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Abstract:

Despite offering remarkable advantages as solvents, double salt ionic liquids
(DSILs) have been scarcely studied for extractive dearomatization from hydrocarbons
as well as many other applications, thus urging a theoretical guidance method. In this
work, a systematic framework combining the rational screening-validation and
mechanistic analysis is proposed for tailoring DSILs for the o-xylene/n-octane
separation. From an initial pool of commercially available ionic liquids (ILs), key
thermodynamic properties of paired DSILs are predicted by COSMO-RS while their
important physical properties are estimated from those of corresponding parent ILs
(retrieved from experimental database or predicted by a deep learning model).
Promising DSILs are tested by liquid-liquid equilibrium experiments, wherein the ion
ratio-effect is also evaluated. The mechanism underlying the tunability of DSIL
thermodynamic properties is disclosed by means of quantum chemistry calculation and
molecular dynamics simulation. This work can be a valuable reference for guiding the

design of DSILs for diverse applications.
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1. INTRODUCTION

In the petrochemical industry, selective separation of aromatics from hydrocarbon
mixtures is of great significance as it is not only relevant for producing fuel oils meeting
specific standards but also necessary for obtaining high-purity aromatics and
hydrocarbons as feedstocks for downstream processes. Depending on the aromatic
content in the mixture, different separation processes should be utilized, among which
liquid-liquid extraction is typically employed to extract aromatics from hydrocarbon
streams with concentrations ranging from 20 to 65wt%.! The main organic solvents
reported in the literature for such liquid—liquid extraction processes are sulfolane, N-
methylpyrrolidone, dimethyl sulfoxide, N-formylmorpholine, among others.??
Nevertheless, these organic solvents generally possess unfavorable physical properties
such as high volatility and toxicity, which potentially impede the subsequent solvent
regeneration and lead to expensive operational cost as well as environmental concerns.
Hence, exploring alternative extractants with superior characteristics are highly
desirable.

Ionic liquids (ILs) have been extensively studied as an alternative solvent option
due to their negligible volatility, wide liquidus range, designable character, etc.**?
However, given the vast chemical space of potential IL candidates, the experimental
trial-and-error approach is clearly costly and inefficient for large-scale IL selection.
Therefore, several works have proposed computational screening and design methods

to guide the identification of promising IL solvents toward various processes.'316



Nevertheless, in many cases, it is still a great challenge to select a satisfying IL as very
few ILs can meet different property constraints simultaneously. For example, during
the IL screening for desulfurization, Song et al.!” uncovered that only 831 out of 36,260
IL candidates meet the thermodynamic property requirements; if physical property
constraints of melting point and viscosity are further considered, only 15 IL candidates
are survived. It could be anticipated that if more constraints (e.g., low cost and potential
availability) are imposed in the screening, fewer or even no promising ILs will be
retained.

Eutectic solvents (ESs), in some cases also coined as deep eutectic solvents (DESs)
have recently emerged as another promising solvent option.'®2° Bearing similar
physicochemical properties to ILs, ESs have been widely regarded as “IL analogues”.
More attractively, ESs can be prepared with 100% atom economy by simply mixing
hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA), for which many
potential HBA: HBD combinations as well as their mixing ratio offer a more flexible
property tunability as opposed to ILs. However, differing from the strong electrostatic
interaction in ILs, the hydrogen bond formed between HBA and HBD is relatively weak,
which may lead to poor compositional stability of ESs in use. In other words, there may
exist intractable problems in the subsequent regeneration and reuse of ESs in practical

1'23

applications. For example, Sun et al.=° experimentally studied the extraction of

benzene/cyclohexane mixtures by [Nas44]Br: sulfolane (1:3 and 1:7), which both show

1.24 screened the

stronger affinity toward benzene against cyclohexane; Cheng et a
[Nasa4]Br: DMF (1:3) for extractive desulfurization after evaluating the extractive
potential of 49 ESs by the COSMO-RS model. Despite the comparable and even

superior extraction performance of these ESs over commercial solvents in these cases,

the mildly polar HBDs are susceptible to be partly distributed in the hydrocarbon phase.
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Moving beyond classical two-ion ILs (i.e., one cation and one anion) and ESs,
double salt ionic liquids (DSILs) that consist of more than one cation and/or anion have
also attracted wide attention as a unique, promising solvent option.?®! Since the most
straightforward way to obtain DSILs is to mix different ILs (in the following, all “ILs”
refers to two-ion ILs without clarification) together, they are also directly regarded as
“IL mixtures” in many cases. Regardless of the different terminologies, this type of
solvents could well combine the merits of ILs and ESs to a large extent. When compared
to ILs, DSILs greatly extend the solvent selection space and provides an easier way to
tune solvent properties. To be specific, (1) the number of DSILs could be many orders
of magnitude larger by simply mixing different ILs, and even if the commercially or
experimentally synthesized ILs are considered only, a broad scope of DSILs would still
be provided; (2) the properties of DSILs could be readily tuned in a wide range by
simply changing the IL parents and/or the corresponding ratios, whereas the properties
of ILs usually have to be altered by changing the alkyl chain length and/or
functionalization (resulting in complex synthesis and purification processes). Note that,
the flexible property tunability of DSILs is similar to that of ESs. Meanwhile, DSILs
featuring internal electrostatic interaction could secure a higher compositional stability
as opposed to ESs when applied in mixture systems, which is highly favorable from the
solvent regeneration and reuse point of view. For these reasons, DSILs open up new
opportunities for the selection of appropriate solvents for various chemical processes,
including the liquid-liquid extraction.

Larriba et al.?’

performed the dearomatization of a pyrolysis gasoline model using
the {{C:MIm][TCM] + [CoMPy][NTf:]} with different molar ratios, which allow a

better trade-off between the aromatic distribution coefficient and selectivity than the

individual ILs. Lee et al.?® investigated the solubility of paracetamol in DSILs that could
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be formed by 82 cations and 32 anions via the COSMO-SAC model, emphasizing the
classification and o-profile-based analysis of ideal or non-ideal behaviors of DSILs as
opposed to the parent ILs. Song et al.?® applied the COSMO-RS model for evaluating
the effect of introducing double cations and/or anions and different ion ratios on the
extractive potential of DSILs for thiophene/n-octane separation, which further guided
the screening of hypothetical DSILs from all possible combinations of 20 cations and
25 anions. Despite of these works that have demonstrated the great potential of DSILs
as solvent, it should be noted that DSILs are much less scarcely studied as compared to
ILs and ESs in the literature. Moreover, most available studies on DSILs are limited to
either experimental measurement or model-based estimation of properties of DSILs
toward a given application. A comprehensive study ranging from the rational task-
specific DSIL selection to the deep mechanistic analysis is still lacking.

Considering all the above aspects, this work systematically investigates DSILs for
the aromatics extraction from hydrocarbons (with o-xylene/n-octane as a model mixture)
by combining a rational screening-validation of practical DSILs and a thorough
microscopic mechanism exploration. A database of commercially available ILs is first
collected as an initial pool of parent ILs for pairing practical DSILs. The extractive
potential of thus obtained DSILs are then evaluated by combining thermodynamic
property calculation by COSMO-RS and physical property assessment by empirical
estimation from those of the parent ILs (for which missing properties are predicted by
a very recently reported deep learning model®?). DSILs satisfying both thermodynamic
and physical property criteria are further studied by liquid-liquid equilibrium (LLE)
experiment, wherein different DSILs and the effect of different ion ratios are validated
and compared with the ILs that are screened in a similar procedure. The enhanced

extraction performance of DSILs is finally unveiled at the microscopic scale by
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quantum chemistry calculation and molecular dynamics simulation.

2. METHOD

The research framework proposed in this work is shown in Figure 1, which
consists of four main steps. First, instead of assuming hypothetical DSILs from random
combinations of cations and anions, a database of commercially available ILs is
collected from the suppliers of Aladdin, Maclin, Lanzhou Institute of Chemical Physics
to secure the accessibility of practical DSILs in the subsequent steps. The second step
is the thermodynamic and physical property-based screening. Specifically, the
COSMO-RS model is applied for the calculation of infinite dilution capacity (C”) and
selectivity (S”) of DSILs, while empirical estimations are made for the melting points
(T) and viscosities () of DSILs based on the counterparts of the parent ILs
(experimental data are referred if available, and otherwise model predictions by a very
recently reported deep learning model are used). Constraints are imposed on the 7, and
n for screening DSILs suitable as extractants, and sulfolane is taken as a reference
solvent in this case for screening DSILs with satisfactory extractive potential. In the
third step, liquid-liquid equilibrium (LLE) experiments are systematically performed to
test the above screened DSILs and study the effect of different ion ratios. The fourth
step is the microscopic mechanism analyses by combining quantum chemistry
calculation and molecular dynamics simulation, wherein the intermolecular interaction
energy, independent gradient model (IGM), radial distribution function (RDF), and
spatial distribution function (SDF) are computed.

In the following, more details regarding the thermodynamic and physical property-
based screening, experimental validation, and mechanism analyses involved in the

proposed research framework are provided.



2.1 Thermodynamic property screening

To select promising DSIL extractants, it is of primary significance to evaluate their
extractive potential from thermodynamic point of view. To this end, the COSMO-RS
model is utilized to predict the infinite dilution capacity and selectivity (i.e., C* and §*)

of different DSILs for the o-xylene/n-octane separation as follows:

= ]/yoao-xylene ( I )
§* :y:ioctane/yf—xylene (2)

o0

and
o-xylene

where y represent the infinite dilution activity coefficients of o-

Vn-octane
xylene and n-octane in DSILs, respectively. The C* and S” could be rapid and simple
indicators of the extractive potential of DSILs for separating o-xylene from n-octane.
The COSMO-RS model has been discussed detailedly in previous literatures on its
application in calculating various thermodynamic properties. It is widely recognized
to be able to provide qualitatively reliable and quantitatively acceptable predictions in

16,34-37 and

most cases for the thermodynamic properties of IL-involved systems,
therefore is also potentially suitable for estimating the separation performance of
DSILs.282938 [n this work, all COSMO-RS calculations are performed using the
COSMOthermX software package (Version 22.0) at the BP86/TZVP level under the
BP TZVP 22.ctd parameterization. The COSMO files for anions/cations of ILs, n-
octane, and o-xylene are directly taken from COSMObase (Version 22.0, COSMOlogic
GmbH).

It is worth noting that in COSMO-RS calculation, ILs including DSILs are treated
as electrically neutral mixtures consisting of separate cations and anions, whereas in

experiments they are treated as one compound. Therefore, as detailed in the

COSMOthermX manual (Version C3.0, Release 16.01), the computed thermodynamic



properties that rely on the definition of mole fraction (such as the infinite dilution
activity coefficients) must be converted to ensure consistency with the reference
standard used in experiments. As the C* and S” are essentially derived from the infinite
dilution activity coefficient, all the calculated results by COSMO-RS has been

converted accordingly in this work.

2.2 Physical property screening

Apart from the thermodynamically extractive potential, the 7,, and # of solvent are
also important factors that need to be taken into account for extraction processes. As
the study of DSILs is currently still scarce, there is no available model that can be
applied to estimate 75, and n of them directly. However, according to previous
reports,%3° DSIL in many cases possesses a lower T}, than its IL parents, presenting as
an ES-like system. For this reason, the 7, of at least one parent IL is constrained to be
below 298.15 K. As for the viscosity, which is an out-of-equilibrium and non-molar
quantity, the Grunberg-Nissan mixing rule was suggested to be a suitable mixing law
for DSILs by showing a high accuracy in predicting # of the imidazolium- and
pyridinium-based IL “mixtures” from those of their parent ILs.*%*! Therefore, 5 of
DSILs are assessed from those of their IL parents by applying this mixing rule:*?

log,o(m)=Xi-; x;1og, (n,) 3)

where x; and 7, refer to the molar fraction and viscosity of parent IL, 7 denotes the
predicted viscosity of DSIL. Following this, the upper bound of the # of DSILs is set to
be 100 mPa-s.

In this work, the 7,, and # of the parent ILs of DSILs are first collected from
ILThermo (version 2.0).%3 Experimental data available will be directly used, otherwise

estimations will be made by applying a recently reported deep learning model.®? The



applied deep learning method is a novel two-stage [LTransR architecture combining
pre-training by Transformer and fine-tuning by convolutional neural network (CNN),
which employs large-scale unlabeled data for generalizing IL property prediction from
limited labeled data. Through case studies covering eleven IL properties (including the
two properties considered here), it was demonstrated that the ILTransR method
surpasses various state-of-the-art models in the literature. Specifically, for the 75, and #
of ILs, the ILTransR method gives a much lower mean absolute error (11.15 for 7in K,
0.35 for Iny in mPa-s) as opposed to the reference models in the literature. More details
about the two-stage [LTransR architecture for IL property prediction can be referred to
Chen et al.%2

It should be mentioned that the estimation of 7,, and # of DSILs based on those of
their parent ILs may lead to some deviations in certain cases. In the long term, further
experimental studies along with the development of reliable models on the fundamental

physical properties of DSILs are highly desirable.

2.3 Experimental validation

For promising DSIL candidates identified after thermodynamic and physical
property screening, it is important to verify the practical extraction performance
through experiments. Therefore, for the separation of o-xylene/n-octane model mixture,
LLE experiments of {DSILs + o-xylene + n-octane} are carried out. The IL parents
used for preparing DSILs are purchased from Adamas-beta and Macklin with purity
above 98.0 wt%, and treated by rotary evaporation at 10 kPa and 353 K for 24 hr to
remove possible volatile impurities and traces of water before use. o-Xylene and n-
octane are supplied by Adamas-beta with purity above 99.0 wt%, and used as received
without further purification.

Before the LLE experiment, the DSILs are prepared by mixing two ILs at a desired
9



molar ratio at atmospheric pressure and 298.15 K, wherein the mass of each IL is
weighed by a Sartorius BSA224S-CW balance (Germany) with a precision of £0.0001
g. After stirring at 500 rpm for 1 hr and settling for 1 hr, visual inspection is taken to
check whether a homogenous DSIL is obtained. In a typical LLE, the DSIL, o-xylene,
and n-octane are added successively into a 10 ml screw-capped vial, wherein their
masses are gravimetrically measured. After tightly sealed, the mixture is stirred at 500
rpm for 8 hr and then settles for another 8 hr to ensure complete thermodynamic
equilibrium. The temperature of the liquid mixture is controlled by an oil bath (Huber
Ministat 230, Germany) with a temperature fluctuation of +0.1 K. After settling,
samples of the upper (raffinate) and lower (extract) layers are carefully withdrawn using
syringes and analyzed by a gas chromatograph (Agilent 7890 GC) equipped with a
flame ionization detector (FID) and an HP-FFAP (30 m, 0.32 mm, 0.25 mm) capillary
column.

The mass fraction of o-xylene and n-octane in both phases is determined by using
undecane as internal standard. The GC analyses are carried out under the heating
procedure of maintaining the initial temperature of 353.15 K for 2 min, ramping 60
K/min to 503.15 K, and settling for 5 min. The high-purity nitrogen with 99.999 wt%
is applied as the carrier gas with a flow rate of 20 ml/min. Each sample is analyzed
three times and each experiment is repeated twice. The distribution coefficient (f) and
selectivity (S) of DSILs at the specific o-xylene/n-octane mixture composition are

calculated as:

—E R
ﬁ _mo-xylene/ Mo_xylene (4)
£ E
S= m;‘x}’leﬂe /mg—octane (5)
Moyxylene "n-octane
E R . .
where the 7y yjene and M, yjene Tefer to the mass fraction of o-xylene in the extract and
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raffinate phases, respectively.

2.4 Quantum chemistry calculation

The intermolecular interaction and microstructure are analyzed by density
functional theory (DFT) method using the Gaussian 09 (version E.01).%4* The
geometry of each compound is optimized at the B3LYP/6-31+G (d, p) theoretical
level,* along with DFT-D3(BJ) dispersion corrections.*’ As the calculation of {DSIL +
o-xylene/n-octane} interaction energies at different molar ratios of parent ILs is difficult,
geometric structures between each parent IL and o-xylene/n-octane are optimized,
followed by the interaction energy calculation as a reference for the DSILs-involved
systems. To be specific, different {IL + o-xylene/n-octane} combination modes are used
to determine the most stable structures for structure optimization. Meanwhile, the
intermolecular interaction energy (E,,,,) is calculated by:*8

Einter=E4+p —Eq— Ep + Epssp (6)

where E .5, E4, Ep and Eggq are the energies of 4 with B, a single 4, a single B, and
the basis set superposition error, respectively. Besides, the intermolecular interaction
between DSIL and o-xylene/n-octane have also been analyzed by the IGM approach

using the Multiwfn 3.8 program,**0

which could be visually shown by Visual
Molecular Dynamics software (version 1.9.3).5! By such IGM analysis, an intuitive and

comprehensive depiction of the locations and properties of intermolecular interactions

can be provided.

2.5 Molecular dynamics simulation
The widely-used GROMACS code has been utilized for the implementation of
molecular dynamics simulation and subsequent theoretical analyses for the extraction

systems involved in this work.%? The geometries of each ion and molecular compound
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have been optimized using the Gaussian 09 software at the B3LYP/6-31+G (d, p)
theoretical level, followed by the derivation of partial atomic charges through the RESP
method.® The force field parameters of anion, cation, n-octane, and o-xylene applied
here are all obtained from the GAFF force field.>* Energy minimization is performed
for each system using the steepest descent method in advance. Then, heating and
quenching steps are carried out as follows: (i) heating up to 700 K, (ii) simulating in
isothermal-isobaric (NPT) ensemble at 700 K and 1 bar for 1 ns, (iii) quenching to 298
K, (iv) simulating in NPT for 5 ns, followed with a subsequent production run of 100
ns at 298 K and 1 bar. The temperature of the system is controlled using a Nosé—Hoover
thermostat while the pressure is controlled using a Parrinello-Rahman barostat. The
electrostatic interactions are described with the Particle Mesh Ewald (PME) method®®
and the cut-off threshold of 12 A is applied for both Coulomb and non-bonded Van der
Waals interaction. The periodic boundary conditions (PBC) and LINCS algorithm are
turned on during the production run.® Radial distribution function (RDF) and spatial
distribution function (SDF) analyses are conducted based on the last 20 ns simulation

trajectories.

3. RESULTS AND DISCUSSION

3.1 Thermodynamic and physical property-based screening

From the three chemical suppliers mentioned above, 170 commercially available
and price-reasonable ILs are collected (as tabulated in Supporting Information Table
S1), which can be paired with each other to generate practically accessible DSILs for
the subsequent screening and validation steps. Based on this initial pool of 170 ILs, an
enormous number of DSILs could be obtained if different molar ratios of parent ILs are

accounted, offering a giant space for tuning DSIL properties. However, for the sake of
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computational cost, only the molar ratio of 1:1 is considered for pairing parent ILs in
the thermodynamic and physical property based DSIL screening, which results in
14,365 (C1-) DSIL candidates. The C* and S of these 14,365 DSILs are calculated
by the COSMO-RS model, while the 71, and 7 of the 170 parent ILs are collected from
ILThermo or predicted by the deep learning method for physical property estimation of
DSILs (detailed in Table S2, Supporting Information).

As shown in Figure 2a, the C* and S of these DSILs have a much broader
distribution as opposed to those of the 170 parent ILs, which are almost overcovered in
this plot. This C*-S” distribution directly demonstrates that DSILs provide more
opportunities to achieve desirable thermodynamic properties. By further applying the
constraints on 7, and #, a majority of these DSILs are discarded. However, if taking
the same criteria on the ILs, the number of retaining DSILs is still much larger than that
of retaining ILs (975 versus 20, as tabulated in Supporting Information Tables S3 and
S4), as compared in Figure 2b. The broader C*-S” distribution of DSILs in Figure 2b
again indicates the wider thermodynamic property tunable range.

To further screen DSILs with competitive extraction power, sulfolane is employed
as a benchmark because it is widely considered to be an efficient conventional solvent
in dearomatization. Correspondingly, 77 of the 965 DSILs are preserved with higher
C” and S” than those of sulfolane (C*=0.297, $°=10.620), whereas only three ILs are
retained by imposing the same constraints (see Figure 3 with the detailed information
tabulated in Tables S5 and S6). It is interesting to note that satisfying DSILs can even
appear through the pairing of ILs discarded by the thermodynamic constraints. For
example, [C1oMIm]os[CoMIm]os[NTf:] is retained with higher C* and S than
sulfolane, while both its parent ILs namely [CioMIm][NTf2] and [CoMIm][NTf>] are

eliminated by the thermodynamic property constraints. This finding well manifests the
13



advantages of DSILs in extending the solvent selection space and tuning the solvent
properties. Among the 77 retained DSILs, five candidates can be connected to form a
pseudo-Pareto front and no one below this front can surpass them in both C* and S”.
For comparison, two of the three retained ILs can also be selected in a similar manner.
Therefore, these five DSILs and two ILs will be validated by LLE experiments
subsequently. The predicted C* and S as well as the corresponding T, and 7 of these

selected DSILs and ILs are detailed in Table 1.

3.2 LLE experiments

Before experimental validation, the five DSILs screened above are prepared by
mixing the corresponding IL parents. In all the five cases, a clear homogenous “mixture”
is observed, demonstrating the viability for extraction. After obtaining the DSILs, the
LLE experiments of {DSILs + o-xylene + n-octane} are performed at the same global
composition, for which 2 g model mixture of o-xylene/n-octane (25 wt%/75 wt%) and
0.0047 mol (around 2 g) different DSILs are added into a screw-capped vial,
respectively. Note that, a fixed mole rather than a fixed mass of DSIL is kept in the
experiments to better compare with the molar-based C* and S” calculated by COSMO-
RS. LLE experiments with the two screened referenced ILs are performed in the same
manner. Figure 4 compares the experimentally-derived § and S of these five DSILs and
two ILs (detailed in Table S7, Supporting Information), where the higher extractive
power of DSILs can be generally validated as they form an exterior pseudo-Pareto front
overcasting the ILs. This conclusion is much clearer if DSILs at different ion ratios are
considered following the identical procedure, as illustrated with [C4MPyr],[CsMMIm];.
NTf2] (x ranges from O to 1) as an example in Figure 4b. In this sense, these LLE
results basically agree with the C*-S™ trend predicted by COSMO-RS.

In tandem with [C4MPyr],[CaMMIm][NTfz], [C4aMMIm],[CoMIm]i.[NTf>] and
14



[CioMIm],[CoMIm]1[NTf2] are selected as representatives to uncover the effect of
different ion ratios on the extraction power of DSILs. As seen in Figures 5a and 5b, in
the cases of [C4sMMIm],[CoMIm];., and [CioMIm],[CoMIm];.. [NTf2], the f gradually
increases while the S gradually decreases with x changing from 0 to 1. Differently, as
for [C4MPyr],[CsMMIm];[NTf>], a local maximum is observed at x = 0.5 for both S
and S, despite of their general increasing and decreasing trends along the x-axis,
respectively (see Figure 5c¢). That is to say, there may exist different dependencies of S
and S on the ion ratios of DSIL systems (detailed in Table S8, Supporting Information).
Nevertheless, these three cases all confirm that the ion ratios of DSILs have a significant
effect on their thermodynamic properties, thus providing an elegant degree of freedom

for tuning solvent properties.

3.3 Mechanism exploration

To better understand the mechanism for tuning DSIL properties toward extraction,
theoretical calculations at the microscopic scale are performed as follows: (1)
intermolecular interaction energy and IGM analyses based on quantum chemistry
calculation; (2) RDF and SDF analyses based on molecular dynamics simulation. The
DSIL system of [C4aMPyr],[CaMMIm];,[NTT;] is taken as a representative because it
not only shares a similar general trend of f and S as the other two systems (i.e.,
[C4MMIm],[CoMIm]i,[NTf] and [CioMIm],[CoMIm]i.[NTf>]) with the variation of
ion ratios but also experiences an interesting local maximum of f and S at x = 0.5.

On the basis of DFT calculation, the most stable geometric structures of the parent
ILs (i.e., [CaMPyr][NTf:] and [C4aMMIm][NTH]) as well as n-octane and o-xylene are
used to analyze intermolecular interaction. Subsequently, the optimized structures and
E, e (detailed in Figure S1 and Table S9, Supporting Information) of (a)

{[CaMPyr][NTf.] + n-octane}, (b) {[CsMPyr][NTf.] + o-xylene}, (c)
15



{[C4aMMIm][NTf>] + n-octane}, (d) {{CsMMIm][NTT:] + o-xylene} are obtained to
serve as the reference for the DSILs-involved systems. As shown in Figure 6, both
parent ILs exhibit a notably stronger £, With o-xylene than with n-octane, indicating
that they are both able to selectively extract the former from the latter. Moreover, the
interaction of {[C4sMPyr][NTf;] + o-xylene} is stronger than that of the
{[C4MMIm][NTTz] + o-xylene} while the difference between {IL+ o-xylene} and {IL
+ n-octane} interactions (AE) is larger in the case of [C4MMIm][NTT;], which can
jointly explain the higher § and lower S of [CsMPyr][NTHf:] for this extraction system.
Based on such IL-solute interaction energy analysis, a higher molar ratio of
[CaMPyr][NT1>] in [CaMPyr] [CsMMIm][NTf2] would potentially increase the f but
decrease the S, which is consistent with the general trends of  and S identified by LLE
experiments.

To further identify the type of intermolecular interactions in different solvent-solute
systems, color-filled IGM maps for the {[CsMPyr|[NTE]/[CsaMMIm][NTL,]/
[C4sMPyr]o.s[CsMMIm]o s[NTT2] + n-octane/o-xylene} are obtained and visually presented
in Figure 7. As seen, there are merely green thin isosurfaces between solvent and solute
in all these cases, indicating that both the two parent ILs as well as the DSIL interact
with the solutes (i.e., n-octane and o-xylene) mainly by van der Waals (vdW)
interactions.

In addition to the above quantum chemistry calculation, molecular dynamics
simulations are further performed for the systems of {[CaMPyr],[CaMMIm];[NTf;] +
o-xylene + m-octane} (x = 0.2, 0.4, 0.5, 0.6, 0.8) for interaction analysis and for
investigating the effect of different ion ratios in the DSIL-involved systems directly.
Figure 8 illustrates the organization of cations and anions around o-xylene as a function

of the [C4MPyr]" concentration through spatial distribution functions (SDFs) at 298 K.
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As opposed to the anion, both the two cations possess larger and closer isosurface
density region around o-xylene, indicating that the interactions between DSIL and o-
xylene are dominated by the cations. Moreover, the cations are mainly dispersed in
parallel to the plane of aromatic ring, which suggests the formation of CH-n or n-n
interactions. As for the two cations, a much larger area of [CsMPyr]* isosurface
appearing at the parallel plane of the aromatic ring can be observed than that of
[CsMMIm]*, which manifests a stronger {[CsMPyr]|" + o-xylene} interaction than the
{[CsaMMIm]* + o-xylene} interaction. This finding is in line with the conclusion drawn
from the E,,,., analysis, where [C4sMPyr|[NTf:] presents a higher E;,,., with o-xylene
in comparison to [C4MMIm][NTH;].

The RDFs of {{[CsMPyr]"/[CsMMIm]" + n-octane/o-xylene} are illustrated in
Figure 9. Due to the positive correlation between the first peak intensity and
intermolecular interaction strength, the peak intensity of g(r) in Figures 9a and 9c again
indicates a stronger {[C4sMPyr]* + n-octane} interaction than the {{C4MMIm]* + n-
octane} interaction. Similarly, the stronger interaction of {{C4MPyr|" + o-xylene} than
that of {{C4sMMIm]" + o-xylene} could be demonstrated from Figures 9b and 9d. As
shown in Figures 9a and 9b, with x of 0.2, 0.4, 0.6, and 0.8, the intensities of the first
peak successively increase with the higher mole fraction of [C4MPyr]". Interestingly,
when x equals to 0.5 (i.e., [CaMPyr]os[CaMMIm]os[NTf2]), a higher first peak of
{[C4aMPyr]" + o-xylene} RDF compared to those in [C4aMPyr]o.s[CaMMIm]o4[NTf]-
involved systems is observed whereas the first peak of {{C4MPyr]|" + n-octane} RDF is
almost overlapped with the [C4MPyr]o.4[ CaMMIm]o [ NTf:]-involved systems. That is
to say, the {[C4sMPyr]" + o-xylene} and {[CsMPyr]" + o-xylene/n-octane} interaction
would likely to be enhanced as increasing the mole fraction of [C4sMPyr]*, with a local

exception at x = 0.5. Such RDF results well address the ion ratio-dependencies of f and
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S of [CsMPyr] [C4aMMIm] [ NTf>] for the o-xylene/n-octane extraction.

4. CONCLUSION

A systematic framework combining the rational screening-validation and deep
mechanistic exploration is first proposed and applied to investigate DSILs as extraction
solvents for enhancing the o-xylene/n-octane separation. Among 14,365 DSILs paired
from 170 commercially available ILs, five DSILs are screened as promising candidate
solvents, showing higher extractive potential than the as-screened reference ILs and
conventional solvent. The experimental LLE of {DSIL + o-xylene + n-octane}
demonstrate the high extraction power of these DSILs and thus validate the reliability
of the screening process. Moreover, the significant effect of ion ratio on the extraction
power of DSILs is also uncovered by LLE experiments, proving it as an elegant degree
of freedom for tuning the properties of DSILs. The interaction energies and IGM
analyses based on quantum chemistry calculation, along with the SDF and RDF
analyses based on molecular dynamics simulation, jointly elucidate that: (1) the
extraction of o-xylene from n-octane is mainly dominated by the stronger vdW
interactions with cations (in terms of CH-n or n-m interaction); (2) with varying x, the
{DSIL+ solute} interactions are likely to change monotonously in the range of the
{parent IL + solute} interactions while the variation trend may exist local exceptions
(leading to non-monotonic behaviors of macroscopic properties, e.g., f and S in
extraction). As DSILs open new avenues for designing IL-type solvents, the proposed
framework in this work could be readily adapted to guide the rational selection and

wide application of practical DSILs toward other separation systems.
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Table 1. Selected DSILs and ILs for experimental validation after thermodynamic and

physical property-based screening.

Tw/K

Solvents c” S (parent 1/2) n/mPa-s
[CsMMIm]o.s[C2MIm]o.s[NTT:] 0.328 17.999 341.79%*/266.40 58.65
[CaMMIm]o.s[CsMIm]o.s[NT1:] 0.375 15.711 341.79%/260.64*  63.01
[CaMMIm]o.s[CaMIm]o.s[NTT:] 0.417 14.137 341.79*/271.10 71.27
[C4aMPyr]o5[CaMMIm]os[NTf2] 0.457 12.533 261.20/341.79* 88.60

[C1oMIm]o.5[CoMIm]o.s[NTH:] 0.502 11.356 276.20%/266.40 58.91
[CsMIm][NTH] 0.353 15.971 271.10 50.80
[CaMPyr][NTH] 0.429 12.273 261.20 78.50

*Note: properties predicted by the deep learning model.
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Figure captions

Figure 1. Research framework proposed in this work.

Figure 2. COSMO-RS predicted infinite dilution capacity (C*) and selectivity (S*) of:
(a) all 14,365 DSILs and 170 ILs; (b) DSILs and ILs meeting 7,, and # constraints.
Figure 3. Further screened ILs and DSILs by applying the C* and S™ constraints with
sulfolane as the benchmark, highlighting the ones selected for experiments.

Figure 4. Experimentally determined distribution coefficient (f) and selectivity (S) of
the selected DSILs and ILs.

Figure 5. Experimentally determined f and S of (a) [C4aMMIm],[CoMIm]i[NTt>], (b)
[CioMIm][CoMIm]1[NTT2], (c) [CsaMPyr],[CsMMIm];[NTf>] as the function of x.
Figure 6. Interaction energies between each parent IL and o-xylene/n-octane.

Figure 7. Color-filled independent gradient model (IGM) maps for different solvent-
solute systems. (a) {{C4sMPyr][NTfz] + n-octane}; (b) {{[CaMPyr][NTf:] + o-xylene};
(c) {[C4sMMIm][NTf2] + mn-octane}; (d) {[CaMMIm][NTf:] + o-xylene}; (e)
{[C4aMPyr]o.5[C4aMMIm]o s[NTfz] + n-octane}; (f) {{CaMPyr]o.s[CsMMIm]os[NTT2] +
o-xylene}.

Figure 8. Isosurfaces of the center of mass of [C4MPyr]* (Blue), [CsMMIm]* (Red),
and [NTf>]" (Green) surrounding o-xylene in [C4MPyr],[C4sMMIm];.,[NTf:]-involved
systems. (a) x = 0.2; (b) x = 0.4; (c) x = 0.5; (d) x = 0.6; (e) x = 0.8. Isosurface density
is 2.5 times the bulk density.

Figure 9. RDFs of the center of mass of two cations around the center of mass of »n-
octane/o-xylene as the function of x in [C4MPyr],[CaMMIm]i.[NTf>]. (a) {[CsMPyr]*
+ n-octane}; (b) {[CsMPyr]" + o-xylene}; (¢) {[CsaMMIm]" + n-octane}; (d)

{[CsMMIm]" + o-xylene}.
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Figure 7. Color-filled independent gradient model (IGM) maps for different solvent-
solute systems. (a) {[C4aMPyr][NTf>] + n-octane}; (b) {[CsMPyr][NTf:] + o-xylene};
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Figure 8. Isosurfaces of the center of mass of [C4MPyr]" (Blue), [C4aMMIm]* (Red),
and [NTf] (Green) surrounding o-xylene in [C4MPyr].[CsMMIm];..[NTfz]-involved
systems. (a) x = 0.2; (b) x =0.4; (c) x = 0.5; (d) x = 0.6; (e) x = 0.8. Isosurface density

is 2.5 times the bulk density.
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Figure 9. RDFs of the center of mass of two cations around the center of mass of n-
octane/o-xylene as the function of x in [C4aMPyr],[CsaMMIm]i[NTL]. (a) {{CaMPyr]"
+ n-octane}; (b) {{C4aMPyr]" + o-xylene}; (¢) {{CsMMIm]* + n-octane}; (d)

{{CsaMMIm]* + o-xylene}.
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