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Abstract 

In order to overcome the lack of characterization on the relative hydrophobicity of 

aqueous biphasic systems (ABS), the partition of three alkaloids as alternative probes, 

was evaluated in a series of biocompatible ABS composed of cholinium-based salts or 

ionic liquids (ILs) and polyethylene glycol (PEG). The caffeine partitioning in ABS was 

firstly addressed to infer on the effect of the phase-forming components composition. In 

all systems, caffeine preferentially concentrates in the lower water content PEG-rich 

phase. Additionally, a linear dependence between the logarithmic function of the 

partition coefficients and the water content ratio was found. To confirm this linear 

dependency, the partition coefficients of caffeine, theobromine and theophylline were 

determined in other ABS formed by different cholinium-based salts/ILs. In most 

systems, it is shown that all alkaloids partition to the most hydrophobic phase. To 

support the experimental results, COSMO-RS (Conductor-like Screening Model for 

Real Solvents) was used to compute the screening charge distributions of both phase-

forming components of ABS and alkaloids, the excess enthalpy of mixing and the 

activity coefficients at infinite dilution. It is here demonstrated that the partition trend of 

alkaloids can be used to address the relative hydrophobicity of the coexisting phases in 

polymer-salt/-IL ABS. 

 

 

 

Keywords: hydrophobicity; aqueous biphasic systems; cholinium; ionic liquids; 

polyethylene glycol; alkaloid; caffeine; theobromine; theophylline. 
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Introduction 

Research on more biocompatible and sustainable purification methods led to the 

resurgence of interest in liquid-liquid extraction processes using Aqueous Biphasic 

Systems (ABS). This particular type of water-rich systems has been suggested as an 

effective alternative to conventional extraction methods using volatile organic 

solvents.1,2 ABS are water-based systems formed by combinations of compounds 

ranging from the most common polymer/polymer1,2 and polymer/salt1,2 to the recent 

ionic liquid (IL)/salt3,4, polymer/IL4,5 and IL/carbohydrate4,6 pairs of phase-forming 

components. Due to their low interfacial tension and high water content, ABS preserve 

the biological activity of biomolecules by the formation of a biocompatible aqueous 

environment similar to intracellular environments.7,8 Moreover, several classes of ABS 

are simpler and cheaper than most of chromatographic techniques used for separation 

approaches and are highly selective for a wide variety of solutes, enhancing thus their 

importance in biotechnological, chemical and pharmaceutical industries.2-4  

Recently, the use of ILs in the formation of ABS3,4 increased the number of 

possible systems and applications for this type of extractions, mainly due to their 

excellent selectivity for extracting similar or complex solutes.4 ILs are ionic compounds 

with low melting points, exhibiting a series of interesting properties, some closely 

related with their application as phase-forming agents of ABS, in particular their large 

solvation capability and great tunability.4,9 Besides these important solvation 

characteristics of ILs, some environmental concerns about have been expressed, in 

particular for IL families based on imidazolium or pyridinium cations, and ILs with 

fluorinated anions, which present an undesirable level of toxicity and low 

biodegradability.10  

According to the Green Chemistry principles, to be considered as an 

environmentally friendly compound an IL should accomplish a set of particular features, 

for instance, it should have minor accumulation and persistence in the environment 

(biodegradability), it should be based in renewable raw materials, be obtained by less 

hazardous and more economic synthesis, among others.11 Following these principles, 

recently, the appearance of several cholinium-based salts ([Ch]+-salts), especially those 

with low melting points, has been attracting the attention of many researchers.12 In 

general, cholinium-based compounds are cheaper than traditional ILs, may be 

completely derived from renewable sources, and may present outstanding 
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biodegradability and low toxicity.13 In this context, the use of cholinium-based 

compounds (salts or ILs) has been proposed as an alternative to increase the sustainable 

and biocompatible features of IL-based ABS.14,15,16 Herein, considering the importance 

of the fulfillment of several green chemistry principles, we propose the use of ABS 

composed of polyethylene glycol (PEG) polymers (inert and biocompatible) in 

combination with [Ch]+-salts or ILs. 

Despite the large set of IL-based ABS described in the last decade4, these 

extractive platforms are not yet well understood, and the prediction of their tunability 

and selectivity is still a difficult task. Particularly, the behavior of ABS composed of ILs 

and water soluble polymers is quite complex, but far more interesting in terms of 

polarities and separation ranges achieved.5 In order to understand the mechanisms 

driving the phase-split of these systems, we have been carrying out some experimental 

and simulation studies for different sets of ABS.5,14,17,18 These works have shown that a 

combination of important interactions between all species in equilibrium (i.e., ILs ions, 

polymers and water), as hydrogen-bonding type interactions, and some hydration 

mechanisms (such as the “washing-out” mechanism) have a primordial role through 

phase separation. These works have been disclosing some of the complexity behind the 

PEG/ILs ABS formation, but their use for the separation of biomolecules is still 

residual, while the molecular interactions driving the partition of compounds on these 

systems is not yet entirely understood.5,19  

In spite of the lack of understanding on the mechanisms underlying the selective 

separation of solutes in polymer/IL ABS, these systems appear as promising liquid-

liquid separation systems to be used at industrial scale, in particular coupled to 

centrifugal partition chromatography (CPC). CPC is a liquid-liquid chromatographic 

technique which allows the continuous selective separation of solutes.20 Nevertheless, 

the understanding of the solutes partition in PEG/ILs ABS is a preliminary requirement 

for the design of adequate systems envisaging their further use in CPC platforms. Thus, 

the main objective of this work consists on the evaluation of the partitioning of a series 

of alkaloids, here used to as relative hydrophobicity probes, to gauge the solutes 

partition mechanisms in a series of ABS composed of PEG (with an average molecular 

weight of 600 g.mol-1) and different cholinium-based compounds, ranging from salts, 

such as cholinium chloride ([Ch]Cl), to ILs, such as cholinium acetate ([Ch][OAc]).  

Experimental Section 
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Materials 

Cholinium Chloride, [Ch]Cl, Cholinium Bicarbonate, [Ch][Bic], Cholinium 

Dihydrogencitrate, [Ch][DHcit], and Cholinium Dihydrogenphosphate, [Ch][DHph] 

were acquired from Sigma-Aldrich® while Cholinium Acetate, [Ch][OAc], was 

purchased from Iolitec®. All salts were dried under constant agitation and vacuum, at a 

moderate temperature (80ºC), for a minimum of 48 h, to reduce the volatile impurities 

and water content to negligible values. After this procedure, 1H and 13C NMR spectra 

were performed to evaluate the purity of all salts. All salts showed mass fraction purities 

higher than 99 %.  

PEG of an average molecular weight 600 g.mol-1 (abbreviated as PEG-600) was 

supplied by Fluka®, and was used as received.  

The water used was double distilled, passed across a reverse osmosis system and further 

treated with a Milli-Q plus 185 water purification apparatus. 

The alkaloids theobromine (purity ≥ 99 wt%) and theophylline (purity ≥ 99 wt%) were 

supplied by Sigma-Aldrich. Caffeine (purity ≥ 99.5 wt%) was purchased from José 

Manuel Vaz Pereira. All alkaloids were used without further purification, and their 

chemical structures are shown in Table 1. 

Methods 

Partitioning of alkaloids  

All liquid-liquid partitioning systems were gravimetrically prepared in graduated 

centrifuge tubes (within an uncertainty of ± 10-4 g). The selected mixtures (Table S1 and 

S2 in the Supporting Information) were prepared according to the corresponding ternary 

phase diagrams previously published by us.14 Aqueous solutions of caffeine at 0.0772 

mol.L-1, theobromine at 0.0004 mol.L-1, and theophylline at 0.0055 mol.L-1 were used. 

All the solutions were prepared in order to guarantee that all alkaloids are at conditions 

close to infinite dilution aiming at avoiding solute-solute interactions and consequent 

influences on the alkaloids partitioning coefficients. After a complete dissolution of all 

components in the mixture by stirring, the mixture was left to equilibrate for 12 h 

immersed in a refrigerated water bath, at 25ºC (± 0.01ºC), to achieve the equilibrium on 

the partitioning of each alkaloid between the phases. After equilibration the phases were 

carefully separated and the alkaloids quantified in both top and bottom phases by UV 

spectroscopy using a SHIMADZU UV-1700, Pharma-Spec spectrometer, at 273 nm. 

Calibration curves for the determination of each alkaloid were previously established at 
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the respective maximum absorbance peaks. All the assays were performed in triplicate. 

In order to evaluate how the compound concentration influence the partition coefficient, 

a similar caffeine partitioning measurements were performed for three independent 

[Ch]Cl-based systems, in which different caffeine aqueous solutions at 0.0772 mol.L-1 , 

0.0515 mol.L-1 and 0.0257 mol.L-1 were used. 

The alkaloids partition coefficients (K) were estimated according to the following 

equation: 

K =
[���]�	


[���]���
          (1) 

where [alk]��� and [alk]���� represent the concentration of each alkaloid in the PEG-

600 and [Ch]+-salt-rich phases, respectively. It should be noted that the relative densities 

of salt and polymeric-rich phases are not constant, and the denser phase can be either 

PEG- or salt-rich phase, depending on the salt used (cf. Table S2 in the Supporting 

Information).  

Water content measurements 

The water content of the top and bottom phases were measured by volumetric titration 

at 25ºC using a Karl-Fischer 852 Titrando from Metrohm® (Switzerland), using 

HYDRANAL®-Methanol Rapid (reagent for accelerated volumetric one-component KF 

titration) and HYDRANAL®-Composite 5 (Reagent for volumetric one-component Karl 

Fischer titration - methanol free), both supplied by Sigma-Aldrich® as titrants.  

pH and conductivity measurements 

After the phase separation, the pH and conductivity of each phase was determined using 

a pH Meter (Seven Multi METTLER TOLEDO) at 25ºC, within an uncertainty of ± 

0.01. 
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Results and Discussion 

Partitioning of caffeine  

In order to understand the mechanisms behind the solutes partitioning in the 

PEG-600/[Ch]+-salts ABS, and to explore their potential as novel extractive systems, 

the partitioning of caffeine was firstly addressed as a hydrophobicity probe. Caffeine is 

a xanthine alkaloid, that is an interesting molecule to be used as solute model, since it 

does not suffer speciation in a large range of pH values (pKa1/pKa2 = 0.12 / 10.5) and it 

is only slightly hydrophilic (the logarithm of octanol/water partition coefficient, 

log(Kow) = - 0.07).21  

Recently, we have shown that PEG-600 can form two immiscible phases with 

high melting [Ch]+-salts, as well with the low melting [Ch]+-salts, which can be defined 

as ILs.14 Thus, in this work, we selected two series of PEG-600-based ABS to assess the 

[Ch]+-salts’ influence on the partitioning of caffeine, in particular, the effect of 

cholinium chloride ([Ch]Cl) and cholinium acetate ([Ch][OAc]) – corresponding to high 

melting and low melting salts, respectively. The first set of assays aimed at the 

evaluation of different compositions of polymer and salt/IL on the partitioning of 

caffeine at 25ºC. For each type of ABS, namely PEG-600 + [Ch]Cl + H2O and PEG-600 

+ [Ch][OAc] + H2O, seven mixture points were prepared, as depicted in Figure 1. The 

detailed weight fraction compositions are provided in the Supporting Information 

(Table S1).  

 
Figure 1. Experimental solubility data14 for ABS composed of PEG-600 + [Ch]Cl + H2O (■) and PEG-

600 + [Ch][OAc] + H2O (●) at 25ºC and seven mixture points (♦) used in the liquid-liquid extraction of 
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caffeine. 

As shown in Figure 1, for each type of ABS two different screenings were 

performed, a first one to investigate how the PEG-600 concentration affects the caffeine 

partitioning (points 1 to 4), and a second one where it was evaluated how the caffeine 

partition changes with the salt concentration (points 4 to 6). The mixture point 7 (56 

wt% of PEG-600 + 23 wt% of Salt/IL) was chosen to validate the caffeine partitioning 

with the simultaneous decrease of salt and polymer concentration in the system. The 

partition coefficients of caffeine obtained in the ABS studied are depicted in Figure 2. 

All the assays were performed in triplicate and the detailed average and standard 

deviations of the weight fraction compositions (wt%), partition coefficients (K), volume 

and weight ratios (RV and RW) for each ABS are provided in Table S1 in the Supporting 

Information.  

 

 
Figure 2. Caffeine partition coefficients (K) in ABS composed of PEG-600 + [Ch]Cl + H2O (█) and 

PEG-600 + [Ch][OAc] + H2O (█) at 25ºC. The error bars correspond to the standard deviation of three 

independent assays. 

The results obtained reveal that caffeine always preferentially partitions to the 

PEG-rich phase, and that the partition coefficient increases with both the concentration 

of PEG-600 and salt/IL. In both series of ABS, the highest K was obtained in the system 
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composed of 58 wt% of PEG-600 and 30 wt% of salt/IL (system 4). From Figure 2 it is 

also possible to evaluate the effect of the cholinium anion on the partitioning of the 

alkaloid. At the same composition, the ternary systems with [Ch][OAc] always favour 

the partition of caffeine towards the PEG-rich phase. It is important to note that the 

partitioning coefficient of caffeine is independent of the alkaloid concentration in the 

system in a wide range of concentrations studied as shown in Figure S1 (presented in 

the Supported Information). 

In a previous work we studied the ability of different IL/PEG-2000 based ABS 

to promote a selective separation of three alkaloids, including caffeine.22 It was shown 

that imidazolium-based ILs with a more hydrophilic nature lead to a preferential 

partition of caffeine into the IL-rich phase, while more hydrophobic ILs induced an 

inversion of the caffeine partition to the PEG-rich phase. Although, those partitioning 

studies were performed at different temperatures than those here investigated (i.e., 

temperatures higher than 50 ºC), and with different compounds (i.e., polymers with a 

higher molecular weight and ILs with significant structural differences), the data 

obtained suggests that the partitioning of solutes in PEG-IL based ABS is related with 

the amount of water present in the coexisting phases. Following these previous 

considerations, herein we measured the water content in the PEG- and salt-rich phases 

for each ternary mixture (the methodology for the water quantification is detailed in the 

Experimental Section).  

A correlation between the water content in the PEG-rich phase over the salt-rich 

phase (in weight fraction), defined as H2O ratio, and the logarithm of the caffeine 

partition coefficient (logK) is presented in Figure 3 (detailed data of water content in 

both PEG and salt-rich phases for each ternary system are presented in the Supporting 

Information, Table S1).  
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Figure 3. Logarithmic function of the caffeine partition coefficients (logK) as a function of H2O ratio in 

the ABS composed of PEG-600 + [Ch]Cl + H2O (■) and PEG-600 + [Ch][OAc] + H2O (●) at 25ºC. The 

black line corresponds to the linear function. The error bars correspond to the standard deviation of three 

independent assays. 

The linear dependency obtained in Figure 3 supports a clear dependence of the 

solute partition on the water present in each phase. Thus, independently of the salt used, 

an increase of the water content in the PEG-rich phase decreases the caffeine partition 

coefficient. In general, it is evident that the strong hydrophobic character of the PEG-

rich phase favours the migration of caffeine into it, being this influence strengthened 

with the decrease of the water distribution between the polymer- and salt-rich phases.  

Although the relationship between the solute partition the and water content 

could provide novel evidences on the mechanisms driving the partition of hydrophobic 

or mildly hydrophilic solutes in [Ch]+-salts/PEG ABS, it is important to carefully 

analyse the type of compounds present in each system. As shown in Figure 2, 

[Ch][OAc] always leads to higher K values than [Ch]Cl. The data for the water content 

of the salt-rich phase presented in Supporting Information, Table S1, show that in ABS 

composed of [Ch][OAc] the water concentration in the salt-rich phase is always higher 

than in the systems with [Ch]Cl. As expected, the higher basicity of the acetate anion23, 

will induce a preferential solvation of the anion and, consequently, will dehydrate more 

the polymer-rich phase, than the Cl-based salt.  

Overall, the caffeine partition coefficients obtained in the studied PEG/[Ch]+-

ABS show that the separation of solutes is mainly a matter of solute-water “non-

affinity”, in which hydrophobic solutes will concentrate in the phases with lower water 

content, while hydrophilic solutes will partition preferentially towards the salt/IL-rich 
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phase. This trend is further supported hereafter by studying the partition of a series of 

alkaloids of variable polarity. 

Partitioning of alkaloids in PEG-600/[Ch]Cl ABS  

To further confirm the hypothesis previously suggested, the partitioning of two 

other xanthine-based alkaloids, theobromine and theophylline, in PEG-600/[Ch]Cl was 

investigated. As caffeine, these alkaloids are also included in the group of 

methylxanthines - heterocyclic organic compounds with pyrimidinedione and imidazole 

rings.24 Table 1 presents a comparison of their chemical structure, log Kow, and constant 

of acidic dissociation (pKa). 

Table 1. Chemical structure of the studied alkaloids, logKow and pKa. 

Name Chemical Structure LogKow pKa1 / pKa2 

Theobromine 

 

-0.7721 0.12 / 10.525 

Caffeine 

 

-0.0721 0.6 / 1425 

Theophylline 

  

-0.0221 3.5 / 8.625 

 

As can be inferred from Table 1, the three alkaloids differ in the number of 

methyl groups attached to the aromatic cores. Compared to the simplest xanthine 

molecule, the addition of two methyl groups forms the theophylline and the 

theobromine structures whereas the addition of three methyl groups leads to the caffeine 

molecule. These changes on the molecular structures lead to different affinities for 

water, as can be evaluated by the logKow values presented in Table 1, which follow the 

increasing hydrophobicity trend: theobromine > caffeine > theophylline. According to 

this trend, we expect theobromine to exhibits the lowest aptitude to partition for the 

PEG-rich phase; however, since its logKow is lower than the ABS phase-forming agents, 

it may, on the other hand, concentrate preferentially in the more organic phase 

(polymer-rich phase). 

Page 11 of 24

ACS Paragon Plus Environment

ACS Sustainable Chemistry & Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



The partition coefficients of the three alkaloids were determined in three mixture 

compositions for the ABS composed of [Ch]Cl (at circa 30, 27 and 23 wt%) and PEG-

600 (at circa 58 wt%). As stated before, due to their different water affinities, these 

methylxanthines can be a useful tool to evaluate the relative hydrophobicities of the 

coexisting phases of PEG/[Ch]+-salts ABS. Accordingly, the respective logarithmic 

function of the partition coefficient of each alkaloid (logK) should be related with 

logKow in each ternary mixture, as can be gauged from Figure 4. 

 

Figure 4. (Left) - Linear relationship between the logK versus logKow at different ternary phase 

compositions (mixture points 1 to 7 reported in Table S1 in the Supporting Information). (Right) – Linear 

relationship between logK as a function of H2O ratio. The error bars correspond to the standard deviation 

of three independent assays. 

The results depicted in Figure 4 (left) show that as caffeine, theobromine and 

theophylline also preferentially partition to the PEG-rich phase (logK > 0). In addition, 

in most of the PEG-600/[Ch]Cl systems, it was observed the same partitioning trend: 

theobromine < caffeine < theophylline. As expected, the partition of the alkaloids to the 

PEG-rich phase follows their lipophilic character (Table 1), in which an increase of the 

alkaloid hydrophobicity (reflected by the increase of the Kow value) increases its affinity 

for the most hydrophobic phase (PEG-rich phase). Moreover, as observed in Figure 4 

(right), and as demonstrated previously for caffeine, both theobromine and theophylline 

partition coefficients (logarithmic functions) follow a linear trend with the water 

distribution between the PEG-rich and salt-rich phases. As the lipophilicity of 

theophylline and caffeine are very similar (-0.07 and -0.02, respectively) their 

dependence on the H2O ratio is almost the same, whereas theobromine shows a decrease 

on its partition as a function of the water distribution.  

In summary, the alkaloids partition coefficients are directly related with the 
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hydrophilicity/hydrophobicity of each solute and with the relative hydrophilicity of the 

phases in equilibrium for the PEG/[Ch]Cl ABS. As discussed above for caffeine, 

although the two phases of ABS are rich in water, the less hydrophilic environment (low 

H2O ratio between the PEG- and salt-rich phase) of the polymer-rich phase leads to an 

increase on the solute-polymer hydrophobic interactions, and consequently, to an 

increase on the partition of alkaloids for the PEG-rich phase.  

The partition coefficients of the studied alkaloids suggest that the solutes 

partitioning on ABS composed of PEG-600 and [Ch]+-based salts results mainly from 

their water affinity, or, in this case, non-affinity. However, a number of additional 

questions still remain: Is this dependency valid for other types of PEG-600-based ABS 

composed of other [Ch]+-based salts? How does it work if, for example, we perform the 

separation of theophylline in a system where the pH of the phases in equilibrium is 

above their pKa2 (8.6)? Is this dependency valid for other solutes?  

In order to validate and confirm the main findings derived from the experimental 

results, while considering in more detail the chemical nature of the alkaloids under 

consideration, COSMO-RS was further applied to compute the screening charge 

distributions on the molecular surface (the so-called σ-profile), aiming at qualitatively 

describe the lipophilicity, hydrophilicity and hydrogen bonding capacity of each 

alkaloid. COSMO-RS is the quantum-chemistry based method developed by Klamt and 

coworkers26,27 to predict the thermodynamic properties of fluid mixtures based on the 

chemical potentials of each species in solution, µ, which are calculated from the 

screening charge densities, σ, on the surface of molecules. The COSMO-RS σ-profile 

histogram can be divided into three main regions upon the following cut-off values: the 

hydrogen bond (HB) donor region (σ < −0.0082 e/Å2), the HB acceptor region (σ > 

+0.0082 e/Å2) and the non-polar region (−0.0082 < σ < +0.0082 e/Å2). Figure 5a) shows 

the σ-profile of the three alkaloids (caffeine, theobromine and theophylline). The 

presence of a prominent peak with a broad charge distribution in the non-polar region of 

the σ-profiles of the alkaloids indicates their remarkable lipophilic character; such 

feature illustrates the chemical behavior of the alkaloids and supports their preferential 

partition for the PEG-rich phase in the ABS experimentally studied. However, the 

charge distribution around the σ ~ 0.0015 e/Å2 region on the σ-profile of the alkaloids 

indicates their ability to act as a HB acceptor through the electron pairs of oxygen and 

nitrogen atoms, which may promote their interaction with water and the [Ch]+ cation, 

since the latter presents an acidic behaviour as depicted in the σ-profiles for the salts 
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presented in Figure 5b).  

 

Figure 5. Representation of σ-profiles for alkaloids (a) and [Ch]+-salts (b). 

According to Figure 5, there is a slight distribution of charge around the HB 

donor region of the σ-profiles for the alkaloids, mainly due to the H atoms attached to 

electronegative atoms, such as nitrogen in the case of theobromine and theophylline (the 

peak is lower for caffeine due to the substitution of the H atom for a methyl group). 

This fact may promote HB bond interactions with more basic anions like [OAc]-, which 

presents a strong HB acceptor ability as depicted by the broad distribution of charge 

present at the positive σ region of the σ-profile. However, it should be noted that HB 

acceptor anions such as [OAc]- may promote anion–cation HB interactions with the 

[Ch]+ cation, which could compete with the interactions between other solutes and the 

ILs, as well as enhance the interactions between the IL and water. 

Anion influence in the partitioning of alkaloids in PEG-600/[Ch]
+
-salts ABS  

The analysis of the solutes partition coefficients in ABS composed of PEG-600 

and [Ch][OAc] or [Ch]Cl revealed that the water content of the phases plays a 

primordial role on their partition. Therefore, aiming at evaluating the anion influence in 

the separation of each methylxanthine, other three PEG-600/[Ch]+-salt systems were 

additionally studied ([Ch][Bic], [Ch][DHcit] and [Ch][DHph]). The partition 

coefficients of caffeine, theobromine and theophylline were compared with previous 

data obtained for the systems with [Ch][OAc] and [Ch]Cl. Since the [Ch]+-salts are 

synthesized with different acids, the pH of the system at equilibrium will also change. 

Thus, as further information, the pH values of both phases (PEG-600-rich and salt-rich 

phases) were collected and compared with the partition coefficient of each alkaloid for 

the ABS studied (Figure 6). The detailed data, weight fractions compositions, alkaloids’ 

partition coefficients and pH of the coexisting phases are represented in Table S2 in the 
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Supporting Information.  

 
Figure 6. Logarithmic function of the caffeine partition coefficients (logK) of theobromine (█), caffeine 

(█) and theophylline (█), and pH values of both PEG-rich (◊) and salt-rich phases (○) in the systems 

composed of different [Ch]+-based salts and PEG-600 at 25ºC. The error bars correspond to the standard 

deviation of three independent assays. 

In general, all alkaloids preferentially partition to the PEG-rich phase 

independently of the composition and [Ch]+-salt employed in the ABS formulation. 

However, one exception was observed with theophylline for the system composed of 

[Ch][Bic]. In this system, the biomolecule is more concentrated in the salt-rich phase in 

contrast with the remaining alkaloids. Since the pKa2 of theophylline (8.6) is inferior to 

the pH of the phases (10.33 ± 0.01 and 11.03 ± 0.19), theophylline is negatively charged 

(alkaloids’ speciation curves are depicted in Figure S2 in the Supporting Information). 

Therefore, in this particular example, electrostatic interactions between the charged 

solute and the salt ions can explain this inversion on the migration pattern. The 

proximity of the pH of the phases of the acetate-based system (around 9) with the 

dissociation constant of theophylline also explains the decrease in its partition 

coefficient (in comparison with caffeine). In this system, theophylline exists as an 

approximately equimolar mixture of charged and non-charged species. For the same 

reason, the presence of charged theophylline decreases the partition coefficient due to a 

preferential partition for the salt-rich phase.  

Previously we demonstrated for the PEG-600/[Ch]Cl a partitioning trend closely 
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related with the lipophilicity (logKow) of the solutes. As observed in Figure 6, however, 

only [Ch][DHcit] follows a similar tendency on the methylxanthines partition for the 

PEG-rich phase (theobromine < caffeine < theophylline) as defined by their lipophilicity 

gradient. Nonetheless, it is important to note that only in this system the pH is low 

enough to avoid the presence of charged xanthines, in particular for theobromine and 

theophylline. Taking into account that caffeine is the only non-charged species in the 

pH range achieved in the diverse systems, it can be used as a probe of hydrophobicity. 

Additionally, the odd trend observed with [Ch][DHph] could be a direct result of 

specific interactions occurring between the solute and the [DHph]- anion.  

To better understand the odd trend observed with [Ch][DHph], and to further 

evaluate the affinity of the salt anion for each alkaloid, COSMO-RS was applied to 

evaluate the excess enthalpy of mixing and the activity coefficients at infinite dilution as 

essential thermodynamic properties. Previously, it was proved COSMO-RS to be 

capable to reproduce the experimental excess enthalpies of systems containing ILs.28 In 

addition, previous studies demonstrated the relationship between the activity 

coefficients of different solutes in ILs and the excess enthalpies of those mixtures.29 

Therefore, in the light of the aforementioned results, herein we aim at analyse the 

activity coefficients and the excess enthalpies between the alkaloids solutes and three 

[Ch]+-salts, namely [Ch][DHph], [Ch][Cl] and [Ch][OAc], in order to acquire further 

insights into the different behaviour of the systems (Figure 7). Excess enthalpies and 

energetic contributions for the alkaloid-salts mixtures calculated by COSMO-RS over 

the whole range of concentrations are presented in Figure S3 in the Supporting 

Information. There, it can be seen that equimolar concentrations of the systems 

represent a good approach to illustrate the intermolecular interactions within the 

mixture, and hence they were deemed appropriate to proceed with the subsequent 

analyses. 
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Figure 7. Excess enthalpy, HE, and energetic contributions, H(i), versus activity coefficient, Ln (γ), of 

alkaloids in [Ch]+-salts computed by COSMO-RS at 25ºC. 

Figure 7 compares the activity coefficients of the alkaloids in each salt combined 

with the excess enthalpy of the systems. Overall, both the activity coefficients and the 

excess enthalpies of the alkaloids in the [Ch]+-salts decrease from [Ch][DHph] to 

[Ch][Cl] to [Ch][OAc], which means an increasing affinity between the solutes and the 

anions in the following order: [DHph]-  < [Cl]-  < [OAc]- (note that decreasing activity 

coefficients means increasing interactions between the solute and the solvent, and that 

negative -exothermic- excess enthalpies involve increasing attractive interactions within 

the components of the mixture). In addition, it can be noted that alkaloids presenting 

ln(γ) < 0 in the [Ch]+-salts (attractive forces dominate) always present exothermic 

excess enthalpies of mixing (i.e., stronger interactions between unlike species compared 

to like species), hence supporting the premise that the relationship between the activity 

coefficients and the excess enthalpies seems a sensible approach to analyse the 

behaviour of the systems. 
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Subsequently, COSMO-RS was applied to compute the detailed energetic 

contributions to the excess enthalpies of mixtures - van der Waals, H(VDW); hydrogen 

bonding, H(HB); and electrostatics-misfits, H(MF) - to gain a deeper insight into the 

molecular interactions occurring within the studied systems. Alkaloids do not present 

affinity towards the [Ch][DHph] salt, mainly due to the repulsive electrostatic 

interactions between the solute and the [DHph]- anion, which is a bulky anion with 

disperse charge, which explains the increased alkaloids partitioning for the PEG-600 

rich phase. Such repulsive electrostatic interactions decrease at some extent when 

pairing the [Ch]+ cation with the [Cl]- anion; however, the repulsive van der Waals 

interactions between the halogenated anion and the alkaloids still promote a low affinity 

between the solute and the solvents. Lastly, [Ch]+-salts paired with basic anions like 

[OAc]- notably increase the affinity towards the alkaloids, in particular theobromine and 

theophylline, through hydrogen bonding, which is in agreement with the lower partition 

towards the PEG-rich phase experimentally observed for these two alkaloids in ABS. 

These results show that, although the water ratio content between the phases can be an 

important driving force for the partition, as shown above in Figure 3, other factors as 

direct interactions between the solute and the phase-forming compounds also play an 

important role, that mat explain the differences observed for the various alkaloids 

shown in Figure 4.  

In general, both experimental and computational results demonstrate that the 

non-charged solutes (as caffeine) could be used as an effective and valuable probe to 

characterize the relative hydrophobicity of a particular series of ABS, particularly when 

hydrophobic type interactions are predominant. Some specific exceptions, as observed 

in [Ch][DHph]/PEG-600 based ABS, may occur, in which other type of interactions are 

predominant (specifically, repulsive electrostatic interactions). 

Recently, we demonstrated that different types of imidazolium-based ILs are 

able to promote a selective separation of caffeine when combined with an aqueous 

solution of PEG-2000.22 In most systems studied, caffeine preferentially partitioned into 

the PEG-rich phase, as observed here. Other types of IL-based ABS used on studies of 

the extraction or separation of caffeine were formed by ILs/salts30,31 and 

ILs/carbohydrates.6 In all these types of ABS, the caffeine partitions preferentially to the 

IL-rich phase. In general, all previous results with IL-based ABS suggest that the 

caffeine distribution is effectively dependent on the relative hydrophobic balance 

between the coexisting phases. Thus, using caffeine as a hydrophobicity probe through 
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the respective partitioning values it is possible to define the more “hydrophobic” phase 

in each type of IL-based ABS as according to:  

• a) IL or salt/PEG ABS – PEG-rich phase; 

• b) IL/salt ABS – IL-rich phase;  

• c) IL/carbohydrate ABS – IL-rich phase. 

As final remarks, the experimental results on the partition coefficients of alkaloids 

indicate that at in all the studied conditions these solutes preferentially partition to the 

more hydrophobic PEG-rich phase. Furthermore, it was demonstrated a linear 

dependence between its distribution between the coexisting phases and the water ratio 

between the two phases. Nevertheless, in particular cases, specific interactions (such as 

repulsive electrostatic interactions) between each [Ch]+-salt and alkaloid, as well as the 

presence of charged and non-charged species in solution, cannot be discarded and may 

change the partition trend behaviour.  

It was here demonstrated that the caffeine partitioning can be used to evaluate the 

relative hydrophobicity of the phases in IL-based ABS, making of it a powerful tool to 

characterize ABS. Moreover, the understanding of hydrophobic/hydrophilic balance of 

ABS can further help on the development of predictive models for the solutes’ 

separation, supporting a future application of ABS as an effective platform for the 

separation of high-value biomolecules at industrial scale.   

Supporting Information  

The document contains information related to the detailed experimental data of all the 

ternary systems studied (weigh fraction compositions; tie-lines; tie-line lengths; 

partition coefficients of caffeine; theobromine and theophylline; volume ratios; weight 

ratio; water content; pH, conductivity) and alkaloids’ speciation curves as function of 

pH. The document contains also the detailed description of the standard procedure for 

COSMO_RS predictions and the excess enthalpies, HE, and detailed energetic 

contributions, H(i), of alkaloids in [Ch]+-based salts computed by COSMO-RS at 25ºC. 
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