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The infinite dilution activity coefficient,γi ∞ , is a frequently used molecular descriptor to pre-select a solvent for
various kinds of fluid separations. Unfortunately, information related to these coefficients is scattered throughout the open literature. Therefore, an open-source γi ∞ -database containing 77.173 γ∞
i data points over the
temperature interval 243 K < T < 555.6 K for 268 solutes and 692 solvents is provided in the electronic sup
porting information of this work. Additionally, we performed an inter- and extrapolation data analysis algorithm
∞
for five solutes (n-hexane,
using the Van ‘t Hoff equation to extend the γ∞
i data points at 298.15 K. The γ i
benzene, chloroform, acetone and ethanol) in a wide range of molecular solvents and ionic liquids (ILs) were
compared. Various trends between the molecular solvent structure and the γi ∞ are visualized, which allows for
not only a pre-selection of solvents for targeted γi ∞ but also visualizes the effect molecular modification of the
solvent will have on the γi ∞ . Overall, the presented methodology is complementary to approaches using simu
lation software, and helps acquiring a detailed understanding of the effect of the solvent structure on the γi ∞ ,
which will facilitate solvent pre-selection in an early process design stage towards greener fluid separations.

1. Introduction
The chemical industry produces large quantities of chemical com
pounds. Though processes have been operated and constantly optimized
for many decades, the pursuit of reducing energy usage and lessen the
environmental impact is a constant endeavor. Separation processes are
among the most energy-intensive operations which can account for up to
50% of the total costs of the chemical plant [1]. Even on a global scale in
the production of chemicals and fuels, these separation processes ac
count for 10–15% of the world’s energy usage [2]. Solvent-based affinity
processes aim to enhance the separation efficiency by selectively tuning
the interactions present in the separation mixture which is done via the
addition of a solvent [3]. For example, in applications where azeotropic
behavior is encountered, the addition of a solvent can enable separation
by distillation, and proper solvent selection has a significant impact on
the overall energy demand of the process. Recently, Brouwer and Schuur
have shown that by replacing fossil-based Sulfolane in an oil refinery

extractive distillation by bio-based solvent Cyrene, an estimated 30%
energy reduction can be achieved [4]. However, how to select an
optimal solvent is not straight-forward, and is typically labor- and timeintensive.
To reduce the labor intensity of the solvent screening process, a
prompt solvent pre-selection is crucial in the early development and/or
improvement of novel solvent-based affinity processes. Pre-selection can
be done using activity coefficients. These activity coefficients of the
molecules in the mixture are compared in different solvents, hence the
solvent performances in a solvent-based separation can be evaluated.
Generally, the maximum effect can be achieved by having a close to pure
solvent present. Thus, the solute will only interact with solvent mole
cules. The close to pure solvent situation corresponds to an infinite
dilution of the individual solutes and therefore, the infinite dilution
activity coefficient (γ∞
i ) is a good first measure of the achievable sepa
ration performance of the solvent [5]. Some systems containing selfassociation and/or complexation behavior show a maximum deviation
from ideality at a composition different from infinite dilution [6].
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Nomenclature
Symbols
γi
γ∞
i
ΔH∞
i
ΔS∞
i

[MO-EMPIP]+ 1-(2-methoxyethyl)3-methylpiperidinium
[MSO4] − methylsulfate
[MTBDH]+ methyl-1,3,5-triazabicyclo[4.4.0]dec-5-ene
[NR1 R2 R3 R4 ]+ (tetra-alkyl-)Ammonium
[NTf2]− bis(trifluoromethanesulfonyl)imide
[OMIM]+ 1-octyl-3-methylimidazolium
[OSO4]− octylsulfate
[PF6]−
hexafluorophosphonate
[PR1 R2 R3 R4 ]+ (tetra-alkyl-)Phosphonium
[R1CP]+ (alkyl)Cyclopenylium
[R1MTBDH]+ (alkyl-)Guanidinium superbase
[R1R2IM]+ (dialkyl-)Imidazolium
[R1R2Mor]+ (dialkyl-)Morpholinium
[R1R2PIP]+ (dialkyl-)Piperidinium
[nR1R2Py]+ (1-alkyl-n-alkyl-)pyridinium
[R1R2Pyr]+ (dialkyl-)Pyrrolidinium
[SbF6]− hexafluoroantimonate
[SCN]−
thiocyanaat
[SR1 R2 R3 ]+ (tri-alkyl-)Sulphonium
[TCD]+ 1,2,3-Tris(diethylamino)-cyclopropenylium
[TCM]− tricyanomethanide
[TDI]−
4,5-dicyano-2-(trifluoromethyl)-imidazolium
tosylate
[TOS]−
COSMO-RS Conductor like Screening Model for Real Solvents
DESs
Deep Eutectic Solvents
di-cation 1,1′ -[1,2-ethanediylbis(oxymethylene)]bis[3-octyl-1imidazolium]
ILs
Ionic Liquids
mono-cation 1-octyl-3-methylimidazolium or [OMIM]+
MOSCED Modified Separation of Cohesive Energy Density model
SES
Supplementary Excel Sheet
tri-cation 3,3′ ,3′ ’-[1,2,3-propanetriyltris(oxymethylene)]tris[1octyl-1-Imidazolium]
TZVP
Triple Zeta Valence Plus Polarization
UNIFAC Universal Quasichemical Functional-group Activity
Coefficients

Activity Coefficient of compound i (-)
Infinite Dilution Activity Coefficient of compound i (-)
Infinite Dilution dissolution Enthalpy of compound i (kJ/
mol)
Infinite Dilution dissolution Entropy of compound i (J/
mol⋅K)

Superscripts
This value is obtained from the data algorithm

ǂ

Subscripts
S
Solvent
Abbreviations
[4BMPy]+ 1-butyl-4-methylpyridinium
[4HMPy]+ 1-hexyl-4-methylpyridinium
[Ac]−
acetate
[B(CN)4]− tetracyanoborate
[BF4]−
tetrafluoroborate
[BMIM]+ 1-butyl-3-methylimidazolium
[BMMor]+ 1-butyl-1-methylmorpholinium
[BMPIP]+ 1-butyl-1-methylpiperidinium
[BMPyr]+ 1-butyl-1-methylpyrrolidinium
bis(oxalate)borate
[BOB]−
[CF3SO3]− trifluoromethanesulfonate
[ClO4]− - perchlorate
[DBP]−
dibutylphosphate
[DCA]− dicyanamide
[EMIM]+ 1-ethyl-3-methylimidazolium
[EMMOR]+ 1-ethyl-1-methylmorpholinium
[FAP]−
tris-(perfluoroalkyl)-trifluorophosphate
bis(fluorosulfonyl)imide
[FSI]−
[HO-EMIM]+ 1-(2-hydroxyethyl)-3-methylimidazolium
[MDEGSO4]− 2-(2-methoxyethoxy)ethylsulfate
[MO-EMIM]+ 1-(2-methoxyethyl)- 3-methylimidazolium

However, these systems are exceptions and these effects have not been
taken into consideration in our current study focusing on the infinite
dilution activity coefficient.
The activity coefficient, interpreted by Lewis in 1901 as “the tendency
to escape the phase in which it is in” [7], is an important feature in biphasic
systems because it describes deviations from Raoult’s law. The tendency
of the solute to escape the phase in which it is in is reduced when the
attractive intermolecular interaction between the solute and solvent is
stronger than those between the solvent molecules. The γi will in this
situation be lower than unity, γi < 1. Oppositely, if the tendency is
enhanced and the attractive interaction between the solvent molecules is
stronger, a net repulsion is induced and a positive deviation from
Raoult’s law is seen. This is described by a γ i higher than unity, γ i > 1.
In the ideal situation, where no intermolecular interactions occur (as in
an ideal gas), or they are all identical, γ i = 1.
The γ i is, however, both temperature and composition-dependent
and the γ ∞
i simplifies this to a single compositional point. Although
the γ ∞
i can be used to find the maximum separation performance of
solvents, it does not reflect the actual values that may be observed in real
separations, since for infinite dilutions a solute mole fraction between
10− 7 and 10− 4 may suffice, depending on the relative molar weights of
solute and solvent [8]. Often, actual concentrations are much larger,
although, in several chemical processes such as stripping operations and
the extraction of highly dilute species, this quantity may be directly used

[9]. However, in this manuscript, the γ∞
i will be used as a molecular
descriptor for solvent pre-selection for solvent-based affinity
separations.
Several experimental techniques are available to determine the
temperature-dependent γ∞
i , such as Gas-Liquid Chromatography [10],
Inert Gas Stripping Method [11,12], Headspace Analysis Method [13],
Indirect Headspace Chromatography [14], Dew Point Method [15],
Differential Static Cell Method [16], Differential Ebulliometry Method
[17] and Rayleigh Distillation Method [18]. An excellent review of all
techniques is given by Dohnal [19]. Mathematical models which can
predict γ ∞
i , such as several UNIFAC variations [20–22], the Abraham
model [23], MOSCED [24] and COSMO-RS [25] are also available.
However, significant deviations between simulated values and experi
mental values occur for several classes of molecules, and care should be
taken when using these estimations [26]. Due to the rich literature on
experimental γ∞
i , proper analysis of literature data might give good in
sights, and allow for trend analysis for various solvents of the same
family and between different solvent families. To map these trends, it is
of importance to have comparable data available, which entails
isothermal γ∞
i at for instance 298.15 K.
Several literature reviews with the focus on γ∞
i in particular ionic
liquids (ILs) are present, although often with another emphasis. Various
reviews emphasized the differences between various ILs on n-hexane/1hexene separation [27,28] or aliphatic/aromatic separation [28]. Heintz
2
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[29] reviewed ILs for more thermophysical properties and focused on
alkanes, aromatic molecules and alcohols. Articles describing the γ∞
i of
molecular solvents generally focus on one solvent, several solvents or
combinations of several molecular solvents [30,31]. Pierotti et al. [32]
showed a methodology of evaluating γ∞
i trends of certain solute–solvent
combinations as function of the number of carbon atoms. Moreover, an
important limitation to the use of literature data is that the data is not
always available at the same temperature. In order to enable a trend map
for a wide range of solvents, and having ample data present, but not at
the right temperature, an approach needs to be developed. In recent
years, Deep Eutectic Solvents (DESs) have been introduced as a new type
of solvent. However, only a very limited amount of γ∞
i for solutes in DESs
have been published [33–36], hence these solvents are excluded from
this evaluation.
In this work, we have developed a data analysis algorithm and
applied it to analyze a large set of data for the γ∞
i of five solutes, being nhexane, benzene, chloroform, acetone and ethanol, see Fig. 1, in many
solvents. The solutes have been selected as examples of respectively
apolar saturated hydrocarbons, slightly polar unsaturated hydrocar
bons, halogenated molecules, aprotic polar molecules and protic polar
molecules. For these molecules, the γ∞
i at 298.15 K is mapped for a wide
range of molecular solvents and ILs. The resulting overview enables a
discussion on the impact of solute and/or solvent molecular structural
changes on the γ∞
i of the solutes.

essential to include data accuracy properly. If only a single γ ∞
i was re
ported at 298.15 K, an error of 5% was assumed, in line with reported
typical experimental error margins of 1–6% [11,37,38]. When multiple
data points were reported at 298.15 K, the average value and the stan
dard deviation were determined, which could not be lower than 5%, as
this is the accuracy of a single data point. When no data was available at
298.15 K, but data at other temperatures was available, the infinite
∞
dilution dissolution enthalpy (ΔH∞
i ) and entropy (ΔSi ) were calculated
for systems with data at different (at least 3) temperatures and a minimal
temperature difference of 20 K. This was done by performing a nonlinear last square minimization [39] routine in combination with the
Van ‘t Hoff equation (equation (1)). Temperature-independent ΔHi∞ and
ΔS∞
i were assumed. This is generally a good approximation, although
this may be invalid for aqueous or complexing systems. This limitation
can be surpassed by taken into consideration the changes in heat ca
pacity [40,41]. However, this was not included here as it would require
additional data.
lnγ∞
i =

ΔHi∞ ΔSi∞
−
RT
R

(1)

The average of multiple available γ ∞
i at 298.15 K was preferred over
the γ∞
i obtained from the Van ‘t Hoff correlation. Generally, this can only
be statistically justified by large data sets, still, this is done as this is the
most straight-forward method of including all data-points. Using the
algorithm, the number of data points at 298.15 K increased from 5.4% of
all data points to 23.5% of the reported solute–solvent combinations
within an accuracy of 5%.

2. Data collection and data analysis algorithm
The largest collection of γ∞
is part of the Dortmund Databank.
i
Although this collection is comprehensive, it is not an open-access
database. Hence, as part of this work, we created an alternative openaccess database. This database of γ ∞
i parameters from literature, given
in the Supplementary Excel Sheet (SES), was accumulated by searching for
the key-words “infinite dilution coefficient” or “limiting activity coefficient”
with a timeframe until 2020. Each data point is cited to the original
article in which it was published. Only directly determined γ∞
i from
dedicated experimental techniques [10–18] were included as extrapo
lated γ ∞
i from phase equilibria were considered inaccurate [9]. While
several methods for the determination of γ∞
i are known [10–18], no
distinction was made between the originally applied experimental
method of measurement in this evaluation process. The resulting data
base includes 77.173 γ∞
i values over the temperature interval 243 K < T
< 555.6 K for 268 solutes and 692 solvents. The most-reported tem
perature of γ∞
i is 298.15 K, although this is only 5.4% of all data points in
our database. To expand the dataset of available γ∞
i at 298.15 K, the
available thermodynamic information at other condition(s) was used to
calculate the corresponding γ ∞
i at 298.15 K for systems where it was not
directly available.
For proper data analysis of available data in open literature it is

3. Mapping solute γ∞
i confidence intervals for solvent families
Rather than considering a single solvent in a solvent pre-screening,
valuable insight can be gained by mapping the γ∞
i for a family of sol
vents, and to plot the γ∞
i and its confidence interval as a function of the
molar weight. This was done for all five solutes investigated in this
study, and for a range of solvent families. In this subsection, we elabo
rate on the approach for n-hexane in alcohols, see Fig. 2, as an example
of the data analysis. The γ ∞
i at 298.15 K of n-hexane in 7 different normal
alcohols are published in 9 different papers [42–50]. Nevertheless,
additional experimental data is available at different temperatures
[18,51–63]. The use of the Van ‘t Hoff fitting algorithm resulted in an
extension of the known γ ∞
i at 298.15 K by 4 normal alcohols, n-dodec
anol(C12), n-tetradecanol (C14), n-hexadecanol(C16) and n-octadecanol
(C18). The resulting γ ∞
i at 298.15 K fall precisely in the expected trend.
However, fitting inaccuracies can cause significant errors, and only nhexadecanol(C16) with an γ ∞
n− hexane of 1.63 ± 0.70 obtained from the
fitting algorithm is reasonably accurate. For methanol it is seen that on
the basis of five data points, the average γ∞
n− hexane is 30.6 and the upper
confidence limit is 39.2, while one of the five reported datapoints even
lies outside the confidence interval. For obtaining this trend, isomers

Cl

Cl

Cl

O

OH
H

Fig. 1. The investigated molecules, from left to right n-hexane, benzene, chloroform, acetone and ethanol. The electron distribution profile was generated by
COSMOthermX_C30_1705 with a TZVP parameterization. The color indicators show a range from electronegative (red), slightly electronegative (yellow), neutral
(green) to electropositive (blue) regions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Alcohol
(Cn)
C1
C2
C3
C4
C5
C7
C8
C12
C14
C16
C18

(298.15K)
Exp. (range; Van ‘t Hoﬀ
number of
ﬁtting
datapoints)
25.9–46.0; 5 30.6±8.61
10.6–12; 5
11.2±0.72
6.73–9.7; 3
7.68±1.75
5.12–5.31; 3 5.21±0.14
4.14; 1
4.14±0.21
3.07-3.10; 2 3.10±0.15
2.58–2.80; 5 2.68±0.11
n.a.
2.11±7.41
n.a.
1.71±8.72
n.a.
1.63±0.70
n.a.
1.26±2·103

(kJ·mol-1)

(J·mol-1·K-1)

16.3±5.24
6.45±0.91
-0.30±4.65
0.02±1.55
2.54±2.73
n.a.
0.63±1.05
-0.63±1.9
0.09±2.36
0.62±0.48
2.55±9.5

27.8±16.9
1.4±2.9
-17.8±15.0
-13.4±5.0
-3.52±8.76
n.a.
-6.04±3.45
-4.12±6.03
-4.46±7.09
-1.99±1.33
6.66±27.8

Fig. 2. (left) The infinite dilution activity coefficient of n-hexane in various linear saturated alcohol solvents as function of the molecular weight of the solvent. The
∞
∞
experimental values [42–50] are depicted as well as (right) the γ∞
i , dissolution enthalpy (ΔHi ) and dissolution entropy (ΔSi ) values generated by the data
handling algorithm.

have not been included.
Similarly, for all solutes for a range of solvent families the γ∞
i con
fidence intervals were calculated and plotted in Fig. 3 (in Section 4). For
γ∞
i with too large error margins, the data have been excluded as they
may be unreliable.

trend is seen to be largely independent of the hydrocarbon fraction of the
solvent, indicating that the non-ideality is not mitigated by additional
hydrocarbon groups.
The relative extent of this effect can be related to the overall apolar
character of the solute (see the electron density profiles in Fig. 1), which
is most significant for n-hexane, having an almost absent multipole
moment, while benzene has a significant quadrupole moment, and
chloroform with its dipole moment shows the smallest impact. The effect
of the solvent molecular weight on the γ ∞
i for ethanol and acetone is
even smaller. For these solutes, the non-ideal behavior is predominately
characterized by dipole and hydrogen bond interactions, though
dispersive interactions are still omnipresent [64]. Several solvent fam
ilies and solute combinations, for instance, chloroform in esters, show a
net attractive interaction, (γ∞
chloroform < 1), which intensifies with the

4. Influence of molecular structure on the γ∞
i
A method to classify groups of molecules is by differentiating all
potential solvents by their functional groups, or moieties. These groups
of molecules will be referred to as a solvent family. In the first Section
4.1, the focus is on molecules, which in essence are all potential solvents,
which have either a single functional group or no functionality (satu
rated hydrocarbons) and are nonionic species. This allows for a thor
ough analysis of the effect of both the functional group and the
molecular size on the γ∞
i of the five aforementioned molecules. In the
second Section 4.2, the analysis is extended towards ionic liquids (ILs).
These ionic species are characterized by their ionic nature, but can also
contain functional groups. The additional effect of ionic interactions of
both the anion and cation will therefore be discussed in this section.

increasing molecular weight of the solvent. This may be due to the fact,
that the liquid ester structure is stabilized by dipole interactions. These
interactions become less pronounced as the hydrocarbon fraction is
increased. As the solvent–solvent interactions are mitigated, the net
attraction of the chloroform is enhanced which results in a lower
γ∞
chloroform .

For each compound, the difference between the absolute values of
the γ ∞
i between the solvent families stem from a change in the Gibbs
energy caused by the introduction of an infinitely small quantity of the
solute molecule in the liquid solvent matrix. This change reflects the
change in the sum of all interactions in the system (interactions between
the solvent and solute and the interactions between the solvent mole
cules). The stability of the liquid structure of the solvent changes due to
the changed interactions upon introduction of the solute, and is there
fore an important aspect in understanding the overall behavior of mix
tures [64]. A highly stable liquid solvent structure can be induced by
hydrogen bonds, i.e. in amides [65,66] and alcohols [66–69], or by
strong dipole–dipole interactions, i.e. with dimethylsulfoxide [70] or
nitromethane [71]. The relative stability of the liquid structures can
differ, as the O − H⋯O hydrogen bond in alcohols is stronger than the
N − H⋯O and N − H⋯N hydrogen bond possibly present in amides [72].
The combined effect of the dispersive, multipole and hydrogen
bonding interactions results in the non-ideality observed in Fig. 3. nHexane cannot form hydrogen bonds, is neutrally charged and lacks a
significant dipole moment. Therefore, solvents with a small hydrocar
bon backbone and a significant electronegative moiety, such as sulfones,
amides and carbonates, induce the most significant γ∞
n− hexane , see Fig. 3A.
The highest activity coefficient corresponds to the most intense net
repulsive interaction. Also, it can be seen that the trend of Pierotti et al.
[32] for alkanes (in this case n-hexane) in ketones closely follows the
data used for our visualization. In Fig. 3B, it can be seen that less severe

4.1. Molecular solvents
For solvent families, the γ ∞
i of each of the five molecules (that were
introduced in Fig. 1) is plotted against the molecular weight of the
solvent in Fig. 3. A similar approach was also applied by Pierotti et al.
[32] who used the number of carbon atoms instead of molecular weight.
We have converted the available correlations proposed by Pierotti et al.
[32] from carbon number to molecular weight for systems evaluated by
us. The results can be seen in Fig. 3, where four of the converted Pierotti
correlations (for n-hexane in ketone solvents, ethanol in alkane solvents,
and acetone in alcohol and alkane solvents, respectively) are shown. The
molecular weight of the solvent was chosen as the parameter to display
the variation within the families. In this case, maintaining a single
moiety and increasing the hydrocarbon backbone in a family results in a
polarity decrease of the solvent. Therefore, the impact of the London
dispersion forces increases with increasing molecular weight. These
dispersion forces will reduce the impact of intermolecular interactions
associated with specific functional groups, and accordingly limit the
impact of these interactions on the γ∞
i . In Fig. 3, it can be seen that a
declining effect is seen for n-hexane, benzene and chloroform in several
solvent families, whereas for acetone and ethanol another effect is
visible. The significant observed decline is associated with the most
dissimilar solvent–solute combination, as well as for the lightest sol
vents. The increased hydrocarbon (–CH2) fraction in heavier solvents
causes the mitigation of the non-ideality. For acetone and ethanol the
4
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Fig. 3. The infinite dilution activity coefficient of (A) n-hexane, (B) benzene, (C) chloroform, (D) acetone and (E) ethanol as a function of the molecular weight of the
solvent. Each solvent family has a single functional group (or none in the case of alkanes). Within the legend, cyclic solvents are indicated with (C), and linear amides
are specifically noted with (L). Additionally, the trends predicted by Pierotti et. al. [32] are included.

net repulsive interactions are induced for benzene, due to the mitigating
effect of the slightly electronegative region induced by the quadruple
moment of the π-ring which allows multipole interactions with solvent
moieties. Small alcohols which have a highly structured liquid structure
through hydrogen bonding [66–69], in which benzene is unable to
partake, induce the largest γ∞
benzene .
Chloroform has a strong dipolar character with relatively large
electronegative chlorine atoms, which withdraw the electron from the
remaining proton, hence creating an electropositive region. These
halogen atoms can participate in dipole interactions and can also form
hydrogen bonds, although these bonds are less strong than oxygen- or
nitrogen-based bonds [73]. These interactions (see Fig. 3C) induce a net
attractive interaction with amides [74], resulting in a γ ∞
chloroform lower

hydrogen bonding solvents, including alcohols, induce a net repulsion as
well since the hydrogen bond strength of the chloroform is lower than
that of the alcohols themselves.
Acetone has a significant dipole moment and is solely a hydrogen
bond acceptor, indicated by the highly electronegative oxygen. In
Fig. 3D it can be seen that most solvent families are almost indifferent to
include acetone in their liquid structure and therefore induce either a
γ∞
acetone around unity or slightly above. Acetone is however repelled by
alkane solvents due to the ineptness of this solvent to accommodate the
strong dipole moment of acetone in their liquid structure. The results for
acetone in alkane solvents and in alcohol solvents reported in this study
are also in line with results of Pierotti et al. [32] (see Fig. 3D).
Ethanol can either accept, due to a strong electronegative region, or
donate, due to a strong electropositive region, hydrogen bonds and
therefore has a strong hydrogen bonding network. This results in a
highly stable and ordered liquid structure for pure ethanol [75]. The
relatively small alcohol with relatively polar areas within the molecule
is therefore easily repelled by apolar solvents as can be seen in Fig. 3E,

than unity, as explained earlier. Similarly, dissolving a halogenated
solute in solvents with a considerable dipole moment such as esters,
ketone, nitrile and dimethylsulfoxide is energetically favorable. Solvents
lacking a dipole moment, such as alkanes, induce net repulsive in
teractions towards the electropositive proton. Furthermore, strongly
5
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where significant γ ∞
ethanol are induced by apolar solvents. Other protic
polar solvents, such as amides [65,66], allow interactions between the
dipole and the hydrogen bonding capability of the ethanol. Although
ethanol will disturb the liquid solvent structure, it can be accommodated
hence the induced γ∞
ethanol is around or even below unity. The results for
ethanol in alkane solvents obtained in this study and the results of
Pierotti et al. [32] both show strong repulsion of the ethanol by the al
kanes, however, reported γ∞
ethanol differ more strongly than the maximum
deviation of 7.5% reported by Pierotti et al. [32] (see Fig. 3E).
Summarizing, Fig. 3 gives an overview of the γ∞
i of the five investi
gated molecules in various solvent families. It enables immediate com
parison of the effect different functional groups has on the γ ∞
i .
Additionally, if a particular γ ∞
i is targeted, the observed trends allow a
pre-selection of the required functional group and molecular weight of
the solvent. The SES holds γ ∞
i of many other solutes and therefore these
analyses can be extended to other solutes and solvents. In the next
section, the discussion is extended towards ionic interactions by map
ping the effect of various cations and anions on the same five example
molecules.

tails except for the 1,2,3-tris(diethylamino)cyclopropenylium [TDC]+
and methyl-1,3,5-triazabicyclo[4.4.0]dec-5-ene [MTBDH]+ cations,
where the alkyl tails do not exactly match. The comparison is displayed
in Fig. 5.
The morpholinium [BMMor]+ cation appears to induce a slightly
higher γ ∞
n− hexane then the other cations. This effect may be induced by the
distinct negative charge on the oxygen atom. The presence of a distinct
localized negative charge in an overall positively charged cation creates
the possibility of self-associating behavior [79], which enhances the
liquid structure of the lLs. This can for instance be seen from a relatively
high morpholinium ILs viscosity as compared to other ILs [80]. Conse
quently, larger γ ∞
i are induced for solutes that cannot participate in (self)associative interactions that stabilize the (ionic-) liquid structure.
[TDC]+ seems to induce a smaller γ∞
n− hexane , although the accuracy range
∞
for obtained γ∞
n− hexane for several ILs is relatively large and the γ n− hexane
value falls within this range. This seemingly low value might be due to
not only the larger amount of alkyl tails, but also the delocalized charge
density over all three carbon atoms [81]. The γ∞
i of benzene, chloroform
and acetone show net attractive interactions independent of cationic
nature. This indicates significant ion-multipole interactions [82],
because net repulsive interactions were seen in molecular solvents.
Ethanol shows a γ∞
> 1, even though it does exhibit a dipole
i
moment. An explanation for this observation is that ethanol interacts
predominately through hydrogen bonding, whereas ILs have stronger
internal ionic interactions (approx. 300–400 kJ∙mol− 1) [83,84]. An IL
needs to give up (partly) the ionic interactions to accept a hydrogen
bond of ethanol, which is less favorable, resulting in a net negative
interaction. Consequently, apolar solutes and strongly hydrogen
bonding solutes show a γ ∞
> 1, whereas polar molecules with no
i
hydrogen bonding donation ability show a γ ∞
i < 1.
Various functionalizations of the alkyl chain on the cation have been
reported, e.g. by adding a chlorine [85], silicon [86], ether [87], cyano
[88–90], alcohol [90–92], boronic acid [93] or sulfone [94] group.
Unfortunately, it was not possible to compare all functionalizations
under the same conditions. Yet, as can be seen in Fig. 5, the ether
ification of the alkyl chain appears to have an insignificant effect with
+
−
+
∞
respect to the γ∞
i , as the γ n− hexane for [EMIM] [NTf2] and [MO-EMIM]
[NTf2]− are 28 ± 14ǂ and 25.9 ± 1.29ǂ, respectively, although it is
effective in reducing the viscosity of the IL [95]. The addition of an
alcohol moiety, such as in [HO-EMIM]+[NTf2]− , does have a significant
ǂ
ǂ
∞
effect on the γ∞
i , as it elevates the γ n− hexane from 28 ± 14 to 84 ± 4 , and

4.2. Ionic liquids (ILs)
Regularly, ILs are named green solvents due to the negligible vapor
pressure [76]. Although the classification as green solvents needs to be
used with care as some ILs are much less environmentally benign than
others [77], ILs certainly form a solvent class that is of interest to fluid
separation scientists and technologists. The flexibility of independently
changing either the cation or anion gives a vast amount of possible ILs
which can be tuned to a specific separation. For this reason, ILs are also
called designer solvents [78]. The influence of the cation structure on
the γ∞
i is discussed in Section 4.2.1, while the influence of the anion
structure on the γ ∞
i is discussed in Section 4.2.2.
4.2.1. Cations
To fairly compare cations of different natures, cations with equal
combined lengths of the alkyl tails attached to the central cationic
structure were studied, see Fig. 4. In total ten different central cation
structures combined with the bis(trifluorosulfonyl)-imide anion
([NTf2]− ) have been reviewed.
More specifically, the comparison of the γ ∞
i of the five solutes are
evaluated for ILs with cations with a methyl and a butyl hydrocarbon

(dialkyl-)Imidazolium
[R1R2IM]+

(dialkyl-)Pyridinium
[R1R2Py]+

(dialkyl-)Pyrrolidinium
[R1R2Pyr]+

(dialkyl-)Piperidinium
[R1R2PIP]+

(dialkyl-)Morpholinium
[R1R2Mor]+

(tetra-alkyl-)Ammonium
[
]+

(tetra-alkyl-)Phos-phonium
[
]+

(tri-alkyl-)Sulphonium
[
]+

(alkyl-)Cyclopropenylium
[R1CP]+

(alkyl-)Guanidinium superbase
[R1MTBDH]+

Fig. 4. The ten classes of cations (in combination with the bis(trifluorosulfonyl)-imide anion) have been included in the evaluation concerning the γ∞
i of all solutes.
6

T. Brouwer et al.

Separation and Purification Technology 272 (2021) 118727

Fig. 5. The infinite dilution activity coefficient of (left to right) n-hexane, benzene, chloroform, acetone and ethanol for thirteen different cations from nine classes.
Additionally, 3 functionalized cations and 2 multivalent cations are assessed. All cations are coupled with a (or multiple) bis(trifluoromethanesulfonyl)imide [NTf2]−
anion(s) at 298.15 K. The values of the multifunctional cations are at 323.15 K.
ǂ
ǂ
appears to lower the γ ∞
ethanol from 2.0 ± 0.1 to 1.38 ± 0.07 in com
parison to the functionalized [MO-EMIM]+[NTf2]− . The enhanced po
larity of the alcohol-functionalized IL and the associated solvent-tosolvent hydrogen bond formation causes an increase in γ ∞
i of the nonhydrogen bonding solutes, whereas ethanol can take part in the
hydrogen bond network, resulting in a lower γ ∞
ethanol .
Combining these results with all trends observed in Section 4.1 en
ables a better insight into the way that the γ∞
i adapts to a structural
cation change. The addition of other highly polar moieties, such as
cyano-[88–90], boronic acid-[93] or sulfone- [94] groups, will most
likely elevate the γ ∞
i for apolar and slightly polar hydrocarbons. These
functionalizations may however lower the γ ∞
i for protic polar molecules,
such as ethanol, compared to unfunctionalized ILs. Furthermore, elon
gation of the length of the alkyl tails will probably lower the γ∞
i for
apolar and slightly polar hydrocarbon solutes. An estimation of the
relative effect of the functional group addition may be guided by the
trends seen in Fig. 3, where the γ∞
i of numerous solvent families are
compared.
As an additional structural adaption possibility, multivalent cations
have been introduced by Mutelet et al. [96–98] and Heydar et al. [99] as
a novel extension to the ILs. Direct comparison between various multi
valent ILs is difficult due to the additional molecular structure
combining the local positively charged (monovalent) centers. However,
the combined effect of the bridging structure and molar ratio change of
the anions and (multivalent) cations in combination with the [NTf2]−
anion(s) appears to decrease the γ ∞
i of all solutes, as can be seen in Fig. 5.
When multiple solutes in a mixture show a similar reduction in γ∞
i , this
implies that the capacity is increased while maintaining the selectivity
[100]. This approach may therefore be a way to counteract a low solute
capacity in an IL due to high γ ∞
i .
Lastly, in Fig. 6, ammonium, phosphonium and sulphonium cations
are assessed. These cations are evaluated separately since a large variety
of these ILs are described in literature [101–113]. It can be seen that the
γ∞
i of n-hexane, benzene and chloroform decrease as the molecular
weight of the ammonium, phosphonium and sulphonium cations in
crease. Exactly, the same trend is observed for molecular solvents in

Section 4.1, indicating that the central nitrogen, phosphorus or sulfur
atom acts like a moiety and becomes insignificant at high molecular
weights of the solvent. Still, understanding the effect of the central atom
is required when a well-considered choice between these ILs is required.
Carvalho et al. [104] discussed the effect of the central atom in these
cations and determined with molecular simulations that the smaller
nitrogen atom has a higher electron density and therefore is more
strongly polarized than the larger phosphonium atom. This causes a
stronger cation–anion interaction and a more rigid liquid structure than
the phosphonium equivalent, which makes the anion less mobile. The
higher mobility of the anions in phosphonium ILs induces more inter
molecular interactions with the solutes and consequently a larger γ ∞
i for
the non-polar solutes and slightly lower γ ∞
for
polar
solutes.
This
effect
i
will be more significant at low IL molar weights, otherwise the inter
molecular interactions of the ILs will be dominated by the alkyl tails. The
differences observed by Carvalho et al. [104] are most likely still present
in our comparison, even though we could not unequivocally claim this
due to the larger imposed error margins.
Following the reasoning of Carvalho et al. [104], the γ ∞
i decrease
observed for the apolar solutes (n-hexane and benzene) in multivalent
cation ILs, should be caused by less mobility of the anions due to a
stronger (multivalent) cation–anion interaction and consequently less
repulsive interactions. This may be the case, as Shirota et al. [114]
showed that dicationic ILs have a larger density and a stronger surface
tension than their monovalent equivalent, which they also attributed to
stronger cation–anion interactions for the dicationic ILs. Additionally,
the bridging structure between the local positively charged monovalent
centers increases the hydrophobic surface of the cation and can also
decrease the γ∞
i of the apolar solutes.
The γ∞
i of the more polar solutes (chloroform, acetone and ethanol)
are lower than unity for the monovalent IL, and the presence of multi
valent cations in the IL causes a further decrease. This may be explained
by higher anion mobility for the multivalent ion-containing ILs, in line
with observations reported by Carvalho et al. [104]. It is reasonable to
assume that, through steric hindrance and competitive interactions be
tween the polar solute and the anions, the cation–anion interaction
7
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Fig. 6. The comparison of the infinite dilution activity coefficient of (A) n-hexane, (B) benzene, (C) chloroform, (D) acetone and (E) ethanol in ammonium,
phosphonium and sulphonium ionic liquids with a variation of functionalized alkyl tails with a bis(trifluoromethanesulfonyl)imide [NTf2]- anion at 298.15 K.

between the 2nd (and 3rd) anion(s) and the cation in the IL will be less
strong when solutes with higher polarity are present in the IL solvent.
This consequently causes more anion mobility, which lowers the γ∞
i for
polar solutes even further. Furthermore, it is reasonable to assume, that
the anion mobility for apolar solutes is lower than for polar solutes due
to the absence of the competing polar interaction, and in this case, the
increased hydrophobic character of the bigger multivalent cation con
taining IL causes the reduction in γ∞
i for apolar solutes.
Summarizing, most cations show similar interactions with the
selected solvent and only when the cations are functionalized the
interaction can be changed significantly. Functionalization in the central
cationic structure by an electronegative atom or by including a func
tional group in one of the alkyl tails can change certain γ∞
i . The func
tional group choice can be guided by the trends observed in the
molecular solvents due to the fact the γ ∞
i origins from the same under
lying intermolecular forces. Increasing the solvent capacity while
maintaining the separation selectivity improves the separation process.
Since the multivalent cationic ILs did not show a significant viscosity
increase [100], and reduced γ ∞
i for all evaluated solutes similarly as

compared to monovalent cationic ILs, the use of ILs based on multivalent
cations appears to have high potential for fluid separations.
4.2.2. Anions
As every (liquid) electrolyte is bound to charge neutrality, cations are
inseparable from anions. Therefore, in this second section, the effect of
the molecular structure of the anion is assessed. The anionic structure
can be greatly diverse, although many anions show similarities and are
variations around a central atom or functional group. Twenty anions
(twelve basic structures with different side groups for some of the
structures) in total have been evaluated, as can be seen in Fig. 7.
As can be seen in Fig. 7, various anions can be categorized into
groups, having for example a central phosphorous atom or an –SO3 endgroup. This highlights the flexibility in the anion choice. Besides the
selection of the anion nature, also the length of the alkyl tails can be
tuned independently of anion nature. In Fig. 8, an overview is shown
incorporating the combination of twenty anions and six cations. The γ ∞
i
for the solutes in ILs with the same anion and up to six different
monovalent cations show insignificant deviations independent of the
8
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R1 = -F : Hexaﬂuorophosphate [PF6]R1 = -C2F5 : Tris(perﬂuoroalkyl)
triﬂuorophosphate [FAP] -

R1 = -F : Tetraﬂuoroborate [BF4] R1= -C N : Tetracyanoborate [B(CN)4]

R1 = -C4H9 : Dibutyl phosphate [DBP] -

Tricyanomethanide [TCM] -

R1 = -CF3 : triﬂuoromethanesulfonate [CF3SO3] R1 = -C6H4CH3 : Tosylate [TOS] R1 = -OCH3 : Methylsulfate [MSO4] R1 = -OC8H19 : Octylsulfate [OSO4] R1 = -O(C2H4O)2CH3 : Diethyleneglycolmonomethylethersulfate [MDEGSO4] -

Thiocyanate [SCN]

Hexaﬂuoro antimonite [SbF6] -

-

-

R1 = -SO2F : bis(ﬂuorosulfonyl)imide [FSI] R1 = -SO2CF3 bis(triﬂuoromethylsulfonyl)-imide
[NTf2]R1 = -C N : Dicyanamide [DCA] -

R1 = -CH3 Acetate [Ac] -

4,5-dicyano-2-(triﬂuoromethyl)-imidazolide [TDI] -

Bis(oxalato)borate [BOB] -

Perchlorate [ClO4] -

Fig. 7. The twenty anions, presented in twelve anion groups are included in the evaluation concerning the γ∞
i of all solutes.

corresponding anions. This confirms the earlier statement done in Sec
tion 4.2.1. that monovalent cations without any additional functionali
zation do not affect the γ∞
i significantly as compared to the effect that the
anion has on γ ∞
i . Interchanging monovalent cations in an IL will there
fore not alter the intermolecular interactions noticeably. This is also
implied by Dománska et al. [27], where they underscore only the effect
of the anion and not of the cation.
The largest γ ∞
n− hexane is obtained using a small linear anion with a lack
of neutral regions and a significant electronegativity [115], e.g. thio
cyanate [SCN]− . [27,116,117] This allows for a highly structured IL
with strong anion-cation interactions [118] which induces strong net
repulsion to neutral solutes. Anions with increasingly larger neutral
regions, e.g. methylsulfate [MSO4] and octylsulfate [OSO4], mitigates
these interactions and allow for a less structured packing, hence
lowering the γ∞
n− hexane [119].
The net repulsive behavior of the ILs towards more polar solutes is
less significant, due to mitigating Van der Waals interactions. It can be
seen that the methylsulfate [MSO4]− anion induces larger γ∞
benzene and
than
other
anions.
Lü
et
al.
[120]
show
that
attractive
interactions
γ∞
acetone
may occur on the C2-hydrogen adjacent to the sulfate structure, while
the overall negative surface repels the negatively charged π-ring and the
double-bonded oxygen of benzene and acetone, respectively. Together,
these interactions result in a net repulsion.

In the case of ethanol, anions with large neutral regions and a small
tendency for hydrogen bonding, such as [FAP]− [121], are seen to induce
the largest γ∞
ethanol . Small anions capable of hydrogen bonding result in a
−
−
γ∞
ethanol of unity or lower, for example for [DCA] and [SCN] [118,122].
Based on the observations in this review, two main decisions can be
made in the pre-selection of anions in ILs. Both decisions affect the in
teractions in the ILs. Firstly, the size of the anion affects the packing and
the cation–anion interaction intensity within the IL. Secondly, with the
choice of the nature of the anion, hydrogen bond behavior can either be
enhanced or suppressed.
5. Conclusions
An
open-source
γi ∞
database
is
compiled
[5,10–12,14,18,27–30,34–37,42,43,45,46,48,49,51,53,55–59,61
–63,66,68,69,85,87,89,91–94,96–99,101–106,108,109,112,113,115
–117,123–455,33,38,44,50,52,60,86,88,107,110,111,456–504]
and
presented in the SES, containing 77.173 γi ∞ values for 268 solutes and
692 solvents. From this database, five solutes (n-hexane, benzene,
chloroform, acetone and ethanol) were selected and evaluated in detail
in this study. A data analysis algorithm was presented which uses the
Van ‘t Hoff equation to inter- and extrapolate γi ∞ values at different
conditions to the desired temperature, here 298.15 K.
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Fig. 8. The infinite dilution activity coefficient of (from left to right) n-hexane, benzene, chloroform, acetone and ethanol for twenty anions at 298.15 K.

From the γi ∞ of the five evaluated solutes in a wide range of mo
lecular solvents and ionic liquids (ILs) various trends between the mo
lecular solvent structure and the γ i ∞ were visualized. Using this visual
overview, the observed trends within solvent families facilitate the preselection of solvents when a particular γ∞
i is targeted. This approach can
be applied complementary to brute force simulating thousands of po
tential solvents with simulation software, and helps to better understand
and interpret which of the solvents found with such tools perform well.
As the obtained γ ∞
i and observed trends were explained according to the
molecular structure of both solute and solvent and the intermolecular
interactions they induce.
General conclusions that can be drawn based on the trend visuali
zation are first, that increasing the solvent molecular size can strongly
affect the γ ∞
i , especially for solutes with much less intermolecular
interaction abilities than the solvent family. This also holds for ionic
liquids in which the ionic interactions present an additional type of
intermolecular interaction. Second, the ionic liquid section showed the
importance of an appropriate anion selection, whereas the nature of the
non-functionalized monovalent cation is of less importance. Besides the
nature of the anion, also the molecular size of the anion, which can be
altered independently from the cation, must be appropriately selected.
Third, multivalent cations particularly show interesting potential for use
in fluid separations, because ILs containing these cations show overall
lower activity coefficients at infinite dilution than their monovalent
cation analogs, thus improving the capacity without compromising the
selectivity.

Appendix A. Supplementary material
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.seppur.2021.118727.
References
[1] A.A. Kiss, J.-P. Lange, B. Schuur, D.W.F. Brilman, A.G. van der Ham, S.R. Kersten,
Separation technology–Making a difference in biorefineries, Biomass Bioenerg.
95 (2016) 296–309.
[2] D.S. Sholl, R.P. Lively, Seven chemical separations to change the world, Nature
News 532 (2016) 435.
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[85] K. Paduszyński, M. Królikowska, Effect of side chain functional group on
interactions in ionic liquid systems: insights from infinite dilution thermodynamic
data, J. Phys. Chem. B (2017).
[86] B. Yoo, W. Afzal, J.M. Prausnitz, Henry’s constants and activity coefficients of
some organic solutes in 1-butyl, 3-methylimidazolium hydrogen sulfate and in 1methyl, 3-trimethylsilylmethylimidazolium chloride, J. Chem. Thermodyn. 57
(2013) 178–181.
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[208] U. Domańska, E.V. Lukoshko, Measurements of activity coefficients at infinite
dilution for organic solutes and water in the ionic liquid 1-butyl-1-methylpyrro
lidinium tricyanomethanide, J. Chem. Thermodyn. 66 (2013) 144–150.
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infinie des hydrocarbures dans deux familles de solvants les effets de la structure
du solvant, J. de Chimie Physique 67 (1970) 748–756.
M.M. Montazer-Rahmati, Modified Ebulliometer for Measurement of Infinite
Dilution Activity Coefficients, Oklahoma State University, 1985.
M. Mukhopadhyay, A.S. Pathak, Infinite-dilution activity coefficients from
ebulliometric isobaric bubble point-composition data of hydrocarbon-sulfolane
systems, J. Chem. Eng. Data 31 (1986) 148–152.
F. Mutelet, D. Alonso, T.W. Stephens, W.E. Acree Jr, G.A. Baker, Infinite dilution
activity coefficients of solutes dissolved in two trihexyl (tetradecyl) phosphonium
ionic liquids, J. Chem. Eng. Data 59 (2014) 1877–1885.
F. Mutelet, G.A. Baker, S. Ravula, E. Qian, L. Wang, W.E. Acree Jr, Infinite
dilution activity coefficients and gas-to-liquid partition coefficients of organic
solutes dissolved in 1-sec-butyl-3-methylimidazolium bis
(trifluoromethylsulfonyl) imide and in 1-tert-butyl-3-methylimidazolium bis
(trifluoromethylsulfonyl) imide, Phys. Chem. Liq. 57 (2019) 453–472.
F. Mutelet, V. Butet, J.-N. Jaubert, Application of inverse gas chromatography and
regular solution theory for characterization of ionic liquids, Ind. Eng. Chem. Res.
44 (2005) 4120–4127.
F. Mutelet, H. Djebouri, G.A. Baker, S. Ravula, B. Jiang, X. Tong, D. Woods, W.
E. Acree Jr, Study of benzyl-or cyclohexyl-functionalized ionic liquids using
inverse gas chromatography, J. Mol. Liq. 242 (2017) 550–559.
F. Mutelet, E.-S.R. Hassan, T.W. Stephens, W.E. Acree Jr, G.A. Baker, Activity
coefficients at infinite dilution for organic solutes dissolved in three 1-alkyl-1methylpyrrolidinium bis (trifluoromethylsulfonyl) imide ionic liquids bearing
short linear alkyl side chains of three to five carbons, J. Chem. Eng. Data 58
(2013) 2210–2218.
F. Mutelet, J.-N. Jaubert, Accurate measurements of thermodynamic properties of
solutes in ionic liquids using inverse gas chromatography, J. Chromatogr. A 1102
(2006) 256–267.
F. Mutelet, J.-N. Jaubert, Measurement of activity coefficients at infinite dilution
in 1-hexadecyl-3-methylimidazolium tetrafluoroborate ionic liquid, J. Chem.
Thermodyn. 39 (2007) 1144–1150.
F. Mutelet, J.-N. Jaubert, M. Rogalski, J. Harmand, M. Sindt, J.-L. Mieloszynski,
Activity coefficients at infinite dilution of organic compounds in 1-(meth)
acryloyloxyalkyl-3-methylimidazolium bromide using inverse gas
chromatography, J. Phys. Chem. B 112 (2008) 3773–3785.

T. Brouwer et al.

Separation and Purification Technology 272 (2021) 118727

[378] A.M. Nardillo, D.B. Soria, C.B. Castells, R.C. Castells, Activity coefficients of
hydrocarbons at infinite dilution in di-n-octyltin dichloride. Comparison with
results obtained in other alkyltin solvents, J. Solution Chem. 25 (1996) 369–375.
[379] S. Nebig, V. Liebert, J. Gmehling, Measurement and prediction of activity
coefficients at infinite dilution (γ∞), vapor–liquid equilibria (VLE) and excess
enthalpies (H E) of binary systems with 1, 1-dialkyl-pyrrolidinium bis
(trifluoromethylsulfonyl) imide using mod. UNIFAC (Dortmund), Fluid Phase
Equilib. 277 (2009) 61–67.
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[394] K. Paduszyński, U. Domańska, Experimental and theoretical study on infinite
dilution activity coefficients of various solutes in piperidinium ionic liquids,
J. Chem. Thermodyn. 60 (2013) 169–178.
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