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KEYWORDS Abstract There is a lack of attention and reporting in aspects of the neutral/nonionic perfluo-
Perfluorinated iodoalkane; roalkyl substances (PFASs) and corresponding treatment mechanisms. Herein, new function-
Deep eutectic solvent: oriented deep eutectic solvents (DESs) with pyridine moiety were designed for perfluorinated
Partitioning behavior; iodoalkanes extraction from the oil phase. The effect of hydrogen bond acceptor (HBA) functional
Structure-property- groups on the effectiveness of targets retrieval was investigated. Moreover, different structural,
performance relationship; quantum-chemical, solvatochromic, and statistical thermodynamics parameters were conducted,
Synergism mechanism calculated, and correlated to the distribution coefficients of the studied DESs. Results showed that

functional groups of HBAs significantly affected the extraction effectiveness of eutectic mixtures.
The pyridine ring-based DESs with the C—=O group possessed the highest extraction efficiencies
among the studied groups. To some extent, the extraction performances of the DES were substan-
tially affected by the electrostatic potential extrema of the donor halogen atom and pyridine ana-
logues. For targets with relatively short alkyl chain length, the topological indices had a positive
relationship with the treatment efficacy of the DESs, and the quantum-chemical parameters of these
solvents had a strong negative relationship with them. For targets with long alkyl chain length, the
solvatochromic parameters of DES had a great influence on the distribution coefficients and also on
the selectivity of these solvents. Furthermore, the halogen and hydrogen bonds presented cooper-
ativity, clarifying via quantum-chemistry calculations. The synergism mechanism between them is
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beneficial to the extraction of perfluorinated iodoalkanes. Besides shedding light on the structure—
property-performance relationships of the DESs, these findings also provided novel insights into the
directional design and selection of DESs.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Perfluoroalkyl substances (PFASs) are a large class of man-made chem-
icals. Thousands of distinct PFASs were widely used in consumer prod-
ucts and industrial processes, where the use is not readily public or
available (Gaines, 2022). They generally consist of a carbon backbone
replaced by fluorines and at least one functional group, such as a sul-
fonic acid, carboxylic acid, amine, iodine, or other. Diverse PFASs
belong to the subclass of “precursors” that can be transformed into
highly persistent PFASs, and may be more toxic or bioaccumulative
than their final products (McDonough et al., 2022). Perfluorinated
iodoalkanes or polyfluorinated iodine alkanes (PFIs) have been
reported to have the potential to be converted into related perfluo-
roalkyl carboxylates (Ruan et al., 2010). Several PFI homologues had
dramatic increases in production volumes per year, and are thus
included on the high production volume (HPV) list. The U.S. Environ-
mental Protection Agency PFAS Action Plan applied systematic evi-
dence map (SEM) approaches to characterize the evidence base for
over 150 PFASs and provide a high-level summary of identified PFASs
(Carlson et al., 2022). The PFI (perfluoro-1-iodohexane) could be
found in the list. In contrast to the many PFASs with merely-one
assigned use, this kind of compound has many uses or was employed
more frequently, especially in oil productions, such as oil additives, cut-
ting or drawing oil, surface active agents in oil drilling, and so on
(Gaines, 2022; Gliige et al., 2020). A plenty of materials and solvents,
including ionic liquids, were developed for the treatment and removal
of PFASs, and most of them focused on the ionizable subclasses
(Grabda et al., 2022). There is a lack of attention and reporting in
aspects of the neutral/nonionic PFASs and corresponding mechanisms.

Novel green solvents called deep eutectic solvents (DESs) have
recently attracted considerable attention from the scientific community
in various fields. They can be prepared by two components, one as a
hydrogen bond donor (HBD), and another as a hydrogen bond accep-
tor (HBA) (Abbott et al., 2021). Researchers discovered that the
obtained eutectic mixture had a significantly lower melting point than
that of its original ingredients. The liquid structure of DES is directed
by a combination of inter- and intra-molecular interactions, including
hydrogen bonding, coulomb forces, van der Waals interactions,
apolar-polar segregation, dispersion forces, and electrostatics (Bryant
et al., 2022). Their unique attributes, such as simple preparation, high
atom economy, low cost, non-flammability, and less toxicity, are the
primary advantages, which make them have broad application pro-
spects in separation (Florindo et al., 2017, Makos et al., 2020), gas cap-
ture (Zubeir et al., 2018), biomass pretreatment (Satlewal et al., 2018),
catalysis (Yu et al., 2022), solar cells (Boldrini et al., 2018), and so on.
The physicochemical properties and unique performance of DESs are
finely tuned depending on their starting materials via different combi-
nations and proportions of HBA and HBD. The current development
of novel DESs is mostly driven by applications, while rational DES
design can be achieved only once structure-performance relationships
are established (van den Bruinhorst et al., 2021). Moreover, their
physicochemical properties database is urgently needed due to the fact
that physicochemical properties data will offer sufficient information
for the structure—property-performance relationship (Zainal-Abidin
et al., 2021). The molecular approach, such as quantitative struc-
ture—property relationship (QSPR) as a robust method, can develop
a mathematical relationship between the physicochemical properties
and the molecular features of the analyzed structures (Balali et al.,

2021). Additionally, molecular simulations and modeling can also be
helpful and beneficial in elucidating the basics and fundamental perfor-
mance of these eutectic solvents.

Electronegative atoms, such as iodines, can have electropositive
potential regions within the electron density. This electropositive area
is called the o-hole, and it provides an attraction region for the specific
molecule containing an atom with a lone pair electrons. The o-hole
enables iodine to behave analogously to the way electropositive hydro-
gen does in hydrogen bonding (Fan et al., 2009). As a result of the
great electron-withdrawing power of fluorine atoms on the alkane
backbone, iodo-perfluoroalkanes are viable to contain a particularly
strong o-hole on the lone iodine, and the hydrogen bonding between
these substances and pyridines is comparable to the hydrogen bonding
between pyridines and alcohols (von der Heiden et al., 2020). Inspired
by this, the new function-oriented DESs with the pyridine moiety can
be designed for perfluorinated iodoalkanes retrieval from the oil phase.

In this work, we synthesized and characterized a series of eutectic
mixtures composed of 14 types of pyridine analogues and glycolic acid
(as a common HBD) for investigating the effect of HBA functional
groups on the effectiveness of the neutral/nonionic perfluoroalkyl sub-
stances extraction from oil phase. This was evaluated by the selective
liquid-liquid partitioning behaviour of perfluorinated iodoalkanes.
Most importantly, different structural, quantum-chemical, solva-
tochromic, and statistical thermodynamics parameters, including con-
nectivity index, polarity, hydrogen bond acidity, hydrogen bond
basicity, H_int, H_MF, H_vdW, infinite dilution activity coefficient,
total energy, and the lowest unoccupied and highest occupied molecu-
lar orbital energies of the solvents, were conducted, calculated, and
correlated to the distribution coefficients of the studied DESs toward
perfluorinated iodoalkanes, with an attempt to establish structure—pr
operty-performance relationships and to elucidate the corresponding
mechanism of pyridine ring-based eutectic system. As far as we know,
this is the first study to demonstrate the relationship between the
extraction efficiency of the designed DESs toward perfluorinated
iodoalkanes and their structural features/physicochemical properties
through a combination of experimental and theoretical studies.

2. Materials and methods

2.1. Chemicals and reagents

Pyridine hydrochloride (purity: 98 %), 2, 2'-bipyridyl (99 %),
2-aminopyridine (99 %), 3-aminopyridine (99 %), 4-
aminopyridine (98 %), 2-hydroxypyridine (97 %), 3-
hydroxypyridine (99 %), 4-hydroxypyridine (97 %), methyl
nicotinate (99 %), nicotinohydrazide (97 %), nicotinamide
(99 %), nicotinic acid (99 %), 2-picolinic acid (99 %), 2-
pyridinemethanol (98 %), glycolic acid (98 %), phenol
(>99.5 %), p-cresol (99 %), p-nitrophenol (>99.0 %), 4-
methoxyphenol (99 %), glycolic acid (98 %) were bought from
Shanghai Macklin Biochemical Technology Co., Itd. Perfluori-
nated iodoalkane standards (>99.0 %), including perfluo-
robutyl iodide (PFBI, C4F9I), perfluorohexyl iodide (PFHXI,
C6F13I), perfluorooctyl iodide (PFOI, C8F171), perfluorode-
cyl iodide (PFDel, C10F21I), and perfluorododecyl iodide
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(PFDol, C12F25I) were obtained from Sigma-Aldrich (St.
Louis, MO). Fatty acids standards (> 99.0 %), including buty-
ric acid (C4H802), hexanoic acid (C6H1202), octanoic acid
(C8H1602), decanoic acid (C10H2002), and dodecanoic acid
(C12H2402), were purchased from Macklin Biochemical
Technology. The dyes for solvatochromic parameters, includ-
ing 4-nitroanisole, 4-nitroaniline, and Nile red, were obtained
from Tianjin Heowns Biochemical Technology Co., 1td. Ace-
tonitrile and ammonium acetate employed in instrumental
analysis were of mass grade (>99.99 %, Fisher, USA). N-
hexane was bought from Tianjin Fuchen Chemical Reagent
Co., Itd. and was of analytical grade.

2.2. Preparation and characterization of eutectic solvent systems

Eutectic solvent systems were prepared by mixing the above
sources at different molar ratios and at 343.15 K for 15—
30 min. For obtaining the liquid eutectic system at room tem-
perature, the HBD:HBA molar ratios of these mixtures were
kept at 5:1 in the next characterization and extraction pro-
cesses. All of these systems and their starting materials were
measured by Attenuated Total Reflection Fourier transformed
Infrared Spectroscopy (ATR-FTIR, IRTracer-100, SHIMA-
DAU, Japan). Their spectra for functional groups were
recorded in the range of 4000-400 cm ™' with 50 scans at
298.15 K. The melting point for the DESs was determined
by differential scanning calorimetry (DSC, TA Instruments
Q2000, USA) in a temperature range of 183.15-573.15 K with
a 10 K min~' heating/cooling rate. The solid-liquid phase
equilibria can be described by Schréder equation according
to the published works (Fan et al., 2022). The solvatochromic
parameters of these DES systems were carried out according to
the published protocols (Kundu et al., 2020; Jessop et al.,
2012). The parameters of some solvents cannot be obtained
because of the precipitation phenomenon when adding dyes.
The viscosities of the DES systems were measured at
298.15 K using a NDJ-8S digital rotational viscometer (viscos-
ity 2 %).

2.3. Liquid-liquid equilibrium experiments

An n-hexane solution with a low concentration of five perfluo-
rinated iodoalkanes and fatty acids (100 mg/L) was used as the
model for the oil phase to study the extraction ability of the
proposed DESs. For the liquid-liquid equilibrium experiment,
3 mL of model solution was added into a 10 mL screw flask,
and different DES (equal volume) with a HBD:HBA molar
ratio of 5:1 was added at the same time. The flask was sealed
and placed in the metal bath at a constant temperature of
298.15 K. The mixture was stirred at 2000 rpm for 1 h and then
settled for 1 h to ensure equilibrium. Finally, the DES phase
and the n-hexane phase were sampled and analyzed.
Distribution coefficients (f) = mass fractions of target in
DES/mass fractions of target in n-hexane. Selectivity (S) =

Bperﬂuorinated iodoalkaue/Bfatty acid-

2.4. Analysis of perfluorinated iodoalkanes and fatty acids

Quadrupole Time-of-Flight Mass Spectrometer (QTOF-MS)
(Xevo G2-XS, Waters Co., Itd., Wilmslow, UK) equipped with
electrospray ionization (ESI) interface was performed in the

negative-ion and selective ion monitoring mode. Capillary volt-
age: 3.0 kV. Source temperature: 373.15 K. Desolvation temper-
ature: 823.15 K. Five fatty acids were separated by ultra-
performance liquid chromatography (Waters Co., Itd., UK).
Column: ACQUITY® BEH Cl18 column (2.1 x 50 mm,
1.7 pm). Column temperature: 303.15 K. Flow rate:
0.5 mL min~". Injection volume: 1 pL. The mobile phase was
methanol (A) and 2 mmol/L ammonium acetate aqueous solu-
tion (B). Gradient elution: 90 % B for 0.5 min, from 90 % to
0 % in 15 min, a final isocratic 0 % for 1.0 min, from 0 % to
90 % in 0.1 min, and 90 % for 3 min to allow whole system re-
equilibration. Quantification was performed by standard curve
analysis by plotting the response of the respective molecular ions
(butyric acid: 87.0972; hexanoic acid: 115.1503; octanoic acid:
143.2035; decanoic acid: 171.2567; dodecanoic acid: 199.3098).

The gas chromatography (GC) instrument (Agilent 7890B)
was equipped with MassHunter software and coupled with a
triple quadrupole mass spectrometer (Agilent 7000C). GC sep-
aration was implemented on a HP-SMS capillary column
(30 m x 0.25 mm x 0.25 um; Agilent). The injector tempera-
ture and injection volume were set to 543.15 K and 1 pL,
respectively. The flow rate of carrier gas (helium) was
1.0 mL min~'. Initially, the oven temperature program was
kept at 308.15 K for 6 min. Then, the temperature was
increased to 403.15 K at 5 K min~". The mass ion source tem-
perature was 523.15 K and the interface temperature was
553.15 K. Electron impact (EI) ionization mode and selective
ion monitoring mode were used. Quantification was performed
by standard curve analysis by plotting the response of the
respective molecular ions (PFBI: 345.9; PFHxI: 318.9; PFOI:
226.9; PFDel: 519.0; PFDol: 619.0).

2.5. Computational details

Geometries and energies of DES complexes, their components,
and perfluorinated iodoalkanes were fully optimized at the
MO06-2X/aug-cc-pVTZ level with Grimme’s DFT-D3 empirical
dispersion correction using Tmolex (version 21.0.0), except for
iodine, for which the aug-cc-pVTZ-PP basis set was used. Basis
set superposition errors (BSSE) were not computed since it has
been shown that uncorrected aug-cc-pVTZ energy lies between
the corrected and uncorrected aug-cc-pVQZ energy (Alkorta
et al., 2010). The thermodynamic properties, total mean inter-
action energies (H_int), misfit interaction energies (H_MF),
van der Waals interaction energies (H_vdW), and infinite dilu-
tion activity coefficient were calculated by the software COS-
MOtherm (version 21.0.0). The topological indices
(Connectivity index) of different solvents were conducted with
MathChem (Vasilyev, 2014). The related electrostatic potential
and extreme points in the global surface were done by Multi-
wfn package 3.7 (Lu and Chen, 2012). The properties of the
considered DESs were studied at the short-range hydrogen
bonding by analyzing minimal HBA:HBD and HBD:HBD
clusters at a 1:1 ratio (Gutiérrez et al., 2022). For convenient
and direct investigation of hydrogen and halogen bonds
among HBA, HBD, and targets, corresponding interaction
energies calculations were done in the molar ratios of 1:1:1
during density functional theory analysis.

Dimer (hydrogen-bond) is denoted by A-B, and dimer
(halogen-bond) is denoted by B-C; A-B-C represents trimer.
Here, A, B, and C are glycolic acid, pyridines, and perfluori-
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nated iodoalkanes, respectively. The interaction energies of the
hydrogen bond and halogen bond in dimers were calculated
using the equations AEAg = Eap - (EA + EB) and AEgc =-
Egc - (EB + EC), respectively. The interaction energies of
hydrogen bond and halogen bond in trimers were calculated
using the equations AEAB’ = EABC - (EA + EBC) and AEBC’
= Eapc - (EC + Eap), respectively. Eopc is the total energy of
the ternary system. EA, Epc, EC, and Ep are the energies of
the binary and monomeric systems. The interaction energy of
the ternary system was obtained by the equation AEspc =-
Easc - (EA + EB + EC). The cooperative energy (Ecoop)
was calculated by the equation Ecoop = AEAgc — AEag - AEgc
- AEAc. AE( is the interaction energy between A and C in the
trimer (Zhao et al., 2011).

3. Results and discussion

3.1. Preparation and characterization

Fourteen pyridine-based and four phenol-based derivatives
(for comparison) were chosen as HBAs, and glycolic acid
was employed as an HBD (Fig. 1). The melting properties of
all the DES components are given in Table 1. We aimed to
develop hydrophilic and oil-stable eutectic systems. According
to the previous literature, the chemical nature of DES compo-
nents determines the hydrophilicity or hydrophobicity of the
final product (Taghizadeh, et al., 2021). The hydrophilicity
of DES was relatively high, where higher portions of the
hydrophilic component resulted in lower oil solubility (Lee,
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Table 1 Compounds used for the preparation of deep eutectic
solvents and their melting properties.

Compound CAS T./K Awh/kJ-mol !
Pyridine hydrochloride 628-13-7 419.15 14.630
2, 2’-Bipyridyl 366-18-7 345.15 20.014
2-Aminopyridine 504-29-0 331.15 13.0819
3-Aminopyridine 462-08-8 337.65 13.0819
4-Aminopyridine 504-24-5 434.15 13.0819
2-Hydroxypyridine 142-08-5 380.95 14.0569
3-Hydroxypyridine 109-00-2 403.15 14.0569
4-Hydroxypyridine 626-64-2 422.95 14.0569
Methyl nicotinate 93-60-7 315.65 17.434
Nicotinohydrazide 553-53-7 436.15 22.280
Nicotinamide 98-92-0 403.15 17.271
Nicotinic acid 59-67-6 509.75 20.618
2-Picolinic acid 98-98-6 409.65 20.618
2-Pyridinemethanol 586-98-1 278.15 14.5629
Glycolic acid 79-14-1 348.15 15.167
Phenol 108-95-2 314.05 11.509
p-Cresol 106-44-5 308.65 13.710
p-Nitrophenol 100-02-7 387.15 22.481
4-Methoxyphenol 150-76-5 330.15 14.898

T,,. melting (fusion) point; A,h: Enthalpy of fusion.

et al., 2019). The logP values of these starting materials were
low, thus the mutual solubility of the obtained eutectic systems
and n-hexane was expected to be low. The conductor-like
screening model for real solvents (COSMO-RS) was used to
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The structures of compounds used for the preparation of deep eutectic solvents.
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Fig. 2 Experimental solid-liquid equilibrium phase diagram of
the glycolic acid-4-aminopyridine system (A) measured by the
differential scanning calorimeter, and the predictions by COSMO-
RS (full line), along with the ideal liquidus line (dashed line).

calculate the melting points of different solvent systems for the
estimation of the solid-liquid equilibrium phase conditions
(Fan et al., 2021a). The predicted and measured phase dia-
grams are shown in Fig. 2, along with the ideal liquidus curve.
The mixtures of glycolic acid and 4-aminopyridine present a
sharp decrease in the melting point, compared with the initial
substances. In the experimental phase diagram, the lowest tem-
perature depression can be observed for this system with a gly-
colic acid:4-aminopyridine molar ratio of 1:1, while in the
predicted and ideal diagrams it occurs at molar ratios of
1:1.2 and 2.3:1, respectively. The non-ideal phase behavior of
the eutectic system can be explained by the excess entropy

— Glycolic acid 4-Aminopyridine
— Glycolic acid-4-Aminopyridine

A

80

401

Transmittance (%)

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

and enthalpy (Shishov et al., 2022). Moreover, the eutectic
point temperatures of the solvent system present strong nega-
tive deviations from ideality, which is consistent with the cur-
rent definition of DES. The diagrams of other systems are in
Fig. SI.

The FTIR spectra for different solvent systems and their
pure sources are presented in Fig. 3. The characteristic bands
of glycolic acid are observed at 3247 and 1703 cm™' corre-
sponding to OH and C—0O stretching vibrations, in agreement
with the reported study (Ahokas et al., 2018). The asymmetric
and symmetric vibrations of N—H stretching of 4-
aminopyridine are assigned to the bands at 3433 and
3301 cm~', which are in line with reported work
(Ramalingam et al., 2010). The N—H in-plane bending vibra-
tions appear at 1646 cm ™!, and the out-of-plane bending vibra-
tions are assigned at 989 cm™'. The peaks in the region 1600—
1500 cm™! are attributed to the C=N ring stretching vibra-
tions (Ramalingam et al., 2010). The peak at ~1000 cm™"' is
the ring breathing mode of an unpaired pyridine ring
(Hawthorne et al., 2013). The hydrogen bond between the pyr-
idine moiety and glycolic acid leads to the ring breathing vibra-
tion frequency blue shift. For the glycolic acid-nicotinamide
system, this phenomenon is not apparent. The two nicoti-
namide main bands are observed at 3354 and 3148 cm™' in
the NH, stretching vibration region (Garbacz et al., 2020).
The C=O stretching vibration of nicotinamide is at
1674 cm™~". Furthermore, the two bands for the eutectic mix-
ture at 3338 and 3202 cm~' can be assigned to the glycolic
acid-nicotinamide hydrogen bonding interaction (Cuadra
et al., 2016). The results of the other solvent systems were pro-
vided in supplementary material (Fig. S2). The viscosities of
the widely studied hydrophilic DES were relatively high (as
high as 2000 Pa-s at ambient conditions) (Fan et al., 2021b).
These pyridine-based eutectic mixtures possessed appropriate
viscosities, which ranged from 2379 to 5320 mPa-s at
298.15 K (Table S1).
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— Glycolic acid-Nicotinamide
801
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Fig.3  Fourier transform infrared spectroscopy spectra for deep eutectic solvents and its components. (A) Glycolic acid-4-aminopyridine
system; (B) Glycolic acid-nicotinamide system. HBA: HBD (glycolic acid) molar ratio 1:5.
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3.2. Liquid-liquid partitioning behaviour

Distribution coefficients and selectivity were employed to eval-
uate the extraction performance of these eutectic solvents
toward perfluorinated iodoalkanes. — Four  phenolic
compound-based DESs with the same HBD were employed
for the comparison among groups. Fatty acids with different
alkyl chain length were chosen as the disturbing substances
because their carbon skeleton and characteristic functional
group are similar to that of perfluorinated compounds. Differ-
ences in the partition coefficients in terms of the type of HBAs
are expected to result in their successful selective extraction.
The studied HBAs can be divided into four distinct groups:
the pyridine ring, the pyridine ring with the NH, group, the
pyridine ring with the OH group, and the pyridine ring with
the C=0 group. As displayed in Fig. 4 (A) and Table S2,
the order of the distribution coefficient is, in general, as fol-
lows: pyridine ring with C=O group > pyridine
ring > pyridine ring with NH, group ~ pyridine ring with
OH group = phenolic compounds. In more detail, the values
of the distribution coefficient become larger in the order of
methyl nicotinate ~ nicotinic acid < nicotinohydrazide < 2-
picolinic acid < nicotinamide. Especially for PFHxI and
PFOI, the relatively short-chain targets studied, the extraction
efficiencies of DESs with the C=0 group are relatively high
(0.37-1.80). While their extraction efficiencies toward fatty
acids with the same length of carbon chain were in the range
0f 0.01-0.26. This performance is promising because of the dif-
ficulty of short-chain PFASs removal (Wang et al., 2022). For
fatty acids (structural analogues), the values of the distribution
coefficient become larger in the order of 2-picolinic acid =~
nicotinamide < methyl  nicotinate < nicotinic
acid < nicotinohydrazide. Therefore, to consider the distribu-
tion coefficient and selectivity together, the glycolic acid-
nicotinamide solvent system would be the optimal candidate.
The different functional groups of DESs render distinct parti-
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tioning behaviours. The inner mechanism can be preliminarily
investigated by the quantitative analysis of molecular surface.

3.3. Survey of electrostatic potential surface

The corresponding molecular electrostatic potential maxima
for five targets are presented in Fig. 5. A positive “c-hole” is
detected in each perfluorinated iodoalkane. An electronegative
“belt” orients in a plane perpendicular to the bond axis, and
the maximum (positive) in the molecular electrostatic potential
is located over the iodine atom. Their values increase in the fol-
lowing order: PFDel < PFDol < PFBI < PFOI < PFHxI.
The maxima indicate their relative halogen bond donor abili-
ties. It suggests that these targets should have molecular recog-
nition properties and could therefore form special complexes
with relatively strong non-covalent bonding acceptors like pyr-
idines. In addition, as mentioned above, the extraction perfor-
mances of the DESs toward the relatively short-chain targets
were better than those toward long-chain targets. The ten-
dency paralleled the electrostatic potential maxima on the
donor halogen atom.

Because halogen and hydrogen bonding interactions are
almost electrostatically driven, the molecular electrostatic
potential of glycolic acid, pyridines, and perfluorinated
iodoalkanes was calculated. Halogen bond is analogical to
hydrogen bond in many aspects, and it is comparable to
hydrogen bond; thus, competitions may occur between them
(Li et al., 2010). As an illustration, electrostatic potential iso-
surfaces for the starting materials of DESs are shown in
Fig. 6. The electrostatic potential surface minima and maxima
are represented as the green and yellow spheres. The interac-
tion among HBA, HBD, and target is expected to occur along
these minimum/maximum points (Liu et al., 2021). This can be
treated using a simple electrostatic model, where the positive
electrostatic region on the surface of the iodine-based sub-
stance interacts with the negative electrostatic region on the
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Fig. 4  Experimental liquid-liquid equilibrium results of deep eutectic solvents toward to perfluorinated iodoalkanes (A) and fatty acids
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Perfluorobutyl iodide
(PFBI)

Perfluorodecyl iodide
(PFDel)

Perfluorohexyl iodide
(PFHXxI)

™34.48
34.29

Perfluorooctyl iodide
(PFOI)

Perfluorododecyl iodide
(PFDol)

Fig. 5 Electrostatic potential on the 0.001 au molecular surface of perfluorinated iodoalkanes. Numerical labels are represented as red
regions corresponding to the global maxima on each surface. Color range (kcal/mol): red, > 20; yellow, between 20 and 10; green, between

10 and 0; blue, negative.

surface of pyridine (Cabot and Hunter, 2009). For pyridine
and pyridines with an NH, group, the global minimum (the
only one) on the surface is located on the nitrogen atom of
the pyridine ring. A competition of o-hole bonding with
hydrogen bonding would occur between glycolic acid and per-
fluorinated iodoalkane, thus leading to a reduction in extrac-
tion efficiency. For pyridines with the OH group, the
greatest negative electrostatic potential is located over the
nitrogen atom of the pyridine ring. The glycolic acid tends to
form hydrogen bonds with them during the melting process,
and then the target will bind with the second site (OH group).
As a consequence, this resulted in lower extraction efficiency
and selectivity. For pyridine ring with the C=O group, the
most negative potential is localized mostly on the C—O group,
thus the above investigations do not excite. Correspondingly,
the extraction efficiency drops when the most negative point
is replaced by the nitrogen atom of the pyridine ring. The per-
formance of these DESs could be simultaneously affected by
their properties such as polarity, acidity, basicity, and so on.
Nicotinamide presents a surface that is complementary to per-
fluorinated iodoalkane. The iodine atom of the target has a
positive region surrounded by its negative potential, and the
nicotinamide has negative regions surrounded by its positive
potential. This indicates that a possible extended cooperative
interaction between DES and perfluorinated iodoalkane leads
to the further enhancement of their stability (Cabot and
Hunter, 2009).

3.4. Parameters

Different descriptors were conducted and calculated for the
structure—property-performance relationship, including topo-

logical indice, solvatochromic parameters, H_int, H_MF,
H_vdW, infinite dilution activity coefficient, total energy, the
lowest unoccupied molecular orbital (LUMO) energy, and
the highest occupied molecular orbital (HOMO) energy of sol-
vent. The corresponding data are presented in Table S3,
Table S4, and Table S5. The connectivity index was chosen,
because it was considered suitable for measuring the extent
of branching of the carbon-atom skeleton (Ma et al., 2018).
The total energy, LUMO energy, and HOMO energy are
important points to evaluate the molecular electrical transport
properties, which indicate the chemical robustness of a system
(Fan et al., 2019). In general, the obtained solvent systems
were stable. Three Kamlet-Taft parameters were studied: o,
B and n*, which denote hydrogen-bond donating ability (acid-
ity), hydrogen-bond accepting ability (basicity), and polariz-
ability/polarity, respectively (Jessop et al.,, 2012). The
published work confirmed the significant contribution of
HBD in DES to Kamlet-Taft parameters. Most of the studies
monitored the change in the alkyl chain length of DES compo-
nents to tailor the DES polarity (Zhang et al., 2021). As shown
in Table S4, a slight change in the functional group of HBA
can also significantly alter the m* parameter. The glycolic
acid-2-pyridinemethanol system is the highest among the
obtained DESs, probably because of permanent dipoles and
delocalized bonds (Dwamena and Raynie, 2020). It is interest-
ing to note that all the studied solvents are hydrophilic, and
their polarity is relatively large, whereas they can recover
hydrophobic perfluorinated iodoalkanes. Therefore, a clear
understanding of this phenomenon is essential to helping
choose the correct solvent for desired industrial purposes.
The Kamlet-Taft hydrogen bonding basicity of the prepared
DESs is almost larger than the Kamlet-Taft hydrogen bonding
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acidity. The highly basic nature of these solvents can be due to
the pyridine rings present in the DESs. The activity coefficient
predicted by COSMO-RS at infinite dilution is usually utilized
to indicate the performance of solvents in liquid-liquid extrac-
tion (Dai et al., 2021). The energy data obtained during statis-
tical thermodynamics calculations such as H_int, H_MF, and
H_vdW are also useful parameters, which are different from
the energy obtained from density functional theory. This
model is beneficial in the determination of the general trend
rather than the absolute value (Kunov-Kruse et al., 2017).

3.5. Correlation analysis

Differential parameters may be potential factors affecting the
extraction performance of DES toward perfluorinated
iodoalkane. The correlation among key descriptors, distribu-
tion coefficients, and selectivity were analyzed using the Spear-
man’s method (Fig. 7). For the targets with relatively short
alkyl chain length (PFBI, PFHxI, PFOI), the results showed
that the topological indices of these DESs had a positive cor-
relation with their distribution coefficients, and quantum-

chemical parameters of the solvents, including total energy,
LUMO energy, and HOMO energy, had a strong negative cor-
relation with their distribution coefficients. For the targets
with long alkyl chain length (PFDel, PFDol), solvatochromic
parameters had a great influence on their distribution coeffi-
cients and also on selectivity. Specifically, the ©* (polarity) val-
ues of these DESs were positively correlated with the
distribution coefficients, while o and B were negatively corre-
lated with the distribution coefficients. It is demonstrated that
hydrophobic interaction would not play a relatively large role
in the extraction of longer-chain targets (Wang et al., 2022).
The relevance between the descriptors and the selectivity of
the studied DESs is more complicated. Except for PFBI and
PFDol, positive correlations were found between selectivity
and topological indices, and parameters obtained with
COSMO-RS (H_int, H MF, H_vdW, activity coefficient).
Quantum-chemical parameters also show negative relevance
analysis results toward the selectivity of the DESs. Hydrocar-
bon compounds such as fatty acids are found to be mostly gov-
erned by the dispersion force (van der Waals force), whereas
the dominant force of perfluoroalkyl chemicals is likely to be
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Glycolic acid-Nicotinamide-PFBI Glycolic acid-Nicotinamide-PFHxI Glycolic acid-Nicotinamide-PFOI
.zo

Glycolic acid-Nicotinamide-PFDel Glycolic acid-Nicotinamide-PFDol

Fig. 8 Optimized geometries of DES-perfluorinated iodoalkane complexes at the M06-2X/aug-cc-pVTZ level.

the dipole—dipole interaction—a kind of orientation force defined as Pop = 100 %*AAE/AEsg, and Pgc = 100 %*AA

(Hasegawa, 2017). E/AEgc. The absolute values of AAE become larger in the
order of Nicotinamide-Glycolic acid-PFBI < Nicotinamide-
3.6. Synergism mechanism Glycolic acid-PFDol < Nicotinamide-Glycolic acid-PFDe

I < Nicotinamide-Glycolic acid-PFOI <. Nicotinamide-
Glycolic acid-PFHxI. This is partly consistent with the order
of electrostatic potential maxima of perfluorinated iodoalka-
nes, indicating that halogen bonding interactions play a vital
role in these ternary systems. Moreover, there is a good corre-
lation between the halogen-bond strength (AEgc, AEpc) and
tions give identical values for the enhancement energy of the the magnitude of positive electrostatic potential on a halogen
ternary complex (Del Bene et al., 2010). In other words, atom, supporting the electrostatic interpretation of these halo-

AAEAg = AEap" — AEag = AAEge = AEge’ — AEge = AAE. gen bonds (Zhu et al., 2020). It is interesting to note that the
relative increment of hydrogen-bond energy is stronger than

As shown in Fig. 8, glycolic acid could form hydrogen-bonded
complexes with nicotinamide, and perfluorinated iodoalkane
with different alkyl chain length could form halogen-bonded
complexes with the DES system. It should be noted that
hydrogen bonding interactions and halogen bonding interac-

The relative increasing values of these interactions were
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Table 2 Interaction energies related parameters (in kcal/mol) * at the M06-2X/aug-cc-pVTZ level.
Complex AEpc AEAc AE\p AEgc AEABc AAEgc Pap (%)  Ppc (%)  Ecoop
Nicotinamide-Glycolic acid-PFBI —0.2514 —0.1876  —0.5012 —0.2604 —0.7446 —0.0091 5.9141 3.6081 —0.1675
Nicotinamide-Glycolic acid-PFHxI ~ —0.2661  —0.2059 —0.4992 —0.2796 —0.7495 —0.0136  5.4350 5.1043 —0.1957
Nicotinamide-Glycolic acid-PFOI —0.2661  —0.2108 —0.4909 —0.2782 —0.7417 —0.0121 4.7428 4.5532 —0.2084
Nicotinamide-Glycolic acid-PFDel ~ —0.2545 —0.1886  —0.4894 —0.2652 —0.7288 —0.0107  4.3408 42117 —0.1876
Nicotinamide-Glycolic acid-PFDol ~ —0.2610  —0.1884  —0.4950 —0.2711 —0.7386  —0.0101  4.6055 3.8702 —0.1839

% The various parameters have been defined in the text.
that of halogen-bond energy in all trimer (PAB > PBC)~ It is Acknowledgement

consistent with the conclusion that the stronger non-covalent
interaction has a bigger effect on the weaker one (Saha and
Sastry, 2015). Ecoop 1s also applied to evaluate the cooperativ-
ity of the halogen bonds and hydrogen bonds in their com-
plexes. A negative value of E.,p, indicates that the two kinds
of interactions would work in concert with each other and
enhance their strength. Inversely, a positive value reveals that
the two interactions show anti-cooperativity (Zhao et al.,
2011). From Table 2, it can be clearly seen that the values
are negative, which demonstrates the cooperativity effects
between the hydrogen and halogen bonds in the ternary com-
plexes regarding the binary complexes. The halogen bonding
interaction between nicotinamide and its target is enhanced
by introducing hydrogen bonding interaction from glycolic
acid. That is to say, the formation of the eutectic system facil-
itates the extraction of perfluorinated iodoalkanes. The devel-
oped solvents can be further utilized in the treatment of
perfluorinated iodoalkanes from edible oil, drawing oil, and
similar matrixes.

4. Conclusion

Fourteen types of pyridine ring-based DESs containing HBAs with dif-
ferent structures were used to treat perfluorinated iodoalkanes in the
oil phase. Results showed that functional groups of HBAs significantly
affected the extraction effectiveness of eutectic mixtures. The pyridine
ring-based DESs with the C=O0 group possessed the highest extraction
efficiencies among the studied groups. In the end, the glycolic acid-
nicotinamide solvent system presented the optimal performance. To
some extent, the extraction performances of the DESs paralleled the
electrostatic potential maxima on the donor halogen atom and were
also substantially affected by the electrostatic potential extrema of pyr-
idine analogues. The correlation study on the structure—property-per
formance of the DESs showed that the topological indices had a pos-
itive relationship with the treatment efficacy of the DESs, and the
quantum-chemical parameters of these solvents, including total energy,
LUMO energy, and HOMO energy, had a strong negative relationship
with them. The solvatochromic parameters of DESs had a great influ-
ence on the distribution coefficients and also on the selectivity of these
solvents toward targets with long alkyl chain length. Furthermore, the
halogen and hydrogen bonds showed cooperativity, which was clari-
fied via quantum-chemistry calculations. The synergism mechanism
between them is beneficial to the extraction of perfluorinated iodoalka-
nes. The utility of developing a proposal for hydrogen-bonding sys-
tems in this work will offer the exciting prospect of directionally
exploiting and designing multifunctional DESs.
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