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ABSTRACT 

Recent developments have been made to improve the separation of complex molecules. 

The following chapters describe the optimization and characterization of two unique stationary 

phases: ionic liquids (ILs) and deep eutectic solvents (DESs). The versatility of ILs have 

expanded over the years and one of their most interesting applications are their use as gas 

chromatographic stationary phases. As shown in literature, they can either act as a nonpolar or 

polar phase depending on the analytes of interest. By manipulating the structure of the ILs, the 

molecular interactions exhibited between the stationary phase and probes can be tailored for 

favorable interactions. Imidazolium and phosphonium ILs are commonly used as cations with a 

variety of different counter anions. One of the major drawbacks of ILs is their low thermal 

stabilities compared to many other commercial phases. The first study addresses this by 

incorporating phenyl substituents within the cation to reduce the probability of decomposition 

pathways. High boiling point analytes such as polycyclic aromatic hydrocarbons (PAHs) and 

polycyclic biphenyls (PCBs) were separated due to their capability of undergoing π-π 

interactions with the stationary phase. The second study is also relating to molecular interactions 

but instead of an IL-based stationary phase, DESs were the materials of interest. Using multiple 

combinations of hydrogen bond acceptors and donors to form the DESs, in depth molecular 

insight was gained using inverse gas chromatography (GC).  The Abraham solvation parameter 

model was used to characterize the deep eutectic based stationary phases. As stationary phases, 

both materials displayed unique interactions where the ILs showed enhanced π-π interactions 

while the DESs displayed increased hydrogen bond basicity compared to traditional ILs.
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CHAPTER 1.    GENERAL INTRODUCITON 

Introduction 

Brief introduction to ionic liquids 

ILs are classified as nonmolecular ionic solvents with low vapor pressures and melting 

points below 100 °C [1]. These molten salts are generally composed of an organic cation and 

inorganic or organic anion (See figure 1). Over the last twenty years, the use of ILs has expanded 

in various areas of chemistry, including sample preparation [2], solvents for organic synthesis 

[3], and gas chromatographic stationary phases [4,5]. The selectivity for a given application can 

be improved by making structural modifications to the ILs for the exploration of new interactions 

via synthesis.  

 

 

 

 

Figure 1. Various structures of traditional IL anions and cations 

Ionic liquids as gas chromatographic stationary phases 

Gas chromatography (GC) is a technique used to separate small molecules in their 

gaseous state using an immobilized stationary phase. In gas-liquid chromatography (GLC), 

molecules are injected inside a column, and they experience partitioning between a liquid 

stationary phase and a gaseous mobile phase (e.g., helium). Most nonpolar commercial GC 

stationary phases include a polydimethylpolysiloxane (PDMS) backbone, while polar phases 

consist of polyethylene glycol (PEG).  The unique selectivity and tunability of ILs make them 

advantageous, whereas they can act as a polar or nonpolar phase.  



2 

To utilize an IL as a stationary phase for GC analysis, the phase must first be coated 

within the capillary. The static coating method has been employed to efficiently coat a thin layer 

of the stationary phase within the wall of the capillary. This technique requires the stationary of 

choice to be soluble in a solution that would be later removed by evaporation. It is shown in 

equation 1, the film thickness (df) of the phase can be approximated using the concentration of 

the solution and inner diameter of the capillary. 

𝑑𝑓 =
𝑑 × 𝑐

400
 

Equation 1. Calculation of the film thickness using the static coating method technique. 

As shown in figure 2, the thin layer of the stationary phase (280 nm) is immobilized 

within the fused silica capillary, where the mobile phase passes over. Once the column is coated, 

the column is conditioned at temperatures below the maximum allowable operating temperature 

(MAOT) to ensure the removal of impurities and prevent column degradation. The analytes are 

approximately 0.1 nm in length, are then passed through the column via partitioning between the 

stationary phase and mobile phase [6]. As GC stationary phases, ILs exhibit selectivity based on 

the chemical structure and combination of anions and cations. It was reported that ILs containing 

halogen anions (e.g., [Cl-]) displayed much stronger retention for probe molecules containing 

acidic protons, while anions such as [PF6
-] resulted in much weaker retention times [7]. The 

addition of [Cl-] within the chemical structure gives rise to strong hydrogen bonding interaction 

and hence longer retention times.  
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Figure 2. General scheme of WCOT column using a fused silica capillary 

 

Thermal stability of ionic liquids 

While ILs have proven to be beneficial in GLC, one of their major drawbacks has been 

their limited thermal stability. Compared to commercially available stationary phases, ILs are at 

a slight disadvantage when it comes to applications requiring high oven temperatures. Compared 

to monocationic ILs, dicationic ILs offers slightly higher thermal stability due to their increased 

charge density [8]. The decomposition of traditional IL-based stationary phases is back to its 

cation, where studies have shown that tetralkylphosponium and n-functionalized azaheterocycles 

undergo Hofmann elimination as temperature rises [9,10]. To address this issue, Davis and 

coworkers replaced the alkyl side chain substituents with aryl groups (See figure 3 below).  

The removal of a proton on the aryl groups of the cation will produce benzyne 

intermediates, which are known to be unstable [10,11]. While this reaction is still plausible, very 
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high temperatures are required as well as the presence of a superbase over the traditional [Ntf2
-] 

anion. As shown in figure 3, each IL possesses the same [Ntf2
-] anion with unique aryl 

functionality to suppress the common decomposition pathways. Given the distinct structural 

features, they displayed strong π-π interactions with analytes as well as high thermal stabilities 

ranging from 290 to 350 °C. 

 
Figure 3. Structure of arylated cation proposed for high-temperature study 

 

Deep eutectic solvents 

 

 Deep eutectic solvents (DESs) are low melting point liquids that are formed by mixing 

relative ratios of a hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA) [12]. 

Common HBDs include alcohols, carboxylic acids, and amides, while HBAs generally consist of 
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quaternary ammonium or phosphonium salts [13]. The salt component of these solvents consists 

of IL-based, where a distinct anion and cation is present. Unlike ILs, DESs undergo not only 

electrostatic interaction but are capable of hydrogen bonding due to the presence of the halide 

(e.g., [Cl-]) and HBD. The hydrogen bonds occurring in these solvents are responsible for the 

low melting points as both the HBA and HBD possess higher melting points individually. 

Compared to ILs, DESs have also been applied as extraction solvents [14], solvents in 

nanotechnology [15], and carbon dioxide capture [16]. 

Deep eutectic solvents as GC stationary phases 

 

In this study, DESs were used as GC stationary phases for the first time to characterize 

their molecular interactions chromatographically. Like ILs, the structural features of these 

solvents can be tuned as well as their relative ratios for targeted applications. Synthetically, these 

compounds can be prepared readily at low cost with little to no toxicity due to the lack of workup 

required [17]. Spectroscopic methods such as the use of the Kamlet-Taft parameters and 

normalized polarity scales have been used to evaluate their polarities and interaction capabilities. 

While many of these techniques have been devised over the years, they fail to address every 

possible interaction as DES possessing different HBA and HBD appear to have similar polarities 

[18].  

Inverse GC is a technique that studies the partitioning of a pure compound isothermally 

to gain insight on the stationary phases’ ability to form interactions. A chromatographic method 

known as the Abraham solvation parameter model employed inverse GC and was used for the 

first time to characterize these DES. Unlike previous methods, the Abraham model includes a 

wide variety of probe molecules (over 4000) compared to the solvatochromic probes for 

adequate characterization of possible interactions. While using only milligram amounts of the 
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DES, solvation properties of the DES were studied at three temperatures to gain insight on 

molecular interactions [5,19].  A series of 20 ammonium and phosphonium HBAs with varying 

hydrogen bond donors (e.g., carboxylic acids) were among the many DES included in this study. 

The interaction parameters based on the effect of the pKa of acids, the molar ratio of HBA to 

HBD, and chain lengths were examined using this model. 

 
Figure 4. Structures of common DES combinations available 

 

Inverse GC is a technique that studies the partitioning of a pure compound isothermally 

to gain insight on the stationary phases’ ability to form interactions. A chromatographic method 

known as the Abraham solvation parameter model employed inverse GC and was used for the 

first time to characterize these DES. Unlike previous methods, the Abraham model includes a 

wide variety of probe molecules (over 4000) compared to the solvatochromic probes for 

adequate characterization of possible interactions. While using only milligram amounts of the 

DES, solvation properties of the DES were studied at three temperatures to gain insight on 

molecular interactions [5,19].  A series of 20 ammonium and phosphonium HBAs with varying 

hydrogen bond donors (e.g., carboxylic acids) were among the many DES included in this study. 

The interaction parameters based on the effect of the pKa of acids, the molar ratio of HBA to 

HBD, and chain lengths were examined using this model. 



7 

CHAPTER 2.    ULTRA-HIGH THERMAL STABILITY IONIC LIQUIDS AS GAS 

CHROMATOGRAPHIC STATIONARY PHASES FOR THE SELECTIVE 

SEPARATION OF POLYAROMATIC HYDROCARBONS AND POLYCHLORINATED 

BIPHENYLS 

Gabriel A. Odugbesi,a He Nan,a Mohammad Soltani,b James H. Davis Jr,b Jared L. Andersona,* 

aDepartment of Chemistry, Iowa State University, Ames, Iowa 50011, USA 

bDepartment of Chemistry, University of South Alabama, Mobile, Alabama 36688, USA 

Modified from a manuscript, published in Journal Chromatography A 

Abstract 

Ionic liquids (ILs) are well-known in the field of separation science for their unique 

selectivity when used as stationary phases in gas chromatography (GC). While a significant 

amount of knowledge has been attained in correlating structural features of an IL to separation 

selectivity, developments in producing IL-based stationary phases suitable for high temperature 

GC studies have lagged behind. Column bleed is a result of the stationary phase undergoing 

volatilization /decomposition at high temperatures and is undesirable in separations coupled to 

GC/MS. It has been well-known that traditional classes of ILs with long alkyl side chain 

substituents are susceptible to Hofmann elimination at elevated temperatures. In this study, a 

new class of IL stationary phases containing perarylated cations exhibiting improved thermal 

stability are introduced. These ILs were used to prepare wall-coated open tubular columns with 

high column efficiency and produced very low bleed at temperatures up to 350 °C. Their unique 

chemical structures provide stronger π-π interactions compared to many commercially-available 

stationary phases. To exploit the unique interactions provided by these stationary phases, the 

separation of two classes of environmentally hazardous aromatic compounds, namely, polycyclic 

aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs), was examined. Both 

classes of compounds contain structural isomers with high boiling points that are often 
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challenging to separate. The perarylated sulfonium and phosphonium IL-based stationary phases 

exhibited excellent thermal stability as well as unique selectivity toward isomers of PAHs as well 

as toxic PCB analyte pairs. 

Keywords: gas chromatography; ionic liquids; polycyclic aromatic hydrocarbons; 

polychlorinated biphenyls; solvation parameter model 

Introduction 

Ionic liquids (ILs), classified as non-molecular ionic solvents, are composed of an 

organic cation and an inorganic/organic anion [1]. ILs possess a number of unique features such 

as tunable physiochemical properties, low melting points, high thermal stability, and negligible 

vapor pressure at ambient temperatures [2]. In the field of analytical chemistry, ILs have been 

widely studied in chromatographic separations, electrochemical sensing, and sample preparation 

[2–5]. When used as stationary phases in gas chromatography (GC), ILs exhibit unique 

chromatographic selectivity toward different classes of analytes that is often based on the 

chemical structure and combination of cations and anions [4,6].  

Compared to a number of commercial stationary phases (e.g., HP-5 and SPB-50), IL-

based stationary phases generally offer lower thermal stabilities, placing them at a disadvantage 

when high separation temperatures are required. Increased column bleed originating from 

thermal decomposition/volatilization of the stationary phase can lower the signal-to-noise ratio 

for analytes and lead to poor sensitivity [7]. To improve the chromatographic performance of the 

stationary phase at high temperatures, commercially-available columns are often highly 

crosslinked using silarylene-siloxane copolymers to prevent ion source contamination when used 

in mass spectrometry (MS) [8]. GC/MS compatible stationary phases provide very low bleed 

profiles at elevated temperatures making them highly attractive in the separation of compounds 

with high boiling points. To exploit the unique separation power of IL-based stationary phases in 
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GC/MS methods, their thermal stabilities must be improved. Recent studies have shown that 

imidazolium/phosphonium-based ILs with aryl substituents exhibit excellent thermal stability 

[9]. In addition, these ILs have the potential to provide strong π-π interactions toward analytes 

containing aromatic functionality. These ILs represent a class of compounds that have great 

potential in the separation of high molecular weight and thermally-stable organic compounds 

when used as stationary phases.  

Polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) are 

among the more challenging high molecular weight analytes to separate by GC. PAHs are 

composed of multiple fused aromatic rings and the numerous isomers of these compounds are 

often targeted in the analysis of environmental samples [10]. They are generated primarily from 

the incomplete combustion of fossil fuels [11]. PCBs are a group of persistent environmental 

contaminants that can be found in the fatty tissues of animals and humans due to their 

hydrophobicity and resistance toward metabolism. Before any health and environmental 

restrictions were put into place, PCBs were used as fire retardants and insulating fluids in 

electrical capacitors leading to their widespread existence in the environment [12]. The analysis 

of PAHs and PCBs dates back to the early 1970s using GC with porous-layer open tubular 

(PLOT) and wall-coated open tubular (WCOT) columns [13,14]. Although the separation of a 

wide range of PAHs have been studied, certain isomers with high boiling points, such as 

benzo[j]fluoranthene and benzo[b]fluoranthene, are often poorly separated [15]. In the case of 

PCBs, the analytical challenge results from the large amount of possible congeners, where the 

separation of all isomers is difficult to achieve on one single column [16–18]. Due to the similar 

chemical and physical properties of all 209 possible congeners, co-elution is a significant 

challenge. 



10 

To adequately separate PAHs and PCBs, stationary phases based on 

polydimethylsiloxane (PDMS) containing varying amounts of dimethyl and diphenyl 

modification have been widely studied [19]. Shape selective stationary phases such as the C60 

fullerene phase have been shown to exhibit better selectivity for planar PCBs. However, the high 

column bleed of this stationary phase at elevated oven temperatures precluded the separation of 

high boiling point congeners [20]. To resolve the structural isomers for both classes of analytes, 

IL-based stationary phases have been explored due to their unique chromatographic selectivity 

[21]. Monocationic IL-based stationary phases, including 1-benzyl-3-methylimidazolium triflate 

and 1-(4-methoxyphenyl)imidazolium triflate, were shown to exhibit thermal stabilities up to 260 

°C [22]. Dicationic ILs were subsequently developed and their thermal stabilities were found to 

be higher than their monocationic analogues [23]. Dicationic imidazolium IL-based stationary 

phases with varying linker chain lengths were further developed by Armstrong and co-workers 

[24]. Improved separation of the benzo[j]fluoranthene and benzo[b]fluoranthene structural 

isomers was observed compared to PDMS stationary phases. While dicationic imidazolium IL-

based stationary phases show improved stability, they are still susceptible to decomposition at 

high temperatures. 

Recently, it was reported that the instability of conventional IL cations (e.g., N-

functionalized aromatic azaheterocycles, tetralkylphosphonium) resulted from a retro-

Menschutken reaction or Hofmann elimination at elevated temperatures [25,26]. To improve the 

thermal stability of IL cations, sulfonium- and phosphonium-based cations with aryl moieties 

were reported by Davis and coworkers in an effort to suppress the thermal decomposition of 

conventional ILs by avoiding alkyl side chain substituents [27,28]. The removal of a hydrogen 

atom on the aryl substituents was found to produce unstable benzyne intermediates, hence 
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preventing the common decomposition pathway. Therefore, sulfonium- and phosphonium-based 

ILs with aryl moieties hold promise as high thermal stability stationary phases that offer unique 

chromatographic selectivity for aromatic compounds. 

In this study, six sulfonium- and phosphonium-based ILs with low melting points were 

designed and prepared as stationary phases for the separation of PAHs and PCBs. These IL-

based stationary phases provided improved resolution of structural isomers with high boiling 

points from both classes of analytes compared to commercial PDMS- and IL-based stationary 

phases such as HP-5ms, SPB-50, and SLB-IL111. The Abraham solvation parameter model was 

used to study the unique solvation characteristics offered by these stationary phases. This new 

class of stationary phases exhibit strong π-π interactions with analytes while providing thermal 

stabilities ranging from 290-350 °C. 

Materials and Method 

Materials 

Naphthalene (99%), acenaphthene (99%), fluorene (98%), phenanthrene (98%), 

anthracene (97%), fluoranthene (98%), pyrene (98%), benzo(a)fluoranthene (99.5%), 

benzo(b)fluoranthene (99.9%), and benzo(k)fluoranthene (99.5%) were purchased from 

MilliporeSigma (Bellefonte, PA, USA). Butyraldehyde (99%), 1-chlorobutane (99%), ethyl 

acetate (99.5%), methyl caproate (99%), and 2-nitrophenol (99%) were purchased from Acros 

Organics (Morris Plains, NJ, USA). Bromoethane (98%) was purchased from Alpha Aesar 

(Ward Hill, MA, USA). Ethyl benzene was purchased from Eastman Kodak Company 

(Rochester, NJ, USA). Acetic acid (99.9%), N,N-dimethylformamide (99.9%), and toluene 

(99.8%) were purchased from Fisher Scientific (Pittsburgh, PA, USA). 2-chloroaniline (98%), p-

cresol (99%), o-xylene (97%), p-xylene (99.5%), and 1-bromohexane (98%) were purchased 

from Fluka (Steinheim, Germany). Benzaldehyde (99%), 5-bromoacenapthene (90%), 2-
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nitronapthalene (85%), 1-chlorohexane (99%), 1-chlorooctane (99%), cyclohexanol (99%), 

cyclohexanone (99.8%), 1-iodobutane (99%), 1-nitropropane (98%), octylaldehyde (99%), 1-

pentanol (99%), 2-pentanone (99%), propionitrile (99%), 1-decanol (99%), acetophenone (99%), 

aniline (99.5%), benzonitrile (99%), benzyl alcohol (99%), 1-bromooctane (99%) , 1-butanol 

(99.8%), 1,2-dichlorobenzene (99%), dichloromethane (99.8%), 1,4-dioxane (99.5%), 1-octanol 

(99%), phenol (99%), pyridine (99%), pyrrole (98%), m-xylene (99.5%), 2-propanol (99.9%), 

and propionic acid (99%) were purchased from MilliporeSigma. The reagents 4-

fluoroiodobenzene, Tris(4-fluorophenyl)phosphine, Pd(OAc)2, potassium 

bis[(trifluoromethyl)sulfonyl]imide, 1,2-dichloro-4-(4-iodophenoxy)benzene, 1,4-diiodobenzene, 

potassium carbonate, copper(II) oxide, and 3,4-dichloro phenol were purchased from Sigma-

Aldrich. A PCB calibration check solution containing 21 different congeners at a concentration 

of 100 µg/mL in acetone was purchased from Accustandard (New Haven, CT, USA). The 

chemical names and molecular structures for the PAHs and PCBs are listed in Tables S1 and S2 

(see supporting information). The columns SLB-5ms (30 m × 250 µm × 0.25 µm), SPB-50 (30 m 

× 250 µm × 0.25 µm), and SLB-ILPAH (20 m × 180 µm × 0.05 µm) were purchased from 

MilliporeSigma (Bellefonte, PA, USA). The HP-5ms (30 m × 250 µm × 0.25 µm) and HP-5ms 

UI (30 m × 250 µm × 0.25 µm) columns were obtained from Agilent Technologies (Santa Clara, 

CA, USA). 

Synthesis of ionic liquids 

The chemical names and molecular structures of the ILs examined in this study are 

shown in Table 1. ILs 1-2 were prepared using previously reported methods [27-29]. NMR 

spectra were recorded on a 500 MHz JEOL spectrometer using CDCl3 as a solvent at room 

temperature. All chemical shifts for 1H and 13C NMR were reported downfield using 

tetramethylsilane (TMS, at d ¼ 0.00 ppm).  
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Synthesis of IL 3: In a 50 mL heavy wall pressure vessel with an internal thread 

containing a stir bar, 4-fluoroiodobenzene (1.0 equiv), tris(4-fluorophenyl)phosphine (1.0 equiv), 

Pd(OAc)2 (1.5 mol %) and xylene (15 mL) were added under nitrogen atmosphere and reaction 

mixture stirred at 140 °C for 2 hours. The reaction mixture was then cooled down to room 

temperature and filtered to yield pure tetra(4-fluorophenyl) phosphonium iodide as a pale solid. 

The [NTf2-] salt was achieved by anion exchange of [K+] [NTf2-] (1.0 equiv) and the 

phosphonium salt (1.0 equiv) in water for 15 min at room temperature. The reaction mixture was 

then extracted three times with dichloromethane and brine solution. The combined organic 

extracts were dried over anhydrous Na2SO4, solvents were removed under reduced pressure, and 

pure tetra(4-fluorophenyl) phosphonium [NTf2-] was achieved as a white solid. Pure crystals of 

the product were achieved by crystallization in hot ethanol. 1H NMR (CDCl3, 500 MHz): δH 

7.65-7.61 (m, 8H), 7.42-7.39 (m, 8H); 13C NMR (CDCl3, 125 MHz): δC  168.0 (d), 165.9 (d), 

137.1 (t), 123.3, 120.8, 118.5 (m), 115.7, 113.2, 112.5; 31P NMR (CDCl3, 202 MHz): δp 22.50 

ppm; 19FNMR (CDCl3, 470 MHz):  -78.96, -98.77 ppm.  Tm = 137oC (+/- 1.0 oC).  

Synthesis of IL 4:  First, 1,2-dichloro-4-(4-iodophenoxy)benzene was synthesized by 

mixing 1,4-diiodobenzene (1.0 equiv), potassium carbonate (2.5 equiv), copper(II) oxide (2.5 

equiv), and 3,4-dichlorophenol in DMF as a solvent at 120 °C for overnight. After completion of 

the reaction, the pure compound was achieved by column chromatography. Then, 4-(3,4-

dichlorophenoxy)phenyltriphenylphosphonium [NTf2-] was prepared following the general 

procedure. 1H NMR (CDCl3, 500 MHz): δH 7.87-7.84 (m, 3H), 7.75-7.71 (m, 6H), 7.61-7.57 

(m, 6H), 7.57-7.52 (m, 2H), 7.48-7.47 (m, 1H), 7.24-7.22 (m, 3H), 7.05-7.03 (m, 1H); 13C NMR 

(CDCl3, 125 MHz): δC 163.1, 152.7, 136.7 (d), 135.5 (d), 133.6, 131.7, 13.6 (d), 129.3, 122.7, 



14 

121.0, 120.4, 118.9, 118.8, 118.4, 117.9, 117.2, 110.5, 109.8; 31P NMR (CDCl3, 202 MHz): δp 

23.28 ppm; 19F NMR (CDCl3, 470 MHz):  -78.62 ppm.  Tg = 3.0 oC (+/- 0.05 oC). 

Synthesis of IL 5:  4-bromophenyltriphenylphosphonium [NTf2-] and 4-

phenoxyphenyltriphenylphosphonium [NTf2-]  were first prepared following the general 

procedure. Then, an equimolar ratio of these two compounds was combined and melted to 

produce the desired IL.  1H NMR (CDCl3, 500 MHz): δH 7.94-790 (m, 2H), 7.86-7.84 (m, 8H), 

7.76-7.71 (m, 12H), 7.64-7.55 (m, 16H), 7.48-7.41 (m, 5H); 13C NMR (CDCl3, 125 MHz): δC 

148.08, 138.08, 135.82-135.56 (m) 134.70 (d), 134.24 (d), 133.95 (d), 130.70 (d), 129.22, 128.95 

(d), 127.37, 123.64, 121.08, 118.52, 117.88, 117.25 (d), 116.97, 116.53, 116.25, 115.96, 115.73, 

115.01. 31P NMR (CDCl3, 202 MHz): δp 23.98, 23.68 ppm; 19F NMR (CDCl3, 470 MHz):  -

78.60 ppm. Tg = 2.6 oC (+/- 0.14 oC). 

Synthesis of IL 6:  The ILs 4-[4-(4-

phenoxyphenoxy)phenoxy]phenyltriphenylphosphonium [NTf2-]  and 4-[4-(3-

fluorophenoxy)phenoxy]phenyltriphenylphosphonium [NTf2-] was prepared following the 

general procedure. Then, an equimolar ratio of these two compounds was combined and melted 

to result the desired IL.  1H NMR (CDCl3, 500 MHz): δH 786-7.84 (m, 6H), 7.74-7.73 (m, 

12H), 7.63-7.57 (m, 12H), 7.54-7.49 (m, 4H), 7.40-7.38 (m, 1H), 7.33-7.30 (m, 2H), 7.23-7.21 

(m, 4H), 7.10-7.08 (m, 3H), 7.03-7.02 (m, 2H), 6.99-6.98 (m, 2H), 6.95-6.93 (m, 2H), 6.85-6.83 

(m, 1H); 13C NMR (CDCl3, 125 MHz): δC 164.5 164.4, 163.5, 162.4, 156.8, 154.8, 136.5 (t), 

135.5, 134.2 (d), 130.6 (m), 129.8, 123.5, 122.2, 121.1, 120.3, 118.9-118.0 (m), 117.5, 117.3, 

116.4, 112.8, 112.6, 110.1, 109.1, 108.6, 108.4, 108.3 ppm; 31P NMR (CDCl3, 202 MHz): δp 

23.28, 23.24 ppm; 19F NMR (CDCl3, 470 MHz):  -78.60, -109.38 ppm. Tg = 10.0 oC (+/- 0.03 

oC). 



15 

GC column preparation 

Using the static coating method, thirty-meter untreated fused silica capillaries were 

coated with the ILs examined in this study. The coating solution was prepared by dissolving the 

ILs in dichloromethane at a concentration of 0.32% (w/v) to yield an approximate film thickness 

of 0.20 µm. The coated columns were conditioned at 200 °C for 12 h under a constant flow of 

helium. The column efficiency was determined using naphthalene at 110 °C. The list of columns 

examined in this study and their characteristics is shown in Table 2. All columns possessed 

efficiencies higher than 3700 plates/meter. 

Preparation of probe solute standards and chromatographic conditions 

The PAH mixture was prepared by dissolving the analytes in hexane at a concentration of 

0.5 mg/mL. The PAH standards were prepared in hexane at a concentration of 0.1 mg/mL. The 

PAH separations were performed on an Agilent 7890B gas chromatograph coupled to a flame 

ionization detector (GC-FID). Helium was used as the carrier gas at a flow rate of 1 mL/min. The 

injector and detector temperatures were held at 250 °C using a split ratio of 20:1 and an injection 

volume of 1 µL. The detector employed hydrogen as the makeup gas at a flow rate of 30 

mL/min, while the air flow was held at 400 mL/min. The temperature program for the analysis of 

PAHs was optimized for each column to achieve the best separation.  

The PCB mixture was diluted from the standard solution to a concentration of 8 µg/mL. 

Separation of the mixture was performed on an Agilent 7890B/5977A GC/MS system. Helium 

was employed as the carrier gas at a flow rate of 1 mL/min and all injections were performed in 

split mode at a split ratio of 5:1. The temperature program for the analysis of PCB mixture was 

optimized for each column. For the HP-5ms UI column, the oven temperature was initially held 

at 125 °C, then increased to 185 °C at a rate of 12 °C/min and held for 2 min. The temperature 

was then ramped to 220 °C at a rate of 10 °C/min with a hold time of 2 min, and finally ramped 
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to 250 °C at a rate of 12 °C/min. For the SLB-IL111 column, the oven temperature was initially 

held at 85 °C, then increased to 190 °C at a rate of 8 °C/min and held for 3 min. The temperature 

was then ramped to 235 °C at a rate of 8 °C/min with a hold time of 6 min, and finally ramped to 

260 °C at a rate of 12 °C/min. 

For IL 1, the oven temperature was initially held at 190 °C, then increased to 200 °C at a 

rate of 4 °C/min and held for 5 min. The temperature was ramped to 235 °C at a rate of 10 

°C/min with a hold time of 5 min and finally ramped to 265 °C at a rate of 8 °C/min. For IL 2, 

the oven temperature was initially held at 185 °C, then increased to 200 °C at a rate of 8 °C/min 

with a hold time of 3 min. The temperature was then ramped to 235 °C at a rate of 6 °C/min with 

a hold time of 10 min, and finally ramped to 265 °C at a rate of 10 °C/min. For IL 3, the oven 

temperature was initially held at 130 °C, and then increased to 185 °C at a rate of 12 °C/min for 

and held for 1 min. The temperature was then ramped to 220 °C at a rate of 3 °C/min with a hold 

time of 2 min, and finally ramped to 265 °C at a rate of 12 °C/min. For IL 4, the oven 

temperature was initially held at 185 °C, then increased to 220 °C at a rate of 15 °C/min and held 

for 5 min. The temperature was ramped to 245°C at a rate of 5 °C/min with a hold time of 5 min, 

and finally ramped to 265 °C at a rate of 8 °C/min. For IL 5, the oven temperature was initially 

held at 215 °C for 1 min, then increased to 230 °C at a rate of 25 °C/min and held for 3 min. The 

temperature was then ramped to 250 °C at a rate of 5 °C/min with a hold time of 6 min, and 

finally ramped to 285 °C at a rate of 12 °C/min. For IL 6, the oven temperature was initially held 

at 185 °C, then increased to 200 °C at a rate of 8 °C/min and held for 3 min. The temperature 

was ramped to 235 °C at a rate of 6 °C/min with a hold time of 1 min, and finally ramped to 265 

°C at a rate of 10 °C/min.  
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For experiments involving the solvation parameter model, analytes were prepared in 

dichloromethane at a concentration of 1 mg/mL. All GC measurements were performed on an 

Agilent 7890B GC-FID instrument. Helium was used as the carrier gas at a flow rate of 1 

mL/min. The injector and detector temperatures were held at 250 °C. A split ratio of 100:1 was 

used with an injection volume of 1 µL. The detector employed hydrogen as the makeup gas at a 

flow rate of 30 mL/min, while the air flow was held at 400 mL/min. A list of the 46 probe 

molecules along with their solute descriptors is provided in Table S3. All 46 probes were 

injected individually at 50, 80, and 110 ºC. Lower boiling point analytes exhibited lower 

retention times at higher oven temperatures, while the other analytes displayed stronger retention 

on the stationary phase. Therefore, not all analytes listed were subjected to the regression 

analysis at the three temperatures studied. Multiple linear regression analysis and statistical 

calculations were performed using the software Analyze-it (Leeds, UK). 

Results and Discussion 

Highly polar and thermally-stable GC stationary phases are particularly sought after in 

applications involving the analysis of long chain fatty acids, polycyclic aromatic sulfur 

heterocycles, PAHs, and PCBs [21,30–32]. Recent studies have shown that the triarylsulfonium- 

and tetraarylphosphonium-based ILs exhibited excellent thermal stability in that they were 

heated at 300 ºC for 90 days with no observable mass loss [28,29]. Perarylated ILs are highly 

promising to further extend the application of IL-based stationary phases for the separation of 

high molecular weight aromatic compounds such as PAHs and PCBs. 

As shown in Table 1, six different sulfonium- and phosphonium-based ILs paired with 

bis[(trifluoromethyl)sulfonyl]imide ([NTf2-]) anions were studied. Among them, IL 1 is a 

sulfonium-based IL containing three phenyl substituents. ILs 2-6 are phosphonium-based ILs 

with different aryl moieties. ILs 3 and 4 contain halide modified aryl substituents, while ILs 5 



18 

and 6 are mixtures of phosphonium-based ILs. All ILs were prepared as stationary phases in GC 

columns for the evaluation of their thermal stability as well as chromatographic selectivity. 

Evaluation of thermal stability of IL-based stationary phases using GC-FID 

The thermal stability of ILs is often evaluated by thermogravimetric analysis (TGA). 

However, due to the high heating ramps that are often employed (e.g., 10-20 °C/min), it has been 

shown that this only measures the short-term stability of the IL [25]. Studies have shown that the 

maximum allowable operating temperature (MAOT) of IL-based stationary phases is 

approximately 100 ºC lower than what TGA experiments indicate [26]. Recently, the 

decomposition of GC stationary phases has been evaluated by exploiting the high sensitivity of 

flame ionization detection (FID). The FID approach is highly sensitive and can detect trace 

volatilization and/or decomposition products that may arise from the stationary phase during 

heating [24]. This method was used to determine the MAOT of stationary phases by evaluating 

the resolving power of the stationary phase after being thermally stressed at different 

temperatures [33].  

In this study, each IL-based stationary phase was subjected to a series of heating 

experiments. Initially, five-meter segments of each column were conditioned to 100 ºC, 150 ºC, 

200 ºC, and 250 ºC. After each conditioning step, the chromatographic performance of the 

stationary phase was evaluated by measuring the column efficiency based on the retention time 

and peak width of naphthalene at 100 ºC, while 110 °C was used for IL 3 due to its unique 

retention behavior. To precisely determine the MAOT of each stationary phase, the columns 

were subsequently conditioned to 270 ºC, 290 ºC, 310 ºC, 330 ºC, and finally 350 ºC. The same 

procedure was repeated to measure the column efficiency after each heating step (see Tables S4-

S9).  
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As shown in Tables 2 and S4, when IL 1 was conditioned from 310 to 330 ºC, a 

significant loss in column efficiency was observed indicating that the MAOT of the stationary 

phase is approximately 300 ºC. IL 2 showed an improved thermal stability with a MAOT of 

approximately 310 ºC, due to a drop in column efficiency being observed when the column was 

conditioned from 330 to 350 ºC.  

The MAOT of ILs 4 and 5 was found to be approximately 350 ºC, which are the highest 

among the ILs examined in this study. IL 5 is comprised of a mixture of (4-

bromophenyl)triphenylphosphonium and (4-phenoxyphenyl)triphenylphosphonium ILs, while IL 

4 is a phosphonium-based IL with a dichlorophenoxy substituent. When both columns were 

conditioned from 330 to 350 ºC, the column efficiency was maintained above 2200 plates/meter 

indicating the very stable nature of these stationary phases. Compared to IL 5 with a MAOT of 

350 ºC, IL 6 possesses a MAOT of 290 ºC (see Table S9) and is also a mixture composed of two 

different phosphonium-based ILs. Among the ILs examined in this study, IL 3 exhibited a 

particularly unique behavior. Generally, after the columns were conditioned at high oven 

temperatures, the retention time of the naphthalene probe molecule decreased. However, the 

retention time of naphthalene on the IL 3 column steadily increased. After heating at 350 °C, the 

retention time of naphthalene increased from 2.5 to 6.9 min with the peak width increasing from 

0.08 to 1.64 min, resulting in extremely low column efficiency (see Table S6 in supporting 

information). This retention behavior was observed previously by Betts, where the retention 

times of analytes on liquid crystal-based stationary phases increased as the columns were heated 

to temperatures beyond their melting points [34]. Compared to IL 3, all other ILs exhibited 

excellent durability as well as high thermal stability.  
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Chromatographic selectivity of IL-based stationary phases for PAHs  

 The most widely used analytical methods for the determination of PAHs are 

GC/MS and high-performance liquid chromatography (HPLC) with fluorescence detection 

[35,36]. In comparison, GC/MS generally provides high sensitivity and better quantification 

results [32]. However, due to the presence of numerous isomers with high boiling points, the 

number of PAHs which can be analyzed by GC is limited by the thermal stability and selectivity 

of the stationary phase [37]. PDMS-based stationary phases such as HP-5ms, SLB-5ms and Rtx-

5ms (bonded and highly crosslinked (5%-phenyl)-methylpolysiloxane) are most commonly used 

for PAH separation.  

To evaluate the separation performance the stationary phases examined in this study, 12 

PAHs (see Table S1) were selected and separated on the IL-based stationary phases and three 

commercial stationary phases, including HP-5ms, SLB-5ms, and SLB-ILPAH. As shown in 

Figure 1A, the 12 PAHs were separated on the HP-5ms stationary phase under optimized 

conditions. The SLB-5ms column, which is analogous to the HP-5ms column, provided 

comparable separation performance, as shown in Figures 1A and 2A. The resolution of 

benzo(b)fluoranthene and benzo(k)fluoranthene was found to be 1.48 on the SLB-5ms column 

under optimized separation conditions and 1.46 on the HP-5ms stationary phase. The total 

separation time for the HP-5ms stationary phase was approximately 35 minutes, while the SLB-

5ms phase required approximately 25 minutes.  

The SPB-50 stationary phase is a relatively polar PDMS-based stationary phase with 

approximately 50% phenyl content which acts to increase its selectivity. As shown in Figure 2B, 

all analytes were baseline separated except for phenanthrene and anthracene (Rs = 1.07). 

Compared to the HP-5ms and SLB-5ms stationary phases, benzo(b)fluoranthene and 

benzo(k)fluoranthene were baseline separated on the SPB-50 stationary phase (Rs = 1.52). It is 
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important to note that the separation took approximately 55 minutes, which is longer than the 

other stationary phases. A commercial IL-based column (SLB-ILPAH) possessing a similar 

chemical structure to SLB-IL59 (1,12-di(tripropylphosphonium)dodecane 

bis[(trifluoromethyl)sulfonyl]imide) with the only difference being the lower film thickness (df = 

0.05 µm) was subsequently examined [7,38]. Under optimized separation conditions, all 12 

PAHs were well separated within 30 minutes, as shown in Figure 1B. 

The six IL-based stationary phases evaluated in this study were used for the separation of 

PAHs under optimized conditions. Among ILs 1-6, IL 1 displayed the lowest selectivity for 

phenanthrene/anthracene and benzo(b)fluoranthene/benzo(k)fluoranthene, as shown in Figures 

S1-S4. Figures 1C and 2C show that the separation of PAHs on ILs 4 and 5, respectively, were 

comparable to HP-5ms, SLB-5ms, SPB-50, and SLB-ILPAH. It is important to highlight that the 

IL-stationary phases are non-bonded and non-crosslinked phases and are still capable of 

operating at high oven temperatures (e.g., 350 °C for ILs 4 and 5), while maintaining high 

column efficiency. In addition, improved selectivity for heavier PAHs such as 

benzo(b)fluoranthene and benzo(k)fluoranthene was demonstrated compared to the PDMS-based 

stationary phases. Notably, the separation time using ILs 4 and 5 was under 30 minutes. This 

result highlights that IL-based stationary phases comprised of multiple aryl substituents provide 

unique selectivity and improved separation for heavier PAHs. 

Separation of PCB mixture on IL-based stationary phases 

While a total of 209 congeners exist, some PCBs are in fact more harmful than others 

[39]. For example, toxic PCBs such as PCBs 28, 52, 101, 138, 153, and 180 have been found to 

be more persistent in environmental samples than their corresponding isomers, while PCBs 77, 

81, 126, 170, and 180 are relatively less toxic but are highly bioaccumulative [40]. In this study, 

a mixture of 21 PCBs (see Table S2) containing PCBs 28, 52, 77, 101, 126, 138, 153, 170, and 
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180 were separated on all six IL-based columns. The HP-5ms UI and SLB-IL111 commercial 

columns were used for comparison purposes.  

As shown in Figure 3A, all 21 components were separated based on their boiling points 

on the HP-5ms stationary phase. PCB 8, containing two chlorine substituents, possesses a boiling 

point of 191 ºC, while PCB 209 (with ten chlorine substituents) possesses a boiling point of 

approximately 466 ºC. The SLB-IL111 column displayed a unique elution order of PCBs 

compared to the HP-5ms column, as shown in Figure 3B.  

The separation of PCBs on the six thermally-stable ILs are shown in Figures 3C-3H. Two 

analyte pairs (77/138 and 108/180) co-eluted on IL 1, as shown in Figure 1C. This result 

indicates insufficient resolving power toward these two PCB analyte pairs. IL 2 possesses a 

benzoylphenyl group and does not contain any halide substituents within its chemical structure. 

The analyte pairs 77/138 and 108/180 were separated with a resolution of 2.23 and 1.38, 

respectively, on this stationary phase (see Figure 3D and Table 3). The retention order for two 

analyte pairs PCB 77/138 and 180/108 was reversed on ILs 3 and 4. As shown in Table 3, the 

resolution of PCB 77 and 138 analyte pair was 3.06 on IL 3 compared to that of 1.41 on IL 4. In 

addition, improved resolution of PCB 108/180 analyte pair was observed on the IL 3 stationary 

phase compared to that of IL 4 (see Table 3). This may be due to the addition of the four fluorine 

substituents, hence increasing the electron density of the cation and leading to stronger π-π 

interactions [41].  

As shown in Table 1, ILs 5 and 6 are mixture of two tetraphenylphosphonium-based ILs. 

IL 5 contains a bromine substituent on one cation and a phenoxy group on the other. IL 6 has a 

fluorophenoxyphenyl group on one cation and a phenoxyphenoxyphenyl group on the other IL 

cation. As shown in Figure 3G, PCBs 44 and 101 co-eluted on IL 5, while the resolution of 
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44/101 was 1.43 on IL 6. PCBs 108 and 180 were separated with a resolution of 2.88 on IL 5, 

while the analyte pair co-eluted on IL 6 (see Table 3). In addition, the retention order of PCBs 77 

and 138 possessing four and six chlorine substituents, respectively, was reversed on ILs 3 and 6, 

as shown in Figures 3E and 3H. All six perarylated IL-based stationary phases exhibited 

improved resolution of analyte pairs PCB 126/128 and 108/153, compared to the commercial 

HP-5ms stationary phases (see Table 3). 

Solvation parameter model 

The Abraham solvation parameter model has been widely used to describe multiple 

solvation interactions between different probe molecules and stationary phases using an inverse 

GC approach [42,43]. 

Log k = c + eE + sS + aA + bB + lL (1) 

In Equation 1, k is the retention factor for each analyte on the high thermal stability IL 

stationary phases at 50 °C, 80 °C, and 110 °C. The solute descriptors (E, S, A, B, and L) of the 

46 analytes are listed in Table S3. Each term is defined as: E, the excess molar refraction 

calculated from the solute’s refractive index; S, the solutes dipolarity/polarizability; A, the solute 

hydrogen bond acidity; B, the solute hydrogen bond basicity; and L, the solute gas-hexadecane 

partition coefficient at 298 K. Multiple linear regression analysis was performed using the solute 

descriptors of the probe molecules and their retention factors to determine the solvation 

interactions. The c term is the intercept of the regression line. The system constants (e, s, a, b, 

and l) determine the strength of each individual interaction. Each term is defined as follows: e, 

the ability of the stationary phase to interact with analytes by non-bonding or π-π interactions; s, 

measures the dipolarity/polarizability of the stationary phase; a, the hydrogen bond basicity of 

the stationary phase; b, the hydrogen bond acidity of the stationary phase; and l, measures the 

dispersion forces/cavity formation of the stationary phase.  
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To examine the effect of aryl substituents on the solvation properties of the IL-based 

stationary phases, the perarylated ILs 1-6 were compared to the trihexyl(tetradecyl)phosphonium 

bis[(trifluoromethyl)sulfonyl]imide ([P66614+][NTf2-]) IL. It has been previously reported that 

the [P66614+][NTf2-] IL possesses a negative e term value indicating little to no lone pair and π-

electron interaction capability of the stationary phase [44]. In comparison, ILs 1-6 with multiple 

aryl substituents possess modest lone pair and π-electron interaction capabilities as shown in 

Table 4 (e term value ranging from 0.14 to 0.25 at 80 °C), which has been found in this study to 

play an important role in the separation of PAHs and PCBs. Among ILs 1-6, IL 1 with the 

triarylsulfonium cation showed the highest capability of lone pair and π-electron interactions (e = 

0.25 at 80 °C), while IL 2 which contains the (4-benzoylphenyl)triphenylphosphonium cation 

displayed the lowest lone pair and π-electron interactions (e = 0.14 at 80 °C). It can be observed 

that the phosphonium-based ILs with halide substituents (ILs 3-6) possess higher lone pair and π-

electron interactions (e term value ranging from 0.16 to 0.22 at 80 °C) compared to IL 2 which 

does not contain any halide substituent. IL 2 possesses the highest polarity/polarizability among 

all ILs (s =1.80 at 80 °C), while IL 3 possesses the lowest polarity/polarizability (s =1.62 at 80 

°C). The hydrogen bond acidity of ILs 1-6 range from 0.08 to 0.47 at 80 °C, while the 

[P66614+][NTf2-] IL possesses a negative b term value. As shown in Table 4, IL 4 exhibited the 

highest dispersion forces (l = 0.63 at 80 °C), whereas IL 6 exhibited the lowest value (l = 0.53 at 

80 °C). ILs 1-6 all exhibited lower dispersion forces compared to [P66614+][FeCl4-] (l = 0.69 at 

80 °C) and [P66614+][NTf2-] (l = 0.75 at 70 °C) [44,45]. This result is likely due to the lack of 

multiple alkyl substituents within the cations of the perarylated ILs. 

Conclusion 

A new class of perarylated ILs with high thermal stability were successfully applied as 

GC stationary phases. These triarylsulfonium and tetraarylphosphonium IL-based stationary 
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phases displayed unique selectivity toward PAHs and PCBs compared to a broad series of 

commercial stationary phases. Compared to HP-5ms, SLB-5ms, and SPB-50, ILs 4 and 5 

exhibited unique selectivity and improved resolution of the benzo(b)fluoranthene and 

benzo(k)fluoranthene isomers possessing high boiling points. A mixture of 21 PCBs were 

separated with optimized conditions using the six IL-based stationary phases as well as two 

commercial HP-5ms UI and SLB-IL111 stationary phases. The retention order of analyte pairs 

such as PCBs 108/180 was reversed on the IL 3 and 5 columns, compared to the widely used 

HP-5ms column. The elution order of PCB 77/138 remained the same on all columns except the 

SLB-IL111 and IL 3 columns. In addition, improved resolution of analyte pairs PCB 126/128 

and 108/153 was observed on all six perarylated IL-based stationary phases compared to the 

commercial HP-5ms stationary phase. The solvation characteristics of these ILs were evaluated 

using the Abraham solvation parameter model. These ILs displayed high lone pair and π-electron 

interaction capability compared to conventional phosphonium ILs containing long alkyl chain 

substituents in the cation (e.g., [P66614+][NTf2-]). This new class of IL-based stationary phases 

are non-bonded and not crosslinked but exhibit increased MAOT and unique selectivity toward 

PAHs and PCBs, making them promising materials for a broad range of applications. 
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Figures 

 

Figure 1. Chromatographic separation of PAHs on 3 different stationary phases. A) HP-5ms (30 

m × 250 µm × 0.25 µm), B) SLB-ILPAH (20 m × 180 µm × 0.05 µm), C) IL 4 (30 m × 250 µm 

× 0.20 µm). Analytes: 1, naphthalene; 2, acenaphthene; 3, fluorene; 4, 5-bromoacenapthene; 5, 

2-nitronapthalene; 6, phenanthrene; 7, anthracene; 8, fluoranthene; 9, pyrene; 10, 

benzo(a)fluoranthene; 11, benzo(b)fluoranthene and 12, benzo(k)fluoranthene. Separation 

conditions: A) initial, 95 °C for 2 min, 12 °C/min to 190 °C, 3 °C/min to 235 °C, 1.5 °C/min to 

255 °C. B) 125-175 °C at 12 °C/min, hold for 4 min, 5 °C/min to 195 °C, hold for 3 min, 15 

°C/min to 260 °C. C) initial, 200 °C for 1 min, 25 °C/min to 245 °C, hold for 7 min, 30 °C/min 

to 350 °C. Flow rate: 1 mL/min. Analyte concentration: 0.5 mg/mL. 
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Figure 2. Chromatographic separation of PAHs on 3 different stationary phases. A) SLB-5ms (30 

m × 250 µm × 0.25 µm), B) SPB-50 (30 m × 250 µm × 0.25 µm), C) IL 5 (30 m × 250 µm × 

0.20 µm). Analytes: 1, naphthalene; 2, acenaphthene; 3, fluorene; 4, 5-bromoacenapthene; 5, 2-

nitronapthalene; 6, phenanthrene; 7, anthracene; 8, fluoranthene; 9, pyrene; 10, 

benzo(a)fluoranthene; 11, benzo(b)fluoranthene and 12, benzo(k)fluoranthene. Separation 

conditions: A) 150-200 °C at 15 °C/min, hold for 1 min, 5 °C/min to 260 °C. B) 125-185 °C at 

12 °C/min, held for 2 min, 10 °C/min to 220 °C, hold for 2 min, 1.5 °C/min to 250 °C. C) initial, 

205 °C for 1 min, 25 °C/min to 260 °C, hold for 5 min, 30 °C/min to 330 °C. Flow rate: 1 

mL/min. Analyte concentration: 0.5 mg/mL. 
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Figure 3. Chromatographic separation of 21 PCBs on eight columns. A) HP-5ms UI (30 m × 250 

µm × 0.25 µm), B) SLB-IL111 (30 m × 250 µm × 0.20 µm), C) IL 1 (30 m × 250 µm × 0.20 

µm), D) IL 2 (30 m × 250 µm × 0.20 µm), E) IL 3 (30 m × 250 µm × 0.20 µm), F) IL 4 (30 m × 

250 µm × 0.20 µm), G) IL 5 (30 m × 250 µm × 0.20 µm), H) IL 6 (30 m × 250 µm × 0.20 µm). 

The temperature program was optimized for each column (see experimental section and Table 

S10 for each optimized temperature program). Separations were performed on an Agilent 

7890B/5977A GC/MS system. Helium was used as the carrier gas at a flow rate of 1 mL/min. 

The injector temperatures were held at 250 °C and a split ratio of 5:1 was used. The MS was 

operated at 70 eV with electron ionization (EI) in SCAN mode. Refer to Table S2 for the 

corresponding name and chemical structure of the PCBs. 
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Tables 

Table 1. Chemical structures of the high thermal stability ILs examined as stationary phases in 

this study 

IL No. Chemical Name of IL Chemical Structure 

1 

 

Triphenylsulfonium 

bis[(trifluoromethyl)sulfonyl]imide 

 

2 

 

(4-Benzoylphenyl)triphenylphosphonium 

bis[(trifluoromethyl)sulfonyl]imide 

 

3 

 

Tetrakis(4-fluorophenyl)phosphonium 

bis[(trifluoromethyl)sulfonyl]imide 

 

 

4 

(4-(3,4-

Dichlorophenoxy)phenyl)triphenylphosphonium 

bis[(trifluoromethyl)sulfonyl]imide 

 

5 

Mixture of (4-bromophenyl)triphenylphosphonium 

bis[(trifluoromethyl)sulfonyl]imide and (4-

phenoxyphenyl)triphenylphosphonium 

bis[(trifluoromethyl)sulfonyl]imide 

 

6 

Mixture of (4-(3-

fluorophenoxy)phenyl)triphenylphosphonium 

bis[(trifluoromethyl)sulfonyl]imide and (4-(4-

phenoxyphenoxy)phenyl)triphenylphosphonium 

bis[(trifluoromethyl)sulfonyl]imide 
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Table 2. Studied IL-based stationary phases with their corresponding column dimensions, 

chromatographic efficiency, and thermal stability 

Stationary Phase 
Column Length  

(m) 

Film Thickness 

(µm) 

Efficiencya  

(plates/meter) 

Thermal Stabilityb 

(°C) 

IL 1 30 0.20 3774 300 

IL 2 30 0.20 3741 310 

IL 3 30 0.20 4190 310 

IL 4 30 0.20 4154 350 

IL 5 30 0.20 4379 350 

IL 6 30 0.20 4270 290 

a All columns were evaluated at 110 °C using naphthalene as the test probe to determine the 

chromatographic efficiency. 
b Thermal stability was determined by taking 5 m segments of each column and conditioning 

them for one hour at each temperature from 100 to 350 °C in 50 °C increments. The efficiency of 

each column was tested after each conditioning step (See Tables S4-S9). 
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Table 3. Comparison of chromatographic selectivity and resolution for five PCB analyte pairs on six IL-based columns and two 

commercial columns 

 

 

 

 

 

Stationary 

phase 
PCB 44/101 PCB 77/138 PCB 108/180 PCB 126/128 PCB 108/153 

 EOa αb Rs EOa αb Rs EOa αb Rs EOa αb Rs EOa αb Rs 

HP-5ms UI 44/101 1.13 32.57 77/138 1.13 29.63 108/180 1.18 49.11 126/128 1.03 8.26 153/108 1.01 2.26 

SLB-IL111 101/44 1.01 3.52 138/77 1.04 13.44 180/108 1.02 7.37 126/128 1.01 1.27 153/108 1.18 45.71 

IL 1 44/101 1.02 2.69 77/138 1.00c 0c 108/180 1.00c 0c 126/128 1.04 9.80 153/108 1.27 39.05 

IL 2 44/101 1.02 2.82 77/138 1.01 2.23 108/180 1.01 1.38 126/128 1.05 11.90 153/108 1.40 60.42 

IL 3 44/101 1.01 1.66 138/77 1.01 3.06 180/108 1.01 2.89 126/128 1.03 12.66 153/108 1.18 54.75 

IL 4 44/101 1.02 2.83 77/138 1.01 1.41 108/180 1.01 1.08 126/128 1.07 11.24 153/108 1.35 46.30 

IL 5 44/101 1.00c 0c 77/138 1.01 0.97 180/108 1.04 2.88 126/128 1.07 14.94 153/108 1.46 68.64 

IL 6 44/101 1.01 1.43 77/138 1.02 2.07 108/180 1.00c 0c 126/128 1.09 13.05 153/108 1.29 36.34 
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Supplemental 

 

Table S1. Chemical structures and boiling points of the 12 selected PAHs separated in this study 
 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

  

Name Chemical Structure Boiling Point (°C) 

Naphthalene 

 

218 (760 mmHg) 

Acenaphthene 

 

279 (760 mmHg) 

Fluorene 
 

298 (760 mmHg) 

5-Bromoacenaphthene 

 

335 (760 mmHg) 

2-Nitronaphthalene 
 

312.5 (734.4 mmHg) 

Phenanthrene 

 

340 (760 mmHg) 

Anthracene 
 

354 (760 mmHg) 

Fluoranthene 

 

375 (760 mmHg) 

Pyrene 

 

404 (760 mmHg) 

Benzo(a)fluoranthene 

 

481 (760 mmHg) 

Benzo(b)fluoranthene 

 

481 (760 mmHg) 

Benzo(k)fluoranthene 

 

480 (760 mmHg) 
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Table S2 Name and chemical structures of 21 PCBs along with their specific congener subjected 

to separation in this study 

PCBa Name Chemical Structure 

8 2,4′-dichlorobiphenyl 
 

18 2,2′,5-trichlorobiphenyl 

 

28 2,4,4'-trichlorobiphenyl 
 

52 2,2′,5,5′-tetrachlorobiphenyl 

 

44 2,2′,3,5′-tetrachlorobiphenyl 

 

66 2,3′,4,4′-tetrachlorobiphenyl 
 

101 2,2′,4,5,5′-pentachlorobiphenyl 

 

77 3,3′,4,4′-tetrachlorobiphenyl 
 

118 2,3′,4,4′,5-pentachlorobiphenyl 

 

153 2,2′,4,4′,5,5′-hexachlorobiphenyl 
 

108 2,3,3′,4,4′-pentachlorobiphenyl 
  

138 2,2′,3,4,4′,5′-hexachlorobiphenyl 
 

126 3,3′,4,4′,5-pentachlorobiphenyl 
 

187 2,2′,3,4′,5,5′,6-heptachlorobiphenyl 

 

128 2,2′,3,3′,4,4′,-hexachlorobiphenyl 
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Table S2 continued 

PCBa Name Chemical Structure 

201 2,2′,3,3′,4,5′,6,6′-octachlorobiphenyl 

 

180 2,2′,3,4,4′,5,5′-heptachlorobiphenyl 

 

170 2,2′,3,3′,4,4′,5-heptachlorobiphenyl 
 

195 2,2′,3,3′,4,4′,5,6-octachlorobiphenyl 
 

206 2,2′,3,3′,4,4′,5,5′,6-nonachlorobiphenyl 
 

209 2,2′,3,3′,4,4′,5,5′,6,6′-decachlorobiphenyl 
 

aThe name of each of the congener is specific to the total number of chlorine substituents and the 

position of each chlorine atom.  
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Table S3. List of all probe molecules and their corresponding solute descriptors used to 

characterize IL-based stationary phases employing the solvation parameter model 

Probe molecule E S A B L 

Acetic acid 0.265 0.65 0.61 0.44 1.75 

Acetophenone 0.818 1.01 0 0.48 4.501 

Aniline 0.955 0.96 0.26 0.41 3.934 

Benzaldehyde 0.82 1 0 0.39 4.008 

Benzene 0.61 0.52 0 0.14 2.786 

Benzonitrile 0.742 1.11 0 0.33 4.039 

Benzyl alcohol 0.803 0.87 0.33 0.56 4.221 

Bromoethane 0.366 0.4 0 0.12 2.62 

1-Bromooctane 0.339 0.4 0 0.12 5.09 

1-Butanol 0.224 0.42 0.37 0.48 2.601 

Butyraldehyde 0.187 0.65 0 0.45 2.27 

2-Chloroaniline 1.033 0.92 0.25 0.31 4.674 

1-Chlorobutane 0.21 0.4 0 0.1 2.722 

1-Chlorohexane 0.201 0.4 0 0.1 3.777 

1-Chlorooctane 0.191 0.4 0 0.1 4.772 

p-Cresol 0.82 0.87 0.57 0.31 4.312 

Cyclohexanol 0.46 0.54 0.32 0.57 3.758 

Cyclohexanone 0.403 0.86 0 0.56 3.792 

1,2-Dichlorobenzene 0.872 0.78 0 0.04 4.518 

N,N-Dimethylformamide 0.367 1.31 0 0.74 3.173 

1,4-Dioxane 0.329 0.75 0 0.64 2.892 

Ethyl acetate 0.106 0.62 0 0.45 2.314 

Ethyl benzene 0.613 0.51 0 0.15 3.778 

1-Iodobutane 0.628 0.4 0 0.15 4.13 

Methyl caproate 0.067 0.6 0 0.45 3.844 

Naphthalene 1.34 0.92 0 0.2 5.161 

Nitrobenzene 0.871 1.11 0 0.28 4.557 

1-Nitropropane 0.242 0.95 0 0.31 2.894 

1-Octanol 0.199 0.42 0.37 0.48 4.619 

Octylaldehyde 0.16 0.65 0 0.45 4.361 

1-Pentanol 0.219 0.42 0.37 0.48 3.106 

2-Pentanone 0.143 0.68 0 0.51 2.755 

Ethyl phenyl ether 0.681 0.7 0 0.32 4.242 

Phenol 0.805 0.89 0.6 0.3 3.766 

Propionitrile 0.162 0.9 0.02 0.36 2.082 

Pyridine 0.631 0.84 0 0.52 3.022 

Pyrrole 0.613 0.73 0.41 0.29 2.865 

Toluene 0.601 0.52 0 0.14 3.325 

m-Xylene 0.623 0.52 0 0.16 3.839 

o-Xylene 0.663 0.56 0 0.16 3.939 

p-Xylene 0.613 0.52 0 0.16 3.839 
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Table S3 continued      

Probe molecule E S A B L 

2-Propanol 0.212 0.36 0.33 0.56 1.764 

2-Nitrophenol 1.015 1.05 0.05 0.37 4.76 

1-Bromohexane 0.349 0.4 0 0.12 4.13 

Propionic acid 0.233 0.65 0.6 0.45 2.29 

1-Decanol 0.191 0.42 0.37 0.48 5.628 

Data obtained from reference[1]. 
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Table S4. Chromatographic performance of IL 1 using naphthalene as the probe molecule 

Temperature 

(°C) 
Trial 

Retention time 

(min) 

Peak width 

(min) 

Efficiency 

(plates/meter) 

100 1 3.89 0.072 3217 
 2 3.89 0.074 3078 
 3 3.83 0.070 3289 
 Std 0.03 0.002 107 

150 1 3.80 0.063 2954 
 2 3.80 0.073 3012 
 3 3.80 0.068 3466 
 Std 0.02 0.005 280 

200 1 3.76 0.073 2950 
 2 3.80 0.071 3188 
 3 3.79 0.064 3892 
 Std 0.02 0.005 490 

250 1 3.69 0.072 2941 
 2 3.73 0.064 3646 
 3 3.74 0.071 3087 
 Std 0.03 0.004 372 

270 1 3.59 0.069 2670 
 2 3.62 0.070 2942 
 3 3.64 0.064 3627 
 Std 0.02 0.004 493 

290 1 3.41 0.037 3187 
 2 3.44 0.064 3193 
 3 3.45 0.073 2511 
 Std 0.02 0.019 392 

310 1 3.23 0.069 2423 
 2 3.24 0.067 2571 
 3 3.22 0.065 2746 
 Std 0.01 0.002 162 

330 1 2.78 0.072 1650 
 2 2.83 0.071 1750 
 3 2.85 0.071 1783 
 Std 0.04 0.001 69 

350 1 2.34 0.073 1128 
 2 2.45 0.077 1125 
 3 2.44 0.074 1191 
 Std 0.06 0.002 37 

 

Experimental condition: 100 °C isothermal separation; flow rate: 1 mL/min. Injection volume: 1 

µL.  
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Table S5. Chromatographic performance of IL 2 using naphthalene as the probe molecule 

Temperature 

(°C) 
Trial 

Retention time 

(min) 

Peak width 

(min) 

Efficiency 

(plates/meter) 

100 1 3.37 0.070 2545 
 2 3.37 0.072 2408 
 3 3.36 0.070 2532 
 Std 0.01 0.001 76 

150 1 3.30 0.065 2818 
 2 3.30 0.068 2582 
 3 3.30 0.065 2799 
 Std 0.01 0.002 131 

200 1 3.23 0.065 2768 
 2 3.26 0.072 2296 
 3 3.26 0.063 2926 
 Std 0.02 0.004 328 

250 1 3.11 0.068 2342 
 2 3.19 0.063 2873 
 3 3.21 0.068 2488 
 Std 0.06 0.003 274 

270 1 3.11 0.066 2488 
 2 3.14 0.064 2715 
 3 3.14 0.066 2506 
 Std 0.02 0.001 126 

290 1 3.04 0.064 2480 
 2 3.07 0.065 2456 
 3 3.08 0.066 2444 
 Std 0.02 0.001 18 

310 1 2.96 0.064 2548 
 2 2.95 0.061 2625 
 3 2.92 0.061 2403 
 Std 0.02 0.002 113 

330 1 2.73 0.063 2091 
 2 2.76 0.059 2395 
 3 2.78 0.063 2168 
 Std 0.03 0.002 158 

350 1 2.38 0.058 1840 
 2 2.41 0.061 1738 
 3 2.43 0.061 1769 
 Std 0.03 0.002 52 

 

Experimental condition: 100 °C isothermal separation; flow rate: 1 mL/min. Injection volume: 1 

µL. 
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Table S6. Chromatographic performance of IL 3 using naphthalene as the probe molecule  

Temperature 

(°C) 
Trial 

Retention time 

(min) 

Peak width 

(min) 

Efficiency 

(plates/meter) 

110 1 2.54 0.075 1270 
 2 2.54 0.080 1108 
 3 2.53 0.082 1091 
 Std 0.01 0.004 99 

150 1 2.59 0.083 1073 
 2 2.56 0.085 1005 
 3 2.59 0.084 1040 
 Std 0.02 0.001 34 

200 1 2.62 0.092 895 
 2 2.63 0.095 842 
 3 2.63 0.093 888 
 Std 0.01 0.002 29 

250 1 2.65 0.096 840 
 2 2.63 0.097 823 
 3 2.19 0.094 893 
 Std 0.26 0.002 37 

270 1 2.67 0.097 844 
 2 2.63 0.098 806 
 3 2.67 0.100 792 
 Std 0.02 0.002 27 

290 1 2.69 0.104 736 
 2 2.66 0.105 713 
 3 2.65 0.103 733 
 Std 0.02 0.001 13 

310 1 2.71 0.116 733 
 2 2.71 0.114 713 
 3 2.71 0.117 593 
 Std 0.01 0.002 76 

330 1 2.69 0.204 220 
 2 2.82 0.225 173 
 3 2.84 0.223 179 
 Std 0.08 0.012 26 

350 1 6.90 1.64 20 
 2 7.11 1.70 19 
 3 7.09 1.64 21 
 Std 0.12 0.04 1 

 

Experimental condition: 110 °C isothermal separation; flow rate: 1 mL/min. Injection volume: 1 

µL. 
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Table S7. Chromatographic performance of IL 4 using naphthalene as the probe molecule 

Temperature          

(°C) 
Trial 

Retention time 

(min) 

Peak width 

(min) 

Efficiency 

(plates/meter) 

100 1 5.06 0.079 4511 
 2 5.06 0.088 4502 
 3 5.03 0.085 3894 
 Std 0.02 0.004 354 

150 1 4.90 0.086 3680 
 2 4.90 0.087 3575 
 3 4.90 0.081 4152 
 Std 0.01 0.003 307 

200 1 4.84 0.082 3899 
 2 4.88 0.094 3023 
 3 4.90 0.086 3626 
 Std 0.03 0.006 448 

250 1 4.81 0.080 4007 
 2 4.85 0.083 3820 
 3 4.87 0.082 3939 
 Std 0.03 0.001 95 

270 1 4.73 0.085 3411 
 2 4.80 0.081 3887 
 3 4.83 0.081 3902 
 Std 0.05 0.002 279 

290 1 4.70 0.083 3534 
 2 4.75 0.085 3504 
 3 4.77 0.083 3683 
 Std 0.04 0.001 96 

310 1 4.78 0.090 3157 
 2 4.78 0.088 3305 
 3 4.78 0.091 3055 
 Std 0.01 0.002 126 

330 1 4.47 0.079 4431 
 2 4.56 0.091 2783 
 3 4.59 0.090 2915 
 Std 0.06 0.007 916 

350 1 4.25 0.086 2683 
 2 4.32 0.083 2968 
 3 4.34 0.085 2876 
 Std 0.04 0.002 145 

 

Experimental condition: 100 °C isothermal separation; flow rate: 1 mL/min. Injection volume: 1 

µL.  
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Table S8. Chromatographic performance of IL 5 using naphthalene as the probe molecule 

Temperature 

(°C) 
Trial 

Retention time 

(min) 

Peak width 

(min) 

Efficiency 

(plates/meter) 

100 1 5.06 0.079 4511 
 2 5.06 0.088 4502 
 3 5.03 0.085 3894 
 Std 0.02 0.005 354 

150 1 4.90 0.086 3680 
 2 4.90 0.087 3575 
 3 4.90 0.081 4152 
 Std 0.01 0.003 307 

200 1 4.84 0.082 3899 
 2 4.88 0.094 3023 
 3 4.90 0.086 3626 
 Std 0.03 0.006 448 

250 1 4.81 0.080 4007 
 2 4.85 0.083 3820 
 3 4.87 0.082 3939 
 Std 0.03 0.001 95 

270 1 4.73 0.085 3411 
 2 4.80 0.081 3887 
 3 4.83 0.081 3902 
 Std 0.05 0.002 279 

290 1 4.70 0.083 3534 
 2 4.75 0.085 3504 
 3 4.77 0.083 3683 
 Std 0.04 0.001 96 

310 1 4.78 0.090 3157 
 2 4.78 0.088 3305 
 3 4.78 0.091 3055 
 Std 0.01 0.002 126 

330 1 4.47 0.079 4431 
 2 4.56 0.091 2783 
 3 4.59 0.090 2915 
 Std 0.06 0.007 916 

350 1 4.25 0.086 2683 
 2 4.32 0.083 2968 
 3 4.34 0.085 2876 
 Std 0.04 0.002 145 

 

Experimental condition: 100 °C isothermal separation; flow rate: 1 mL/min. Injection volume: 1 

µL. 
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Table S9. Chromatographic performance of IL 6 using naphthalene as the probe molecule  

Temperature 

(°C) 
Trial 

Retention time 

(min) 

Peak width 

(min) 

Efficiency 

(plates/meter) 

100 1 3.87 0.096 1792 
 2 3.86 0.099 1674 
 3 3.86 0.099 1684 
 Std 0.01 0.002 65 

150 1 3.9 0.096 1832 
 2 3.9 0.099 1803 
 3 3.8 0.095 1780 
 Std 0.03 0.002 26 

200 1 3.77 0.093 1835 
 2 3.84 0.094 1850 
 3 3.84 0.091 1981 
 Std 0.04 0.002 80 

250 1 3.83 0.095 1670 
 2 3.75 0.097 1814 
 3 3.83 0.095 1803 
 Std 0.04 0.001 80 

270 1 3.63 0.080 2290 
 2 3.63 0.088 1901 
 3 3.63 0.084 2066 
 Std 0.01 0.004 195 

290 1 3.48 0.089 1710 
 2 3.57 0.089 1774 
 3 3.59 0.092 1678 
 Std 0.06 0.002 49 

310 1 3.51 0.095 1495 
 2 3.47 0.098 1390 
 3 3.51 0.097 1442 
 Std 0.02 0.001 53 

330 1 3.35 0.106 1108 
 2 3.40 0.100 1271 
 3 3.42 0.109 1074 
 Std 0.04 0.004 105 

350 1 3.19 0.121 764 
 2 3.25 0.131 676 
 3 3.25 0.120 815 
 Std 0.04 0.006 70 

 

Experimental condition: 100 °C isothermal separation; flow rate: 1 mL/min. Injection volume: 1 

µL. 
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EUTECTIC SOLVENTS BY ABRAHAM SOLVATION PARAMETER MODEL 
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Smith,a Jacob W. Petrich,a Xueyu Song,a Jared L.Andersona,* 

aDepartment of Chemistry, Iowa State University, Ames, Iowa 50011, USA 

Abstract 

Deep eutectic solvents (DESs) are a relatively new class of ionic solvents consisting of a 

hydrogen bond donor (HBD) and a hydrogen bond acceptor (HBA). Hydrogen bonding is a 

principal driving force behind the formation of liquid eutectic mixtures with melting points lower 

than that of their individual components. Characteristics such as low toxicity, low cost, low 

vapor pressure, and simple and green synthesis make them suitable alternatives to ionic liquids 

(ILs). ILs, on the other hand, have lower biodegradability as well as relatively higher cost and 

toxicity as compared to DESs. DESs have been applied in fields ranging from analytical 

extractions to organic synthesis as well as task-specific applications like carbon dioxide capture. 

However, very little is understood regarding their physiochemical properties and solvation 

interactions. In this work, a broad range of these compounds are characterized by the Abraham 

solvation parameter model. This model allows for study of the solvation properties of DESs and 

the effects of varying structural components on the system constants. The model uses a linear 

free energy relationship to characterize liquid/gas phase interactions between solute molecules 

and the gas chromatographic stationary phase. 

Introduction 

Deep eutectic solvents (DES) are homogenous mixtures formed through the combination of a 

hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA).1–3 This combination results in 
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a lower melting point of the DES than both individual components.4 The majority of HBAs used 

to form DES are quaternary ammonium or phosphonium salts,5,6 while HBDs are typically 

comprised of metal halides, carbohydrates, amides, alcohols, or carboxylic acids.3 DES have been 

applied in numerous applications such as solvents in the extraction of metals,7 bio-catalysis,8–10 

carbon dioxide capture,11,12 extraction and purification of bioactive compounds,13 biodiesel 

production,14,15 and desulfurization of fuels.16–19 Furthermore, DES have also been used for 

electrodeposition of metals and structure-directing agents for the template-assisted synthesis of 

porous frameworks.20–22 

DES have garnered considerable attention over the last couple of decades as potential 

alternatives to ionic liquids (ILs). ILs are molten organic salts comprised of an anion and a cation 

with melting points below 100 ℃. Like ILs, DES also possess negligible vapor pressure and a 

broad liquid range. The physiochemical properties of DES can be easily controlled by tailoring the 

chemical structure of the HBA/HBD, as well as their relative molar ratio.23,24 DES hydrophobicity 

and hydrophilicity can be modulated by varying the alkyl chain length and functional group 

substituents within the HBDs and HBAs.5,25,11 Moreover, the low cost of starting materials and a 

solventless and purification-free synthesis, makes DES more advantageous than ILs.6,26 The 

biodegradability and toxicity of DES can be easily controlled by carefully choosing the HBAs and 

HBDs. DES comprised of choline chloride and glycerol possess high biodegradability and low 

toxicity,27,28 while those containing metal halides such as ZnCl2 are considered toxic.29  

An understanding of DES solvation interactions is critical to explore their potential uses 

and fine-tune their physiochemical properties for specific applications. Until now, only empirical 

polarity scales based upon solvatochromic probes have been used to characterize DES. Reichardt’s 

polarity index, based on the negative solvatochromism of Betaine dye 30 (2,6-diphenyl-4-(2,4,6-
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triphenyl-pyridinium-1-yl)phenolate), is widely used for measuring the polarity of many solvents 

including DESs and ILs.30,31 Normalized solvent polarity parameter (ETN) can be easily obtained 

from the maximum of absorption of dye in the solvent under study. Since ETN is a single polarity 

parameter and results in an average value derived from all the solvation interactions (hydrogen 

bonding, dispersive, dipolarity/polarizability, n-π /π-π) between the probe and DES, these polarity 

values are often unable to differentiate between structurally diverse compounds. Similarly, 

Kamlet-Taft parameters have also been used to characterize the solvation properties of DES. 

Various solvatochromic probes including Betaine dye 30, 4-nitroaniline, and N,N-diethyl-4-

nitroaniline have been used to evaluate the hydrogen bond donating ability (α), hydrogen bond 

accepting ability (β), and polarity/polarizability (π*).32,33 The solvatochromic shift of different 

probes is used to separately quantify various solvation interactions, as compared to the single 

parameter of Reichardt’s polarity index. Although the addition of two more solvatochromic probes 

in the Kamlet-Taft parameter improves the study of solute-solvent interactions compared to 

Reichardt’s polarity index, there is no single probe molecule or macroscopic physiochemical 

parameter to provide a suitable and comprehensive scale of solvent polarity of these DES.34 

Moreover, the presence of acidic HBDs is known to interfere with the solvatochromic behavior of 

betaine dye 30 due to its zwitterionic nature.35 

However, the limited sensitivity of these methods makes it challenging to accurately 

characterize DES. Oftentimes, solvatochromic methods suggest that DES possessing different 

HBA and HBD appear to have similar polarity values. Additionally, the shift in absorption spectra 

of dyes (used to derive the empirical polarity values) is limited, which makes it challenging to 

deconvolute subtle differences of chemical structure on the solvation properties leading to varying 

extraction efficiencies, catalytic activities, and solubilities of various molecules.23 The minute 
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polarity differences characterized by solvatochromic approaches are unable to convincingly 

explain the performance of different DES in various applications including various extractions and 

catalytic applications. DES have been employed for the extraction of Cynaropicrin from Cynara 

cardunuculus L. leaves, where the extractions efficiencies were compared using DES composed 

of butanoic acid as HBD mixed with tetrabutylammonium bromide ([N4444
+][Br-])as the HBA at 

two different ratios.36 It was observed that the 1 to 2 molar ratio of HBA to HBD displayed 

extraction efficiencies approximately ten times higher compared to one equivalent of the HBD. 

Despite significance difference in extraction efficiencies upon varying the relative ratio of HBA 

to HBD, the β value (hydrogen bond accepting ability) in the Kamlet-Taft parameters for 

[N4444
+][Br-] with butanoic acid was found be 0.81, 0.84 and 0.82 for relative HBA: HBD ratios of 

1:2, 1:1, 2:1, respectively.23 Similarly, the solubility of Acetaminophen in choline chloride with 

two equivalents of ethylene glycol is double than that of choline chloride with two equivalents of 

glycerol although their ETN values (0.83 and 0.84, respectively) suggest similar solvation 

capabilities.37–39 Mokhtarpour et al., have also reported that Piroxicam (anti-inflammatory drug) is 

ten times more soluble in choline chloride-based DES with urea (ETN = 0.81) as the HBD as 

compared to glycerol (ETN = 0.83) as the HBD.37,38 

The limited understanding of the solvation properties of DES makes it strenuous to 

understand their potential applications. Therefore, there is a need for a more sensitive and universal 

technique to study their solvation properties. Previously, inverse gas chromatography (GC) has 

been employed to characterize the multiple solvation interactions of complex solvents such as 

ILs.40 Several ILs have been studied using this model to understand the role of structural 

differences on their solvation properties and catalytic activities.40 In this approach, the stationary 

phase is composed of the material of interest and retention of individual probe molecules capable 
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of undergoing multiple interactions with are analyzed.41 This approach is beneficial as it requires 

very small amounts of sample (15-20 mg). Temperature can also be easily modulated to understand 

its effect on the solvation properties of DES, such as an increase or decrease in the extent of 

hydrogen bonding with solute molecules.34 DES solvation interactions can be characterized using 

the Abraham solvation parameter model. This model quantitatively measures the interactions of 

probe molecules with the solvent via inverse gas chromatography. The Abraham solvation 

parameter model is a linear free energy relationship that describes the gas/liquid phase molecular 

interactions based on the retention of probe molecules.42,43  

Log k = c + eE + sS + aA + bB + lL (1) 

As shown in equation 1, k refers to the retention factor of each probe molecule on the DES 

stationary phases at three temperatures. The solute descriptors (E, S, A, B, and L) were 

experimentally determined by Abraham et al. and are defined as: E, the excess molar refraction 

calculated from the solute’s refractive index; S, the solutes dipolarity/polarizability; A, the solute 

hydrogen bond acidity; B, the solute hydrogen bond basicity; and L, the solute gas-hexadecane 

partition coefficient at 298. A list of the interaction parameters for the probe molecules chosen are 

shown in Table S1. Each solute contains different functional groups such as acidic, basic, aromatic, 

electron-withdrawing, and electron-donating which enable them to undergo various solute-solvent 

interactions. The magnitude of each interaction is measured by a multi-linear regression analysis. 

This model has been utilized to characterize the solvation interaction of several chiral 

compounds,44 molten salts,45,46 ionic liquids,40,47,48 and a number of other solvents by gas 

chromatography.44,49  

 In this study, a series of twenty DES including phosphonium and ammonium halide-based 

HBAs ([P66614
+][Cl-], [P4444

+][Cl-], [PAl(Ph)3
+][Br-], [N4444

+][Br-], [N4444
+][Cl-], [N3333

+][Cl-], and 
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[N2222
+][Cl-]) alongside a wide variety of carboxylic and sulfonic acid-based HBDs were 

characterized. These DES were applied as GC stationary phases to classify their molecular 

interactions. This study comprehensively examines the effect of pKa of HBD, chain length of 

HBD, number of carboxyl functional groups in HBD, and relative molar ratio of HBA to HBD as 

well as the effect of varying anion and cation in HBA along with alkyl chain length of HBD on 

the solvation properties of DES. This knowledge can give us insight into enhancing the solvation 

as well as the extraction efficiencies of DES indifferent chemical processes and significantly 

decreasing the time required for finding the optimal DES for targeted applications. Such as DES 

possessing the capability to have extensive hydrogen bonding with solute molecules can be more 

beneficial towards desulfurization of fuels since they can undergo hydrogen bonding between 

sulfide groups of the contaminants.17,50 Moreover, thousands of possible combinations of DES 

make the trial and error process very tedious, so by the exploration of their molecular interactions, 

powerful solvents capable of unique properties can be designed for task-specific applications. 

Materials and methods 

Materials 

Butyraldehyde (99%), 1-chlorobutane (99%), ethyl acetate (99.5%), methyl caproate 

(99%), naphthalene (99%), cyclopentanol (99%), nitromethane (99%), malonic acid (Mal. A., 

99%),  and 2-nitrophenol (99%) were purchased from Acros Organics (Morris Plains, NJ, USA). 

Bromoethane (98%) and l-lactic acid (Lac. A., 98%) were purchased from Alfa Aesar (Ward 

Hill, MA, USA). Ethyl benzene was purchased from Eastman Kodak Company (Rochester, NJ, 

USA). Acetic acid (99.9%), N,N-dimethylformamide (99.9%), 1-hexanol (98%), cycloheptanol 

(98%) and toluene (99.8%) were purchased from Fisher Scientific (Pittsburgh, PA, USA). 2-

chloroaniline (98%), p-cresol (99%), o-xylene (97%), p-xylene (99.5%), methyl acetate (98%), 

phenylethyne and 1-bromohexane (98%) were purchased from Fluka (Steinheim, Germany). 
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Tetrapropylammonium chloride ([N3333
+][Cl-], >97%) was purchased from Tokyo Chemical 

Industry (Portland, OR, USA). Trihexyl(tetradecyl)phosphonium chloride ([P66614
+][Cl-], >93%) 

was purchased from Strem Chemical (Newburyport, MA, USA). Tetraethylammonium chloride 

([N2222
+][Cl-], >98%), tetrabutylammonium chloride ([N4444

+][Cl-], >97%), N4444
+][Br-] (>99%), 

allyl(triphenyl)phosphonium bromide ([PAl(Ph)3][Br-], 99%), tetrabutylphosphonium chloride 

([P4444
+][Cl-], 96%), hexanoic acid (Hex. A., >98%), octanoic acid (Oct. A., >99%), para-

toluenesulfonic acid monohydrate (p-TSA, >98.5%), levulinic acid (Lev. A., 98%), benzene 

sulfonic acid (Benz. Sulf. A., 98%), benzaldehyde (99%), 5-bromoacenapthene (90%), 2-

nitronapthalene (85%), 1-chlorohexane (99%), 1-chlorooctane (99%), cyclohexanol (99%), 

cyclohexanone (99.8%), 1-iodobutane (99%), iodoethane (99%) 1-nitropropane (98%), 

octylaldehyde (99%), 1-pentanol (99%), 2-pentanone (99%), propionitrile (99%), 1-decanol 

(99%), acetophenone (99%), aniline (99.5%), benzonitrile (99%), benzyl alcohol (99%), 1-

bromooctane (99%), 2-butanol (98%), 1-butanol (99.8%), 1,2-dichlorobenzene (99%), 

dichloromethane (99.8%), 1,4-dioxane (99.5%), 1-octanol (99%), phenol (99%), pyridine (99%), 

pyrrole (98%), m-xylene (99.5%), 1-propanol (99.9%) 2-propanol (99.9%), methanol (99%), 

ethanol (99%), benzylamine (99%), benzamide (99%) and propionic acid (99%) were purchased 

from MilliporeSigma (St. Louis, MO, USA). Deuterated dimethyl sulfoxide (d6-DMSO) and 

deuterated chloroform (CDCl3) were obtained from Cambridge Isotope Laboratories (Andover, MA, 

USA). The deactivated capillary used for coating DES was provided by MEGA (Legnano, MI, 

Italy). 

Synthesis of DES 

All the DES analyzed in this study have previously been reported literature.23,7,15,35,51 All 

DES were prepared by following a similar protocol as reported in literature. Firstly, equimolar 

amounts of the HBD and HBA were weighed in a 20 mL vial containing a magnetic stirrer. Then 
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the vial was heated for three hours at 60 ℃, after which a uniform and homogenous mixture of 

DES was formed. These DES were placed in vacuum oven at room temperature for two days for 

drying. All DES were then characterized by 13C and 1H NMR. 

Coating of DES as a stationary phase 

All GC columns were coated with the DES using five-meter deactivated fused silica 

capillaries employing the static coating method. The coating solution was prepared by dissolving 

the DES in dichloromethane at a concentration of 0.45 % (w/v) to yield an approximate film 

thickness of 0.28 µm. The coated columns were conditioned at 70 °C for 30 min under a constant 

flow of helium. The column efficiency was determined using naphthalene at 70 °C with all 

columns possessing efficiencies above 2200 plates/meter.  

For the inverse GC study, all probes were dissolved in dichloromethane at a concentration 

of 1 mg/mL. A list of the analytes used in this study are provided in Table S1 (table will be added 

in SI) and were injected isothermally at 40, 50, and 60 ºC. Analytes exhibiting lower boiling points 

exhibited little to no retention on the stationary phase while other analytes retained strongly. For 

this reason, not all probe molecules were subjected to the solvation parameter model at some 

temperatures.  

The GC measurements carried out on an Agilent 7890B gas chromatograph employing a 

flame ionization detector (GC-FID). Helium was used as a carrier gas at a flow rate of 1 mL/min. 

The injector and detector temperatures were held at 150 °C using a split ratio of 20:1 and an 

injection volume of 1 µL. Hydrogen was utilized as the makeup gas at a flow rate of 30 mL/min 

while the air flow was held at 400 mL/min for the FID. Propane was used to measure the dead 

volume of each column at 40, 50, and 60 ºC. Multiple linear regression analysis and statistical 

calculations were conducted using the program Analyze-it (Microsoft, USA). 
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Results and Discussion 

 

Solvation interactions of DES with various probe molecules were evaluated at temperatures 

of 40 ℃, 50 ℃, and 60 ℃. A diverse and broad range of probe molecules were used to analyze 

these parameters to attain five different interaction parameters (see Table S1). The retention data 

of each probe on the DES were collected at three different temperatures to illustrate the change in 

the magnitude of solvation interactions with temperature. Two main classes of DES namely 

phosphonium and ammonium-based, were explored in this study. Tables 2 and 3 provide the 

interaction parameters (consisting of five different interactions), which were obtained from the 

retention times of the probe molecules chosen.  

Amongst all of the ammonium-based DES, the hydrogen bond acidity (b) and the π-π/ lone 

pair (e) interactions were found to be the weakest of all interaction and their magnitude was found 

to be close to zero indicating little or no interaction for all DES except [N2222
+][Cl-] : 2Lac. A. In 

comparison, the phosphonium-based DES also displayed similar behavior for the hydrogen bond 

acidity  and the π-π/ lone pair interactions for most of the DES except [P Al(Ph)3
+][Br-]: 3p-TSA, 

which is rich in aromatic moieties. The interaction parameter values for b and e for [N2222
+][Cl-] : 

2Lac. A are 0.44 and 0.35, respectively at temperature of 50 ℃. Similar trends for these interaction 

parameters have been seen upon the introduction of hydroxyl functional groups in the chemical 

structure in various ILs.52 The presence of hydroxyl groups in the HBD gives rise to n-π 

interactions and enhances the capability of the solvent to interact with basic probe molecules. 

Furthermore, aromatic moieties introduced in [PAl(Ph)3
+][Br-]: 3 p-TSA lead to an increase in π-π 

interactions between the solvent and probe molecules giving rise to a positive value of 0.27 for the 

π-π/ lone pair interactions compared to [P66614
+][Cl-] (e = -0.16) at 40 ℃.  A similar trend was 

observed for the e interaction parameter where  ILs possessing multiple aryl groups within the 
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cation displayed high π-π with analytes such as polycyclic aromatic hydrocarbons and 

polychlorinated biphenyls.53 Dipolar interactions (s-term) for both classes of compounds were 

found to be relatively high compared to ILs. The dipolarity term of ammonium-based DES ranged 

from 1.97 to 2.52, while that of the phosphonium-based DES was 1.86 to 2.56 at 50 ℃. The extent 

of dipolar interactions dropped when the relative ratio of HBA: HBD was changed from 1:1 to 1:2 

for both ammonium and phosphonium-based DES when octanoic acid was used as the HBD. 

Similarly, dipolar interactions also decreased when the anion was varied from chloride to bromide, 

as shown in Table 2.46  

 Moreover, dispersive interactions were larger for [P66614
+][Cl-]-based DES compared to 

[N4444
+][Cl-]-based DES, where they both possess the chloride anion but contain different cations. 

It has been previously established that cations possessing longer alkyl chains are beneficial for the 

separation of homologs of a homologous series.23 For example, [P66614
+][Cl-] : 2Oct. A. displayed 

higher retention factors for haloalkanes as compared to [N4444
+][Cl-] : 2Oct. A. The retention 

factors for bromobutane, bromohexane, and bromooctane were 2.27, 6.97, and 46.35 for 

[P66614
+][Cl-] : 2Oct. A. DES, while those for  [N4444

+][Cl-] : 2Oct. A. were 0.94, 5.42, and 32.19, 

respectively. Furthermore, when both HBA and HBD possessed shorter alkyl chain substituents, 

the magnitude of dispersive interaction is found to be significantly lower compared to those 

containing longer alkyl chains in HBA and HBD. The magnitude of the “l” value for [N2222
+][Cl-] 

: 2Lac. A. and [N2222
+][Cl-] : 2Lev. A. are 0.45 and 0.56, respectively. The extent of dispersive 

interactions is relatively greater for DES possessing Lev. A. as HBA as compared to DES 

containing Lac. A. as HBA, since Lev. A. has longer alkyl chain length. The DES [P66614
+][Cl-] : 

2Oct. A. displayed the highest dispersive interactions (0.81 at 50 ℃) compared to the other 

solvents. 
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Effect of the hydrogen bond acceptor 

Ammonium and phosphonium halide-based DES have been characterized in this study to 

further understand their role in the molecular interactions. The cation center, alkyl chain length, 

and halide anion have been altered to examine their effect on DES solvation interactions. The 

[P66614
+][Cl-] as well as [N4444

+][Cl-] ILs were characterized as benchmarks for comparison 

purposes. The values for the hydrogen bond basicity term (a) for [P66614
+][Cl-]  was lower (7.36) 

than that of [N4444
+][Cl-] (8.03) at 50 ℃, as shown in Tables 2 and 3. This is consistent with the 

previously reported interaction parameters for these salts.46,48 The hydrogen bond basicity values 

were found to be higher for ammonium-based DES as compared to analogous phosphonium-based 

DES.  

The alkyl chain length of HBA was systematically modulated to study its contribution 

towards the solvation properties. The capability of DES to interact with acidic solutes was 

observed to significantly decrease when the alkyl chain length in cation of HBA is shorten from 

butyl to ethyl in the [N4444
+][Cl-] : 2Oct. A., [N3333

+][Cl-] : 2Oct. A. and [N2222
+][Cl-] : 2Oct. A. 

This results in a decrease in the hydrogen bond basicity (a) value from 6.80, 5.43, and 5.02 at 50 

℃, respectively. This decrease in hydrogen bonding interaction with acidic probe molecules can 

be attributed to stronger intramolecular electrostatic interactions among the cation and the anion 

of HBA.54,55 

The halogen anion within the HBA acts as a hydrogen bond acceptor by participating in 

hydrogen bonding with an acidic proton of the HBD. When the anion in the [N4444
+][X -]: 2Oct. A  

DES (where X- is the halide anion) is changed from [Cl-] to [Br-], the dipolarity/polarizability (s) 

and hydrogen bond basicity (a) interaction parameters were observed to be different as [Cl-] based 

DESs displayed higher values. The hydrogen bond basicity (a) term decreased from 7.60 for 

[N4444
+][Cl -]: 2Oct. A.  to 5.57 for [N4444

+][Br -]: 2Oct. A. at 50 ℃ when the anion was changed 
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from chloride to bromide. Probes including 1-butanol, 1-pentanol, and cyclohexanol, exhibited 

stronger retention factors on the DES containing chloride as the anion compared to bromide as 

shown in Tables 2 and 4. Moreover, the dipolarity parameter decreased from 2.34 to 2.15 at 50 ℃ 

for [N4444
+][Cl -] : 2Oct. A. and [N4444

+][Br -] : 2Oct. A. respectively. 

Effect of hydrogen bond donor 

 The extent of hydrogen bonding within the DES can be controlled by carefully modulating 

the type of HBD. Therefore, a diverse set of carboxylic acid-based HBDs with varying types of 

functional groups, varying pKa values, and varying chain lengths have been combined with 

ammonium and phosphonium-based HBAs. A summary of retention factors at 60 °C for alcohols 

and alkyl halides on the ammonium-based DES and neat [N4444
+][Cl-] stationary phase is provided 

in Table 4. The data suggests that the hydrogen bonding occurring within the DES can be tailored 

by changing the pKa of acids (i.e. octanoic acid, benzenesulfonic acid, and malonic acid). The 

considerably high retention factors of mainly the alcohols on the neat [N4444
+][Cl-] stationary phase 

shows the higher hydrogen bond basicity (a) term (7.70 at 60 °C). This is due to the free chloride 

ions being able to firmly hold the acidic protons as it is not being hindered.  

As shown in Table 4, combining [N4444
+][Cl-] with Oct. A. (pKa = 4.86) resulted in a 

decrease in the retention of acidic probes hence decreasing its hydrogen-bond basicity (b = 7.41) 

at 60 ℃. The hydrogen bond basicity further reduced to 6.48 at 60 ℃ when two equivalents of 

Oct. A. were paired with [N4444
+][Cl-]. When stronger acids were possessing much lower pKa 

values were employed as HBDs such as, p-TSA (pKa = -2.8) and Benz. Sulf. A. (pKa = -6.7) was 

used as the donor; the hydrogen bond basicity decreased to 5.50 and 4.94 at 60 ℃, respectively. 

The effect of functional groups capable of hydrogen bonding with the HBA was studied using 

malonic acid and lactic acid. Malonic acid is dioic acid (pKa1 = 2.83) while lactic acid (pKa = 
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3.86) contains a carboxyl, and a hydroxyl functional group within its structure. When both acids 

were paired with [N4444
+][Cl-] at 1 to 2 molar ratios, it was observed that the retention factors of 

acidic molecules drastically decreased compared DES composed of Oct. A. When the chain length 

of the HBD is varied from octanoic acid to hexanoic acid in [N4444
+][Cl-] : 2Oct. A. and [N4444

+][Cl-

] : 2Hex. A. DES, the hydrogen bond basicity (a) value decreased from 6.80 to 6.44, respectively.  

Desulfurization of fuels with DES 

 Several different types of DES consisting of ammonium halide-based HBA and carboxylic 

acid-based HBD have shown potential towards the extractive desulfurization of fuels.17–19  Li et 

al. explored the extraction efficiencies of DES consisting of choline chloride, 

tetramethylammonium chloride, tetrabutylammonium chloride HBA combined with various 

mono, dicarboxylic acids and alcohol-based HBDs.17 The highest extraction efficiencies were 

found for DES containing [N4444
+][Cl-] as its HBA along with a monocarboxylic acid such as 

octanoic acid and phenylacetic acid. The extraction efficiencies decreased by approximately 25% 

as the monocarboxylic acid (octanoic acid) was replaced by a dicarboxylic acid (malonic acid). 

This study concluded that the main driving force behind the desulfurization process is the hydrogen 

bonding interaction between the DES and the thiol functional group of the sulfur-containing 

moieties in the fuels.17 Table 2 shows that the hydrogen bond basicity DES decreases as the HBD 

is changed from two equivalents Oct. A. (6.80) to two equivalents Mal. A. (4.41) while containing 

the same HBA ([N4444
+][Cl-]). Similarly, the extraction efficiencies further decreased when the 

chain length within the cation of HBA was shorten from tetrabutyl to tetramethyl.17 A similar trend 

can be seen in DES possessing the same octanoic acid HBD with different HBAs where basicity 

values change significantly as [N4444
+][Cl-] (a = 6.80), [N3333

+][Cl-] (a = 5.43), and [N2222
+][Cl-] (a 

= 5.02) at 50 ℃ as the HBD, as shown in Table2 . As the alkyl chain length of HBA decreases or 

the number carboxyl or hydroxyl functional groups increases the capability of DES of hydrogen 
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bonding interaction towards molecules with like thiophene, benzothiophene and 

dibenzothiophenes also decreases.17  

Extraction of natural products Cynaropicrin 

 DES containing the tetraalkylammonium halide-based HBA and carboxylic acid-based 

HBD have been used for extraction of Cynaropicrin, a bioactive compound of great potential for 

its application in nutraceutical applications.36,56 The extraction efficiency of [N2222
+][Cl-]-based 

DES was found to be lower than that of tetrabutylammonium halide. For example, the reaction 

yield for Cynaropicrin (wt%) using [N4444
+][Cl-] : 2 Hex. A was determined 2.4% while 

[N2222
+][Cl-] : 2 Hex. A was found to be 0.4%.36 This can be related to the lower hydrogen bonding 

capability of DES when the alkyl chain length is decreased. A similar set of DES in which the 

alkyl chain length substituent in the HBA cation is decreased from butyl to ethyl demonstrated a 

significant drop in the capability of DES to form hydrogen bonds with solute molecules. For 

example the hydrogen bond basicity value for [N4444
+][Cl-] : 2 Oct. A. was found to be 6.80 and 

decreased to 5.02 for [N2222
+][Cl-] :  2Oct. A. at 50 ℃, as shown in Table 2. This decreased alkyl 

chain length results in stronger intramolecular electrostatic interactions which decreases the extent 

of hydrogen bonding with Cynaropicrin, and results in lower extraction efficiencies. The higher 

basicity for chloride compared to bromide gives rise to a higher extent of hydrogen bonding, 

resulting in higher hydrogen bond basicity value in the experimental quantification of solvation 

interactions in this study. The extraction yields of Cynaropricrin (wt%) for [N4444
+][Cl-] : 2Oct. A 

and [N4444
+][Br-] : 2Oct. A were 2.7% and 1.7%, respectively. The hydroxyl groups in the 

Cynaropicrin were more selective towards chloride-based DES and this concurs with the findings 

of de Faria et. al.36 The experimental data shows that the alcohols in this study retain significantly 

longer on the [N4444
+][Cl-] (a = 6.80 at 50 °C) DES compared to the [N4444

+][Br-] (a = 5.57 at 50 °C) 
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analogue. The extraction efficiencies were found to be the highest (2.84%) at a temperature of 25 

℃ followed by a drop to 2.47% at 35 ℃, then further decreased to 2.29% at 45 ℃.36 This trend is 

fully supported by the interaction parameters determined in this study where an increase in 

temperature resulted in a decrease in interaction by hydrogen bonding. Therefore, it is not 

surprising to observe decrease in extraction efficiencies of analytes where hydrogen bonding is the 

major driving force towards extraction. 

Conclusion 

Twenty combinations of deep eutectic solvents containing ammonium and phosphonium 

as its HBAs and carboxylic acid groups as the HBD was designed for the characterization using a 

linear free energy relationship. Compared to the Kamlet-Taft parameters and normalized solvent 

polarity scales, the inverse GC approach was able to characterize DESs containing similar 

functionality with minor changes such as the molar ratio, pKa of acid, and chain length of both 

HBA and HBD.  The chloride-based DESs displayed superior hydrogen basicity compared to the 

bromide analogs. The retention factors at 50 °C of butanol, cyclohexanol, and hexanol were 

98.86, 484.90, and 553.40 for [N4444
+][Cl-] : 2Oct. A, while on the [N4444

+][Br-] : 2Oct. A column, 

the values were 28.67, 160.58, and 160.9, respectively. The pKa of the HBD played an important 

role in the overall basicity of the solvents as less acidic donors displayed higher interaction 

parameters for basicity while the reverse trend was observed with more acidic donors. The pure 

[P66614
+][Cl-] ionic liquid displayed a hydrogen bond basicity (a) value of 7.72 at 40 °C while 

[P66614
+][Cl-] : 2Oct. A (pKa = 4.89) had a basicity value of 7.20 at 40 °C. When p-toluenesulfonic 

acid (pKa = -6.5) and benzenesulfonic acid (pKa = -2.5) acted as donors for the same HBA, the 

basicity values decrease to 5.83 and 5.04, respectively. Understanding the solvation properties of DES 

can further improve the trial and error process when choosing these solvents for different applications. 
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Figures 

 

Figure 1. The magnitude of hydrogen bond basicity (a) at 50 °C for all the ammonium and 

phosphonium-based DES along with reference ILs 
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Figure 2. The magnitude of dispersion forces (l) at 50 °C for all the ammonium and 

phosphonium-based DES along with reference ILs 
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Tables 

Table 1. Structure and composition twenty ammonium and phosphonium DES with different 

carboxylic acid groups as its donor  

Sr # HBA HBD Abbreviation of DES 

Ammonium-based DES 

1 
  

[N4444
+][Cl-] : Oct. A. 

2 
  

[N4444
+][Cl-] : 2Oct. A. 

3 
  

[N4444
+][Cl-] : Benz. Sulf. A. 

4 
  

[N4444
+][Cl-] : 2Benz. Sulf. A. 

5 
  

[N4444
+][Cl-] : p-TSA. 

6 
  

[N4444
+][Cl-] : 2Lac. A. 

7 
  

[N4444
+][Cl-] : 2Mal. A. 

8 
  

[N4444
+][Br-] : 2Oct. A. 

 

 

9 

  

[N3333
+][Cl-] : 2Oct. A. 
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Table 1 contiuned 

Sr # HBA HBD Abbreviation of DES 

  Ammonium-based DES  

10 

  

[N4444
+][Cl-] : 2Hex. A. 

11 
  

[N2222
+][Cl-] : 2Oct. A. 

12 
 

 

[N2222
+][Cl-] : 2Lac. A. 

13 
 

 

[N2222
+][Cl-] : 2Lev. A. 

Phosphonium-based DES 

14 

  

[P66614
+][Cl-] : Oct. A. 

15 

  
[P66614

+][Cl-] : 2Oct. A. 

16 

  

[P66614
+][Cl-] : Benz. Sulf. A. 

17 

  

[P66614
+][Cl-] : 2Benz. Sulf. A. 

18 

  

[P66614
+][Cl-] : p-TSA. 
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Table 1 continued 

Sr # HBA HBD Abbreviation of DES 

  Phosphonium-based DES  

19 

  

[P66614
+][Cl-] : p-TSA. 

20 

 
 

[PAl(Ph)3
+][Cl-] : 3p-TSA. 

 

 

Table 2. Interaction parameters for ten ammonium-based DES obtained from the Solvation 

Parameter model. The ionic liquid [N4444
+][Cl-] was included for comparison 

DES 
Temperature 

(°C) 

 Interaction parameters 

c e s a b l n a R2 a F a 

 40 
-3.38 

(0.10) 

0 

(0) 

2.67 

(0.11) 

8.11 

(0.16) 

-0.43 

(0.14) 

0.76 

(0.02) 
39 0.99 774 

[N4444
+][Cl-] 

: Oct. A. 
50 

-3.31 

(0.09) 

0 

(0) 

2.52 

(0.11) 

7.60 

(0.16) 

-0.40 

(0.14) 

0.70 

(0.02) 
39 0.99 803 

 60 
-3.35 

(0.09) 

0 

(0) 

2.50 

 (0.11) 

7.41 

 (0.16) 

-0.53 

(0.13) 

0.68 

(0.02) 
39 0.99 776 

 40 
-3.16 

(0.08) 

-0.18 

(0.08) 

2.41 

(0.10) 

7.13 

(0.15) 

-0.36 

(0.13) 

0.77 

(0.02) 
39 0.99 884 

[N4444
+][Cl-] 

: 2Oct. A. 
50 

-3.18 

(0.07) 

-0.16 

(0.07) 

2.34 

(0.10) 

6.80 

(0.14) 

-0.38 

(0.12) 

0.73 

(0.02) 
39 0.99 960 

 60 
-3.19 

(0.07) 

-0.14 

 (0.06) 

2.26 

 (0.09) 

6.48 

 (0.13) 

-0.38 

(0.11) 

0.69 

(0.02) 
39 0.99 1037 

[N4444
+][Cl-] 

: 2Hex. A. 

40 
-3.17 

(0.09) 

0 

 (0) 

2.36 

(0.11) 

7.00 

(0.17) 

-0.32 

(0.14) 

0.75 

(0.02) 
38 0.99 739 

50 
-3.14 

(0.08) 

0 

 (0) 

2.25 

(0.10) 

6.44 

(0.15) 

-0.32 

(0.12) 

0.71 

(0.02) 
38 0.99 840 

60 
-3.11 

(0.07) 

-0.14 

 (0.07) 

2.17 

 (0.09) 

5.92 

 (0.13) 

-0.36 

(0.11) 

0.67 

(0.02) 
38 0.99 849 

[N4444
+][Cl-] 

: Benz. 

Sulf. A. 

40 
-3.07 

(0.07) 

-0.20 

(0.07) 

2.48 

(0.08) 

5.34 

(0.12) 

-0.38 

(0.11) 

0.72 

(0.02) 
41 0.99 1015 

50 
-3.12 

(0.06) 

-0.20 

(0.06) 

2.46 

(0.08) 

5.23 

(0.11) 

-0.44 

(0.10) 

0.68 

(0.01) 
41 0.99 1134 

60 
-3.19 

(0.06) 

-0.17 

 (0.06) 

2.38 

 (0.08) 

4.94 

 (0.11) 

-0.38 

(0.10) 

0.66 

(0.01) 
41 0.99 1029 
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Table 2 contiuned 

DES 
Temperature 

(°C) 

 Interaction parameters 

c e s a b l n a R2 a F a 

 

[N4444
+][Br-] 

: 2Oct. A. 

40 
-3.18 

(0.07) 

-0.21 

(0.07) 

2.24 

(0.09) 

5.88 

(0.13) 

-0.46 

(0.11) 

0.79 

(0.02) 
36 0.99 1026 

50 
-3.13 

(0.07) 

-0.17 

(0.07) 

2.15 

(0.09) 

5.57 

(0.13) 

-0.42 

(0.11) 

0.73 

(0.02) 
35 0.99 914 

60 
-3.13 

(0.05) 

-0.19 

 (0.05) 

2.05 

 (0.06) 

5.05 

 (0.09) 

-0.43 

(0.08) 

0.71 

(0.01) 
36 0.99 1621 

[N4444
+][Cl-] 

: 2 Benz. 

Sulf. A. 

40 
-3.23 

(0.06) 

-0.14 

(0.06) 

2.52 

(0.08) 

4.54 

(0.13) 

0 

(0) 

0.70 

(0.01) 
40 0.99 1111 

50 
-3.19 

(0.06) 

0 

(0) 

2.40 

(0.07) 

4.29 

(0.11) 

0 

(0) 

0.65 

(0.01) 
40 0.99 1225 

60 
-3.22 

(0.05) 

0 

(0) 

2.31 

 (0.06) 

4.00 

 (0.10) 

0 

(0) 

0.62 

(0.01) 
40 0.99 1337 

 

 
 

40 

 

-3.20 

(0.07) 

 

-0.32 

(0.07) 

 

2.58 

(0.09) 

 

5.99 

(0.14) 

 

-0.59 

(0.12) 

 

0.78 

(0.02) 

 

38 

 

0.99 

 

969 

[N4444
+][Cl-] 

: p-TSA 
50 

-3.20 

(0.07) 

-0.28 

(0.07) 

2.49 

(0.09) 

5.66 

(0.13) 

-0.58 

(0.11) 

0.73 

(0.02) 
38 0.99 988 

 60 
-3.16 

(0.07) 

-0.24 

 (0.07) 

2.42 

 (0.09) 

5.50 

 (0.13) 

-0.60 

(0.11) 

0.69 

(0.02) 
38 0.99 892 

 40 
-3.09 

(0.06) 

0 

(0) 

2.31 

(0.07) 

4.78 

(0.11) 

0 

(0) 

0.66 

(0.01) 
39 0.99 1302 

[N4444
+][Cl-] 

: 2Mal. A. 
50 

-3.11 

(0.05) 

0 

(0) 

2.24 

(0.06) 

4.41 

(0.10) 

0 

(0) 

0.62 

(0.01) 
38 0.99 1330 

 60 
-3.15 

(0.05) 

0 

(0) 

2.17 

 (0.06) 

4.04 

 (0.10) 

0 

(0) 

0.58 

(0.01) 
39 0.99 1422 

 40 
-2.93 

(0.07) 

0 

(0) 

2.20 

(0.09) 

5.03 

(0.14) 

0 

(0) 

0.68 

(0.02) 
38 0.99 832 

[N4444
+][Cl-] 

: 2Lac. A. 
50 

-3.06 

(0.05) 

0 

(0) 

2.16 

(0.06) 

4.64 

(0.10) 

0 

(0) 

0.66 

(0.01) 
38 0.99 1351 

 60 
-3.02 

(0.05) 

0 

(0) 

2.08 

 (0.06) 

4.25 

 (0.09) 

0 

(0) 

0.61 

(0.01) 
38 0.99 1467 

 40 
-3.04 

(0.08) 

0 

(0) 

2.15 

(0.10) 

5.96 

(0.16) 

-0.47 

(0.13) 

0.77 

(0.02) 
37 0.99 705 

[N3333
+][Cl-] 

: 2Oct. A. 
50 

-3.06 

(0.07) 

0 

(0) 

2.05 

(0.09) 

5.43 

(0.14) 

-0.45 

(0.11) 

0.75 

(0.01) 
37 0.99 822 

 60 
-2.99 

(0.07) 

-0.22 

(0.07) 

1.91 

 (0.09) 

5.09 

 (0.14) 

-0.55 

(0.12) 

0.73 

(0.01) 
37 0.99 658 
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Table 2 continued 

DES 
Temperature 

(°C) 

 Interaction parameters 

c e s a b l n a R2 a F a 

 

 40 
-3.13 

(0.06) 

0 

(0) 

2.04 

(0.08) 

5.30 

(0.12) 

-0.29 

(0.10) 

0.78 

(0.02) 
38 0.99 1155 

[N2222
+][Cl-] 

: 2Oct. A. 
50 

-3.22 

(0.06) 

0 

(0) 

1.97 

(0.07) 

5.02 

(0.11) 

-0.23 

(0.09) 

0.72 

(0.01) 
37 0.99 1204 

 60 
-3.07 

(0.05) 

0 

(0) 

1.93 

 (0.07) 

4.86 

 (0.10) 

-0.26 

(0.09) 

0.66 

(0.01) 
38 0.99 1306 

 40 
-3.12 

(0.05) 

0.45 

(0.05) 

2.41 

(0.06) 

4.73 

(0.10) 

0.37 

(0.08) 

0.48 

(0.01) 
38 0.99 1601 

[N2222
+][Cl-] 

: 2Lac. A. 
50 

-3.14 

(0.05) 

0.44 

(0.05) 

2.35 

(0.06) 

4.49 

(0.09) 

0.35 

(0.08) 

0.45 

(0.01) 
38 0.99 1709 

 60 
-3.18 

(0.04) 

0.43 

 (0.05) 

2.29 

 (0.06) 

4.25 

 (0.09) 

0.36 

(0.07) 

0.42 

(0.01) 
38 0.99 1730 

 40 
-3.30 

(0.08) 

0 

(0) 

2.44 

(0.10) 

4.80 

(0.16) 

0 

(0) 

0.59 

(0.02) 
38 0.99 604 

[N2222
+][Cl-] 

: 2Lev. A. 
50 

-3.38 

(0.09) 

0 

(0) 

2.40 

(0.11) 

4.61 

(0.17) 

0 

(0) 

0.56 

(0.02) 
38 0.99 476 

 60 
-3.34 

(0.07) 

0.16 

 (0.07) 

2.28 

 (0.09) 

4.36 

 (0.14) 

0 

(0) 

0.52 

(0.02) 
38 0.99 644 

 

   40 b 
-2.33 

(0.10) 

0.22 

(0.10) 

1.14 

(0.14) 

4.81 

(0.19) 

0 

(0) 

0.66 

(0.03) 
26 0.99 372 

[N4444
+][Cl-] 50 

-3.24 

(0.12) 

0 

(0) 

2.72 

(0.15) 

8.03 

(0.22) 

-0.53 

(0.14) 

0.71 

(0.03) 
35 0.99 501 

 60 
-3.24 

(0.10) 

0 

(0) 

2.60 

(0.13) 

7.70 

(0.19) 

-0.44 

(0.12) 

0.67 

(0.02) 
39 0.99 609 

a n, number of probe analytes subjected to multiple linear regression; R2, correlation coefficient; 

F, Fisher coefficients. b At 40 °C the thin layer of compound turns solid 
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Table 3. Interaction parameters for seven phosphonium-based DESs obtained from the solvation 

parameter model. The ionic liquid [P66614
+][Cl-] was included for comparison 

 

DES 
Temperature 

(°C) 

 Interaction parameters 

c e s a b l n a R2 a F a 

 40 
-3.10 

(0.08) 

-0.28 

(0.08) 

2.09 

(0.10) 

7.20 

(0.15) 

-0.56 

(0.13) 

0.85 

(0.02) 
39 0.99 952 

[P66614
+][Cl-] 

:  Oct. A. 
50 

-3.19 

(0.08) 

-0.22 

(0.07) 

1.98 

(0.09) 

6.92 

(0.14) 

-0.44 

(0.12) 

0.81 

(0.02) 
38 0.99 924 

 60 
-3.12 

(0.08) 

0 

(0) 

1.79 

(0.10) 

6.51 

(0.15) 

-0.45 

(0.12) 

0.76 

(0.02) 
38 0.99 847 

 40 
-3.05 

(0.10) 

-0.23 

(0.09) 

2.00 

(0.12) 

6.98 

(0.18) 

-0.57 

(0.14) 

0.82 

(0.02) 
37 0.99 571 

[P66614
+][Cl-] 

:  2Oct. A. 
50 

-3.16 

(0.08) 

-0.20 

(0.07) 

1.92 

(0.10) 

6.83 

(0.15) 

-0.50 

(0.11) 

0.81 

(0.02) 
37 0.99 825 

 60 
-3.12 

(0.08) 

-0.18 

(0.07) 

1.83 

(0.09) 

6.45 

(0.14) 

-0.42 

(0.11) 

0.77 

(0.02) 
37 0.99 812 

[P66614
+][Cl-] 

:  Benz. Sulf. 

A. 

40 
-2.98 

(0.07) 

-0.46 

(0.07) 

2.04 

(0.08) 

5.34 

(0.12) 

-0.68 

(0.10) 

0.86 

(0.02) 
41 0.99 1077 

50 
-2.98 

(0.06) 

-0.43 

(0.06) 

1.97 

(0.08) 

5.04 

(0.11) 

-0.67 

(0.10) 

0.82 

(0.02) 
41 0.99 1181 

60 
-2.97 

(0.06) 

-0.34 

 (0.06) 

1.82 

 (0.07) 

4.72 

 (0.10) 

-0.59 

(0.09) 

0.77 

(0.01) 
41 0.99 1147 

[P66614
+][Cl-] 

:  2 Benz. 

Sulf. A. 

40 
-3.01 

(0.06) 

-0.40 

(0.06) 

2.03 

(0.08) 

4.28 

(0.13) 

-0.39 

(0.11) 

0.83 

(0.02) 
39 0.99 917 

50 
-3.07 

(0.07) 

-0.35 

(0.06) 

1.91 

(0.08) 

4.04 

(0.12) 

-0.39 

(0.10) 

0.80 

(0.01) 
40 0.99 1068 

60 
-2.95 

(0.05) 

-0.26 

 (0.05) 

1.72 

 (0.07) 

3.56 

 (0.10) 

0.30 

(0.09) 

0.74 

(0.01) 
39 0.99 1112 

 40 
-3.23 

(0.07) 

-0.32 

(0.07) 

2.62 

(0.09) 

6.20 

(0.15) 

-0.58 

(0.12) 

0.77 

(0.02) 
37 0.99 1004 

[P66614
+][Cl-] 

:  p-TSA. 
50 

-3.27 

(0.07) 

-0.30 

(0.07) 

2.56 

(0.09) 

5.96 

(0.14) 

-0.62 

(0.12) 

0.74 

(0.02) 
37 0.99 972 

 60 
-3.26 

(0.06) 

-0.33 

 (0.06) 

2.51 

 (0.08) 

5.63 

 (0.13) 

-0.60 

(0.11) 

0.69 

(0.01) 
37 0.99 1015 
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Table 3 continued 

DES 
Temperature 

(°C) 

 Interaction parameters 

c e s a b l n a R2 a F a 

 

 
 

40 

 

-3.18 

(0.07) 

 

-0.35 

(0.07) 

 

2.58 

(0.10) 

 

6.06 

(0.14) 

 

-0.56 

(0.12) 

 

0.78 

(0.02) 

 

37 

 

0.99 

 

915 

[P4444
+][Cl-] 

:  p-TSA. 
50 

-3.25 

(0.07) 

-0.32 

(0.07) 

2.52 

(0.10) 

5.83 

(0.14) 

-0.57 

(0.12) 

0.74 

(0.02) 
37 0.99 855 

 60 
-3.17 

(0.07) 

-0.30 

 (0.07) 

2.41 

 (0.09) 

5.48 

 (0.13) 

-0.60 

(0.11) 

0.69 

(0.02) 
37 0.99 864 

 40 
-3.29 

(0.06) 

0.27 

(0.06) 

1.91 

(0.08) 

5.12 

(0.12) 

0.70 

(0.10) 

0.67 

(0.01) 
36 0.99 1144 

[PAlPh3
+][Br-] 

: 3 p-TSA. 
50 

-3.29 

(0.06) 

0.27 

(0.06) 

1.86 

(0.07) 

4.80 

(0.11) 

0.63 

(0.09) 

0.64 

(0.01) 
36 0.99 1160 

 60 
-3.32 

(0.06) 

0.28 

 (0.06) 

1.82 

 (0.07) 

4.49 

 (0.11) 

0.59 

(0.09) 

0.60 

(0.01) 
36 0.99 1086 

   40  
-2.92 

(0.09) 

0 

(0) 

2.11 

(0.11) 

7.72 

(0.17) 

-0.69 

(0.14) 

0.80 

(0.02) 
37 0.99 814 

[P66614
+][Cl-] 50 

-3.07 

(0.09) 

-0.26 

(0.08) 

2.06 

(0.10) 

7.36 

(0.15) 

-0.59 

(0.13) 

0.81 

(0.02) 
39 0.99 845 

 60 
-3.12 

(0.07) 

-0.22 

(0.07) 

1.99 

(0.10 

6.94 

(0.14) 

-0.54 

(0.12) 

0.77 

(0.02) 
40 0.99 970 

a n, number of probe analytes subjected to multiple linear regression; R2, correlation coefficient; 

F, Fisher coefficients. 

Table 4.  Retention factors of ten alcohols on ammonium-based DES with varying hydrogen 

bond donors at 60 °C. The molten salt N4444Cl was included for comparison. 

Probe N4444Cl 
N4444Cl : 

2Oct. A. 

N4444Cl : 

p-TSA. 

N4444Cl :  

2Benz. Sulf. A. 

N4444Cl : 

2Lac. A. 

N4444Cl : 

2Mal. A. 

1-butanol 163.63 53.85 19.62 5.43 9.76 6.77 

1-pentanol 361.01 117.50 39.89 12.11 20.56 13.65 

1-hexanol 765.49 269.32 86.26 26.22 42.62 27.31 

cyclopentanol 375.52 120.29 45.03 15.39 23.74 16.91 

cyclohexanol 747.27 246.46 89.23 33.36 48.82 35.27 

2-propanol 26.38 2.21 3.24 2.18 1.90 1.40 

methanol 26.04 8.18 3.99 0.88 1.83 1.10 

ethanol 30.22 9.85 4.76 1.26 2.21 1.68 

2-butanol 71.49 18.11 6.46 2.14 3.64 2.48 

1-propanol 52.39 23.44 7.64 2.51 4.56 3.25 

1-chlorobutane 0.51 0.43 0.40 0.24 0.30 0.21 

1-chlorohexane 2.27 2.07 1.85 0.98 1.23 0.82 

1-bromohexane 2.35 2.13 3.86 1.98 2.42 1.67 

1-bromooctane 10.45 10.53 16.87 7.94 9.56 6.19 

naphthalene 182.92 128.29 118.31 94.18 99.55 83.54 

nitrobenzene 304.38 157.99 163.42 102.80 101.76 84.78 
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Supplemental 

.  

Table S1 List of all probe molecules and their corresponding solute descriptors used to 

characterize IL-based stationary phases employing the solvation parameter model 

Probe molecule E S A B L 

Acetic acid 0.265 0.65 0.61 0.44 1.75 

Acetophenone 0.818 1.01 0 0.48 4.501 

Aniline 0.955 0.96 0.26 0.41 3.934 

Benzaldehyde 0.82 1 0 0.39 4.008 

Benzene 0.61 0.52 0 0.14 2.786 

Benzonitrile 0.742 1.11 0 0.33 4.039 

Benzyl alcohol 0.803 0.87 0.33 0.56 4.221 

Bromoethane 0.366 0.4 0 0.12 2.62 

1-Bromooctane 0.339 0.4 0 0.12 5.09 

1-Butanol 0.224 0.42 0.37 0.48 2.601 

Butyraldehyde 0.187 0.65 0 0.45 2.27 

2-Chloroaniline 1.033 0.92 0.25 0.31 4.674 

1-Chlorobutane 0.21 0.4 0 0.1 2.722 

1-Chlorohexane 0.201 0.4 0 0.1 3.777 

1-Chlorooctane 0.191 0.4 0 0.1 4.772 

p-Cresol 0.82 0.87 0.57 0.31 4.312 

Cyclohexanol 0.46 0.54 0.32 0.57 3.758 

Cyclohexanone 0.403 0.86 0 0.56 3.792 

1,2-Dichlorobenzene 0.872 0.78 0 0.04 4.518 

N,N-Dimethylformamide 0.367 1.31 0 0.74 3.173 

1,4-Dioxane 0.329 0.75 0 0.64 2.892 

Ethyl acetate 0.106 0.62 0 0.45 2.314 

Ethyl benzene 0.613 0.51 0 0.15 3.778 

1-Iodobutane 0.628 0.4 0 0.15 4.13 

Methyl caproate 0.067 0.6 0 0.45 3.844 

Naphthalene 1.34 0.92 0 0.2 5.161 

Nitrobenzene 0.871 1.11 0 0.28 4.557 

1-Nitropropane 0.242 0.95 0 0.31 2.894 

1-Octanol 0.199 0.42 0.37 0.48 4.619 

Octylaldehyde 0.16 0.65 0 0.45 4.361 

1-Pentanol 0.219 0.42 0.37 0.48 3.106 

2-Pentanone 0.143 0.68 0 0.51 2.755 

Ethyl phenyl ether 0.681 0.7 0 0.32 4.242 

Phenol 0.805 0.89 0.6 0.3 3.766 

Propionitrile 0.162 0.9 0.02 0.36 2.082 

Pyridine 0.631 0.84 0 0.52 3.022 

Pyrrole 0.613 0.73 0.41 0.29 2.865 

Toluene 0.601 0.52 0 0.14 3.325 

m-Xylene 0.623 0.52 0 0.16 3.839 
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Table S1continued 

Probe molecule E S A B L 

 

o-Xylene 0.663 0.56 0 0.16 3.939 

p-Xylene 0.613 0.52 0 0.16 3.839 

2-Propanol 0.212 0.36 0.33 0.56 1.764 

2-Nitrophenol 1.015 1.05 0.05 0.37 4.76 

1-Bromohexane 0.349 0.4 0 0.12 4.13 

Propionic acid 0.233 0.65 0.6 0.45 2.29 

1-Decanol 0.191 0.42 0.37 0.48 5.628 

Methanol 0.278 0.44 0.43 0.47 0.97 

Ethanol 0.246 0.42 0.37 0.48 1.485 

Nitromethane 0.313 0.95 0.06 0.31 1.892 

Cyclopentanol 0.427 0.54 0.32 0.56 3.241 

Cycloheptanol 0.513 0.54 0.32 0.58 4.407 

Phenylethyne 0.679 0.58 0.12 0.24 3.692 

1-Hexanol 0.21 0.42 0.37 0.48 3.61 

Bromobutane 0.36 0.4 0 0.12 3.105 

Iodoethane 0.64 0.4 0 0.15 2.573 

Methylacetate 0.142 0.64 0 0.45 1.911 

2-Butanol 0.217 0.36 0.33 0.56 2.338 

1-Propanol 0.236 0.42 0.37 0.48 2.031 

 



78 

 

CHAPTER 4.    GENERAL CONCLUSION 

This thesis describes the use of ionic liquids and deep eutectic solvents as new materials 

for GC stationary phases for the separation of analytes. Both ILs and DESs are room temperature 

liquids possessing negligible vapor pressure making them great candidates for stationary phases.  

Chapter 2 describes the use of six highly thermally stable ILs containing aryl substituents 

for the separation of polycyclic aromatic hydrocarbons and polychlorinated biphenyls. Compared 

to commercial PDMS-based stationary phases, these high-temperature ILs displayed similar 

retention behavior while providing selectivity at high oven temperatures. At temperatures 

between the ranges of 300-350 °C, baseline separation for isomer pairs anthracene and 

phenanthrene was obtained on five IL-based stationary phases out of the six in the study. Five-

meter segments of each column were subjected to stepwise heating experiments to evaluate the 

stability of the stationary phase. Column efficiencies were measured after each heating 

experiment to gain insight into the degradation/volatilization of the stationary phase. ILs 4 and 5 

displayed superior thermal stability up to 350 °C while the remaining ILs were stable in the 

temperature range of 290-310 °C. 

 Chapter 3 discusses the incorporation of deep eutectic solvents as gas 

chromatographic stationary phases to better understand their solvation properties. While DES 

have been characterized via spectroscopic methods, there are some limitations as to the 

sensitivity of the solvatochromic probes used. In this chapter of the thesis, various interaction 

parameters of the stationary phase including, non-bonding or π-π interactions, 

dipolarity/polarizability, hydrogen bond basicity, hydrogen bond acidity, and the dispersion 

forces were studied. Twenty DESs composed of ammonium and phosphonium HBAs with 

varying carboxylic acid HBDs were synthesized to characterize their different interaction 
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parameters. All DES-based stationary phases possessed similar hydrogen bond acidity and 

nonbonding capabilities. The data in this study suggests that the ability of the free chloride anion 

to interact can be modulated by choice of HBA and HBD. More acidic donors appear to decrease 

the hydrogen bond basicity of the stationary phase, where DESs containing less acidic donors 

showed the opposite trend. Future work aims to explore the use of choline chloride, which is 

commonly used as the HBA, to develop a database for selecting DESs for targeted applications. 

 


