CHelpG charge partitioning across the
cationic carbon backbone is not uniform with symmetry; av-
eraging electrostatic charges over all significant ion pair con-
formers calculated by the DFT/CHelpG method should yield
a more accurate picture, but this approach was beyond the
scope of this work.

Furthermore, partial atomic charges were retrieved from
Natural Population Analysis (NPA). The most important re-
sults are summarized in Figure 5; further information is given
in the supplementary material;* the results do support the
CHelpG results with respect to the center atoms. The NPA
partial charges assigned for the carbon and hydrogen atoms of
the methylene groups adjacent to the center atom are distinc-
tively different of the ones encountered in alkanes (e.g., inside
an octane carbon chain, calculated at the same level of the-
ory): the hydrogen atoms are more positive in all cases, while
the carbon atoms are less negatively charged in the N ILs and
more negatively charged in the P ILs. The found charges at the
center atoms are significantly different: e.g., in the exemplary
case of the pair [N4,4,4!6][Nsz]/[P4,4!4,6][NTf2]Z —0.159 (N)
and +1.491 (P). The adjacent methylene groups also are dif-
ferently charged: 4+-0.240 (N) and —0.180 (P). The methylene
groups connected to N are in all cases more positively charged
than in the case of P. Counting together the center charge and
the charges of the adjacent methylene groups, one reaches
to a slightly different net charge of the cationic center sur-
rounded by four methylene groups: 40.800 (N) and 4-0.773
(P), indicating slightly stronger Coulomb-interactions in the
respective ammonium cationic center. Within this perimeter,
while having nearly the same net charge, the positive charge is
more evenly distributed in the N species (reflecting hybridiza-
tion), while it concentrates at the center in the case of P. Only
after reaching a distance of three C atoms from the respec-
tive center atoms, similar charges are assigned like in octane,

TABLE V. ECsg values estimated for 5, 15, and 30 min of exposure to the luminescent marine bacteria Vibrio

fischeri.

ECsp (mg 171) = confidence bound (lower; upper)
Ionic liquid 5 min 15 min 30 min
[Ps446][NTf] 4.30(3.78; 4.81) 3.83 (2.85; 4.81) 6.55 (4.28; 8.83)
[N4446][NT] 18.19 (16.41; 19.98) 15.55 (14.67; 16.42) 17.80 (14.30; 21.30)
[P4.4.461[PFs] 45.64 (41.38; 49.90) 42.15 (37.78; 46.53) 42.95 (26.43; 59.46)
[N4446][PFs] 78.27 (68.53; 88.01) 61.27 (51.77; 70.77) 63.35 (54.28; 72.42)

[Ps.s.5,1][NTf2]
[Ngg8.11[NTf]
[P4.4.44][PFe]
[Ny,4.4.4]1[PF¢]

192.79 (62.28; 323.30)

118.24 (49.99; 186.48)
270.60 (253.14; 306.06)

4.37 (0.00; 17.50)
23.30 (19.88;26.72)
106.77 (39.68; 173.86)
200.07 (185.20; 214.94)
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FIG. 5. Partial NPA charge distribution details for the studied ILs, retrieved at the BP-TZVP level of theory, for a fixed charge range. Charges of the central
atoms (N or P) and cationic centers (CC, comprising the respective central atom and adjacent methylene/methyl groups) are presented. Complete pictures are

given in the supplementary material.*3

for both IL families. These results suggest that, while the P
atom on the phosphonium cations is more charged than the
N at the ammonium, since they are shielded by the tetrag-
onal disposition of the alkyl chains a direct interaction with
the central atom will be unlikely. The charge delocalization
at the ammonium makes thus the central part of these cations
more charged, and thus more polar, than at the correspond-
ing phosphonium. Furthermore the polarizabilities obtained
through the quantum chemical gas phase calculations, at the
BP/TZVP level, are in good agreement with the experimental
ones as shown in Table III.

Recently Castner and co-workers'# investigated the
cation-anion interactions, exploring the proximities between
ions, for two pairs of isoelectronic ILs using nuclear over-
hauser effect 2D NMR methods. The authors observed signif-
icant differences in the nuclear dipolar interactions between
the octyl-substituted Nyyg™/NTf,~ and Pypgt/NTf,~, with
the NTf, anions concentrated heavily around the head group
of the Njjys, leaving the rest of the cation almost free of in-
teractions with the NTf, anions, while for the P,;,g cation,
the NTf, anion interacts with the middle and terminal hydro-

gens of the cation alkyl chain. Both the quantum chemical gas
phase calculations as the Castner et al.'* NMR studies support
the effect of the cation’s central atom change on the ILs prop-
erties.

If one pictures the ammonium-based ILs as having a
stronger cation-anion interaction due to the charge delocal-
ization than the phosphonium-based ILs that present the anion
positioned around the cation alkyl chains, the increase of the
density and viscosity can be seen as direct consequences of
this arrangement, as well as the increased free volume of the
phosphonium that is estimated from the refractive index mea-
surements. Furthermore the charge delocalization also con-
fers a higher polarity to the ammonium cation, in opposi-
tion to the more concentrated but not accessible charge of
the phosphonium cation. This would explain the higher ac-
tivity coefficients at infinite dilution for non-polar solvents,
decreasing until becoming slightly lower for polar solvents,
observed for the ammonium ILs. Finally, the ammonium rigid
structure will also lead to a more compact bulk structure and
therefore to, as shown in Table II, higher melting tempera-
tures and lower melting entropies since the entropy of the
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solid phase will be lower than those of the corresponding
phosphonium.

CONCLUSIONS

Aiming at understanding the ILs behavior in different en-
vironments and ultimately develop correlations, methods or
heuristics to design task-specific ILs, a set of works have been
conducted by us over the past years. In spite of the large num-
ber of works describing ILs as “designer solvents” the studies
investigating their structural design are scarce. Here the influ-
ence of the ammonium- and phosphonium-based IL cation’s
central atom was investigated through the measurement of
densities, viscosities, melting temperatures, refractive indices,
activity coefficients at infinite dilution, and toxicities, against
Vibrio fischeri, of pairs of ammonium- and phosphonium-
based ILs.

Although a shielding effect due to the surrounding
cation’s alkyl chains was expected, smoothing or even
removing the influence of the cation’s central atom on the in-
teractions, structure or ultimately on the properties, what the
density, viscosity, melting temperatures, refractive indices,
infinite dilution activity coefficients, and toxicity results
show is the opposite. In fact, all the properties investigated
are pronouncedly affected by the cation central atom nature.

Geometries and atom charges of the isolated ion pairs
were calculated using the TZVP basis set and non-local BP
exchange/correlation function. The results show a greater
charge delocalization near the cation central atom that in-
duces a stronger cation anion interaction for the ammonium-
based ILs. Furthermore, the differences in the nuclear dipolar
interactions between the octyl-substituted Nyypst/NTf, ™ and
P,2,37/NTf, ™ observed by Caster and co-workers allow us to
picture the ammonium-based ILs with a more rigid structure,
with the cation preferentially around the head group of the
cation, and therefore with higher densities, viscosities, and
melting temperatures than the phosphonium ILs, that present
a more movable anion that interacts either with the cation
head group or with the cation’s alkyl chain terminal hydro-
gen. This less rigid structure confers the phosphonium ILs
with higher free volume and polarizability. Furthermore, the
NTf, anions concentrated heavily around the head group of
the ammonium-based ILs, leaving the rest of the cation almost
free of the NTf, anions, explains their higher activity coeffi-
cients at infinite dilution for non-polar solvents, decreasing
until becoming slightly lower for polar solvents.
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