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ARTICLE INFO ABSTRACT

Keywords: The use of renewable energy sources for electricity generation is increasing, and effective energy storage solu-
Membrane-free RFB tions are needed to manage the mismatch between energy production and demand. Redox Flow Batteries (RFBs),
COSMO-RS particularly Membrane-Free Flow Batteries based on Aqueous Biphasic Systems (ABSs), are a promising tech-
Aqueous biphasic system . . .

Methyl viologen nology for stationary energy storage. However, to prevent the crossover of species, the redox-active compounds

used in the catholyte and anolyte must be selectively dissolved, which is currently achieved using expensive
physical barriers. In this study, an approach was developed to predict the partition coefficient of redox-active
compounds in ABSs formed by ionic liquids or polymers, salt, and water using the Conductor-like Screening
Model for Real Solvents (COSMO-RS). Experimental data from literature was used to validate the model,
resulting in a good correspondence between predicted and experimental data. Furthermore, the method was used
to design viologen derivatives and predict their partition coefficients, nine of which were synthesized and
validated experimentally. It was found that derivatives containing amine groups have the highest partition co-
efficients to the salt-rich phase. COSMO-RS proved to be a powerful tool to accelerate the development of
advanced biphasic membrane-free flow batteries by designing and finding combinations of redox species with
suitable partition coefficients.

Viologen derivatives

1. Introduction

The development of renewable energy sources, namely solar and
wind, as alternatives to petroleum, coal, and natural gas, has been
increasing to fight global warming and address the energy crisis [1]. In
2021, 22 % of the energy consumed in the European Union (EU) was
generated from renewable sources. However, an extensive trans-
formation of the energy system is required to achieve the 2030 EU target
of 40 % [2].

The increased integration of the renewable energy sources in the
energy system is revealing some limitations such as their inherent
intermittency, which can cause mismatches between the production and
the demand. To face this drawback, energy storage devices must be
coupled to solar or wind farms to store the energy surplus and deliver it
when required [3]. Among the various energy storage systems, elec-
trochemical devices stand out due to their efficiency and modularity. In
particular, Redox Flow Batteries (RFBs) are suitable candidates for this
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application since, besides their efficiency, they are the only type of
battery able to decouple energy and power densities [4]. The different
configuration of these batteries underlies this distinctive feature since in
RFB the active species are dissolved into the electrolytes, which are
stored in two external tanks and pumped through the cell where the
electrochemical reactions take place. In order to avoid the mixing of the
electrolytes, the cell is divided into two compartments by an ion selec-
tive membrane that allows the movement of ions, keeping the electro-
neutrality in the cell, and preventing the cross migration of the active
species [5]. The most extensively developed and studied RFB is the so
called all-vanadium RFB in which the active species are based on va-
nadium compounds dissolved in acid aqueous solutions and separated
by a Nafion membrane [6]. These two components, metallic active
species (vanadium based) and Nafion membrane, present some draw-
backs which limit the penetration of RFB in the market. In one hand,
vanadium is a critical raw material with fluctuating price and limited
solubility [7]. On the other hand, the Nafion membranes are poor-
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performing and costly (up to 40 % to the overall RFB cost [1,8]). To
overcome these issues, the scientific community is making efforts to
replace the vanadium compound by more sustainable organic redox
materials that can be made out of abundant raw materials, with lower
cost and tunable properties by structure functionalization [9-11].
Several families of organic materials have been studied such as TEMPO
(nitroxides) [12] ferrocene derivatives [13], phenazines [14], quinones
[15,16] or viologens [17]. In the case of Aqueous Redox Flow Batteries
(ARFB) at neutral pH, intensive research is being carried out in paring
TEMPO derivatives as active species for the catholyte with viologen
derivatives for the anolyte [18-23]. Viologens have been studied as
suitable anolytes due to their high solubility in water, good electro-
chemical performance such as fast kinetics, low redox potential and the
possibility to exchange two electrons [24]. However, they are prone to
suffer parasitic reactions such as re-oxidation with oxygen or dimer-
ization as well as poor solubility in its fully reduced state [24]. Thus,
enormous efforts have been made on the functionalization of the viol-
ogen structure aiming to increase its solubility, stability, and getting
access to the second electron reaction [25,26].

Concurrently, different strategies have been pursued to replace the
ion-selective membranes by cheaper porous size-exclusion separators,
such as the use of large size soluble redox active polymers [27] or
semisolid electrolytes [28,29]. A more radical approach is the complete
removal of any membrane or separator by using immiscible/biphasic
electrolytes [30,31]. In this regard, Membrane-Free Batteries based on
Aqueous Biphasic Systems (ABSs) appeared as disruptive feasible al-
ternatives introduced by Marcilla and co-workers [32-34]. ABSs consist
of an aqueous solution of two solutes (salts, ionic liquids or polymers)
that above a given concentration spontaneously form two liquid phases
[35]. In this innovative concept, ABSs are used as immiscible electro-
lytes and the redox organic molecules are enriched in each aqueous
phase, so that they are kept separated, one in each electrolyte/phase by
thermodynamics instead of using a physical separator. This specific
solubility is a key factor, since the concentration of active species in the
electrolytes will determine the energy density of the battery. Addition-
ally, to avoid capacity losses, a membrane-free battery requires a highly
selective separation of different redox molecules (one in the catholyte
and the other in the anolyte). Hence, the partition coefficient (K) of the
redox species should be as different as possible with each redox com-
pound having affinity for a different phase.

The experimental determination of the partition coefficients of ions
and organic molecules is costly and lengthy [36,37], in particular if a
large number of systems must be scanned to find the most suitable
candidates for RFB design. The use of thermodynamic models to predict
K could be a suitable way for a fast evaluation of the partition co-
efficients, selecting the most promising systems and designing the
modifications that could enhance the partitions and selectivity. COSMO-
RS (Conductor-like Screening Model for Real Solvents), which is a pre-
dictive thermodynamic model based on quantum chemistry, could be
applied for an in silico screening of partition coefficients in biphasic
systems. It uses atom specific parameters to predict several thermody-
namic properties derived from chemical potential, such as activity co-
efficient [38], phase equilibria [39] and partition coefficients [36,40].

This work aims to evaluate the potential of COSMO-RS in designing
redox-active compounds and predicting their partition coefficients in
aqueous biphasic systems suitable for the design of aqueous membrane-
free batteries. The first part of this work involves evaluating and vali-
dating the ability of COSMO-RS to predict the partition coefficients of
active redox species using literature data for both polymer-salt and IL-
salt ABS.

The compound identified as limiting the selectivity of the redox
species, due to its insufficient hydrophilic character is methyl viologen
(MV) dichloride. Therefore, COSMO-RS is applied to assess viologen-
derivatives to enhance their partition towards the ABS salt-rich phase.
Then, nine of these compounds were synthesized, and their partition
coefficients measured and compared with COSMO-RS predictions. This
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process leads to the establishment of fundamental rules for the design of
viologen-derivatives.

2. Materials and methods
2.1. Reagents

The ammonium sulfate anhydrous (NH4)2SO4, sodium sulfate
anhydrous (NaxSO4), poly(ethylene glycol) dimethyl ether 250 and 500
g/mol (PEGDME250 and PEGDMES00), methyl viologen (MV)
dichloride hydrate, 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO) were purchased from Sigma. The ionic liquid tributylte-
tradecylphosphonium chloride ([P44414]Cl) was supplied by Iolitec.
Moreover, several viologen derivatives with different functional groups
were synthesized in this work for further evaluation as redox active
candidates. Viologens can be synthesized properly by mono- or di-N-
alkylation of 4,4"-bipyridine with the corresponding alkylating agent,
except in the case of viologen F-Br, which was obtained from viologen E-
Br by acid hydrolysis of the esters to afford the carboxylic acid terminal
groups (Supporting information 1) [25,41-45].

2.2. ABS characterization

The phase diagram of the ternary system composed of polymer or
ionic liquid, salt and water was determined gravimetrically (+10~* g) by
cloud-point titration method at room temperature (298 + 1 K),
described elsewhere [46]. Briefly, the salt-aqueous solution (40 %) is
added dropwise into the neat polymer (or 80 % aqueous solution of IL)
until turn it cloud (biphasic region), and then water is drop-added until
the system gets back to the monophasic region (limpid solution). This is
repeated until no cloud solution is obtained.

The experimental binodal data were fitted using the following Eq. (1)
[47]:

[Polymer| = Aexp KB [salt or IL]> ) — (C [salt or L ) } 1)

where [Polymer] and [salt or IL] are the mass fraction percentages of
those compounds, and the coefficients A, B and C are fitting parameters.

For the tie-line (TL) determination, which represents the final con-
centration of phase components in the top and bottom phases, the
mixture of polymer or IL, salt and water was gravimetrically prepared.
After the separation of the phases at 298 + 1 K overnight, top and
bottom phases were individually collected and weighted. Then, the TL
was calculated solving the set of the following 4 equations system (Egs.
(2)-(5)). The compositions of the top and bottom phase were deter-
mined by the lever-arm rule.

[Polymer|y = Aexp [(B [salt or IL], ) —(C [salt or i, ) ] (2)
[Polymer|p = Aexp [(B [salt or IL]BO'5 ) — (C [salt or IL]E3 ) ] 3)
[Polymer]; = m — %[Polymer] B “4)

[salt or IL],, 1—a
a a

[salt or IL]; = [salt or IL], 5)

where the subscripts T, B and M are the top phase, the bottom phase and
the mixture point, respectively, and «a is the mass ratio between the top
phase and the total mixture.

2.3. Partition coefficients determination
The partition coefficient (K) of the active molecules (MV dichloride,

TEMPO and viologen derivatives) was calculated by Eq. (6), which in-
dicates the concentration of the target compound in the different phases
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Table 1
Experimental (exp) and predicted (pred) log partition coefficients of each redox compound in the two immiscible phases of several ABS.
Systems Salt IL/Pol + Salt + H,O TEMPO MV dichloride H2Q AQ2S QUI Reference
exp pred exp pred exp pred exp pred exp pred
1 NaySO4 [C4mim][CF3SO3] —2.444 —1.417 0.461 0.244 —0.678 —0.871 —1.699 —1.034 —0.854 —1.242 [32]
2 [C4mim][N(CN),] 0.551 1.338 —0.143 —0.968 1.131 1.025 1.995 0.979 1.060 1.207
3 [P44414]CL 0.816 1.663 —1.699 —2.429 0.530 1.132 1.119 0.616 1.013 1.192
4 [P4444]Br 1.925 1.456  —1.046  —2.434 1.217 1.243 1.229 1.088 2.355 1.111
5 [N4444]Br 1.747 1.564 —0.886 —1.644 0.607 1.133 1.094 1.260 2.079 1.207
6 [P4444] [CF3CO-] 0.598 2.457 —2.276 -1.772 0.318 0.753 1.413 3.592 2.268 1.889
7 PEG1000 0.976 1.295 —0.745  -1.992 [33]
8 (NH4)2S04 PEG1000 2.377% 2.378 —1.097 —1.849 [34]
9 PEGDME250 1.910 2.445 —1.685 —2.407 This work
10 PEGDMES00 1.954 2.129 —1.886 —2.561
r-Value 0.88
@ Measured in this work at the same mixture point described in the reference [34].
in equilibrium: 4
_ [rarget compound),,, ®) -
" [target compound|porom 3
For that purpose, the ABS containing electrochemically active 2 B
molecule was prepared and kept for phase separation overnight at 298 < i -7
+ 1 K. After that, top and bottom phases were collected and analyzed o 11
using spectrophotometry. For viologen derivatives a UV-VIS reader (UV- o 1
VIS LAMBDA 1050, Perkin Elmer), in a wavelength range of 200-300 8 0+
nm was used, and for the systems with MV dichloride and TEMPO, a © 1
microplate reader (Synergy|HT, BioTek) was applied, at 260 and 240 nm g =15
respectively. s |
2.4. COSMO-RS simulations -3+
In this work, the COSMO-BP-TZVPD-FINE template of TmoleX soft- -4 T T T T T T 1

ware package (interface of TURBOMOLE) [48] was used. It includes a
def-TZVPD basis set, DFT with the B-P86 functional level of theory, and
the COSMO solvation model (infinite permittivity). This method uses a
fine grid which creates a COSMO surface whose segments are more
uniform and evenly distributed compared to the standard COSMO cav-
ity. Despite being somewhat more time-consuming, BP-TZVPD-FINE
parametrization is considered to be the “best quality” calculation
method available up to now on COSMOtherm [49]. After the optimi-
zation, the output files, identified by the extension “.cosmo” and avail-
able as Supporting information to this article for the active species, are
used in the COSMOtherm software [50] for thermodynamic calcula-
tions, using the parameterization BP_TZVPD_FINE _21 at 298 K. For the in
silico estimation of partition coefficient (K) it is necessary define the
concentration of phases 1 and 2. COSMO-RS assesses the partition co-
efficients from the chemical potentials according to Eq. (7).

@

oy (W= u
togo (K1) =~ pior

+logio(VQ) )
where, VQ is the solvent phase volume quotient, which is estimated from
solvent densities p; and p,.

3. Results and discussion
3.1. Method validation for partition coefficients prediction

Ionic liquids and polymers are widely applied in ABSs for separation,
purification and extraction process, as well as in total aqueous
membrane-free batteries [33]. They have been increasingly studied as
electrolytes in redox-flow batteries due to their unique properties such
as thermal and chemical stability, low volatility and high ion conduc-
tivity [51,52]. Furthermore, they can be tailored by adjusting their
chemical structure to optimize their performance for specific redox-

experimental log K

Fig. 1. Predicted versus experimental partition coefficient values of redox
compounds (AQ2S: blue, H2Q: red, MV dichloride: green, QUI: black, and
TEMPO: yellow) in different ABS (squares: ILs, circles: polymers). Perfect pre-
diction (full line) and, 95 % prediction intervals (dashed lines). (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

active species, making them a promising candidate for the next gener-
ation of redox-flow batteries [52]. Moreover, IL-based ABS can be
applied to develop membrane-free batteries that exhibit excellent elec-
trochemical performance and minimal cross contamination [32]. In its
turn, polymer-salt ABSs have been extensively researched for extractive
separation in ABSs, due to their low cost and environmental benefits
[53]. PEG-based ABSs with sodium sulfate [33], and ammonium sulfate
[34], as well as PEGDME-based ABSs with ammonium sulfate [54,55]
were proven to be suitable platforms for developing batteries.

The capability of COSMO-RS to predict partition coefficients was
assessed by comparing the K values of various organic redox molecules
in different ABSs against experimental values reported in previous
studies [32-34] and complemented, in some cases, with data obtained in
this work. The redox compounds used in this analysis included TEMPO,
MV dichloride, AQ2S (anthraquinone 2-sulfonic acid sodium salt), H2Q
(hydroquinone) and QUI (quinoxaline), which were partitioned in ABS
composed of 1-butyl-3-methlimidazolium dicyanamide ([C4mim][N
(CN)21), 1-butyl-3-methlimidazolium triflate ([C4mim][CF3SOs]), tet-
rabutylammonium bromide ([N44441Br), [P44414]Cl, and Poly (ethylene
glycol) PEG 1000, combined with sodium sulfate and water. Moreover,
ABSs formed by PEG 1000, PEGDME 250 and PEGDME 500, in combi-
nation with ammonium sulfate and water, were also evaluated. The
database used is presented in Table 1.
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Names and structures of viologen derivatives designed in silico.
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In order to carry out the calculation of partition coefficients using
COSMO-RS, the composition of the two phases in equilibrium is
required. Tie lines for ILs and PEG1000-based ABS are available in the
literature [32-34]. However, for ABSs formed by PEGDME250 and
PEGDMES500 with ammonium sulfate, phase diagrams were obtained
(Fig. S1 and Table S1, Supporting information 2) and a tie line was
prepared using a mixture composition of 33 % polymer, 15 % (NH4)2SO4
and 52 % water. The phase compositions of each system were obtained
by solving Egs. (1)-(5), and these data were used for K prediction
(Tables S2 and S3, Supporting information 2).

The partition behavior of the redox compounds is depicted in Fig. 1,
where the predicted log K values are plotted against the experimental
log K values. The experimental data presented in Table 1 and Fig. 1 show
that MV dichloride preferentially partitions to the salt-rich phase,

whereas all the other compounds preferentially partition to the IL/
polymer-rich phase. The results in Fig. 1 show that the experimental
and predicted values follow the same trend, and that, except for two
outliers, predicted values fall within the 95 % uncertainty prediction
interval, indicating a good agreement between the experimental and
predicted values. This observation is further supported by the high
Pearson correlation coefficient of 0.87.

Moreover, Fig. S2 from the Supporting information 2 organizes the
results by ABSs and demonstrates that the proposed approach based on
COSMO-RS is effective in estimating the partition of redox compounds in
both IL-based and polymer-based ABS. Overall, the results suggest that
the approach used in this study can be helpful to predict and understand
the partition of redox compounds in different ABS systems, specially in a
qualitative way.
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Table 3

COSMO-RS predicted logarithm of partition coefficients (log K) of designed viologen derivatives in

different ABS.
Viologen derivatives PEGDME250 PEGDMES00 Pu4414Cl1
Viologen A -1.470 -1.896 -1.676
Viologen B 0.593 0.210 -0.340

Cl Br

Viologen derivatives PEGDME250 PEGDMES00  [Pyu14]CI  PEGDME250 PEGDMES00  [Pas414]Cl1
Viologen C -2.61 -2.51 -3.23 -2.56 -2.90 -3.01
Viologen D -1.51 -1.73 -1.48 -0.58 -0.14 -0.91
Viologen E -0.52 0.28 0.68 -0.92 0.87 -0.28
Viologen F -1.96 -1.99 -1.46 -2.53 -1.18 -1.36
Viologen G -2.36 -1.69 -0.96 -1.67 -0.79 -0.79
Viologen H -1.49 -1.33 -1.39 -0.69 -0.87 -0.52
Viologen I -3.15 -3.09 -2.68 -1.39 -1.51 -2.02
Viologen J -0.24 -0.27 -0.04 0.46 0.21 0.61
Viologen K’ -1.52 -1.52 -1.71 -0.84 -1.06 -1.16
Viologen L 0.75 0.67 0.91 1.52 1.20 1.61
Viologen M -0.67 -0.74 -0.94 0.05 -0.25 -0.34
Viologen N 1.75 1.61 1.84 2.54 2.12 2.51
Viologen O 0.32 0.18 -0.03 0.99 0.61 0.55
MV -1.42 -1.41 -1.79 -1.19 -1.12 -1.56

3.2. Evaluating COSMO-RS in the description of K for viologen
derivatives

Viologen species have emerged as promising anolytes in aqueous
redox flow batteries [25], along with quinones [32] and phenazines
[14]. Their redox potential, solubility and stability can be tailored by the
functionalization of their chemical structure. To maximize the battery
performance, redox compounds should be partitioned between the ABS
phases, with minimal cross contamination. Considering the observed
preferential partition of the MV dichloride to the salt-rich phase, that
phase will act as the anolyte of our membrane-free battery. Therefore,
new viologen derivatives should be highly concentrated in this phase
having a chemical structure that maximizes the affinity to the hydro-
philic ABS’s phase. While MV dichloride partitions preferentially to the
salt rich phase, its partition coefficients of log K > —2, is not sufficient to
avoid cross contamination. Thus, its partition to the salt-rich phase
should be even more extensive.

To find viologen derivatives that showed a higher affinity to the salt-
rich phases of the ABS than the MV, 28 viologen derivatives were
designed in silico (Table 2) for their evaluation by COSMO-RS. The most
interesting candidates were selected for experimental validation based
on their partition performance and practical limitation associated with
their synthesis. Starting from MV, various modifications were intro-
duced in the molecule, including changes in the length of the side chain,
and the addition of amine, hydroxyl, carboxyl, ester, phosphoryl and
sulfonyl groups. Moreover, the effect of counterions chloride and bro-
mide, was also evaluated, except for derivatives A and B, which are
zwitterions and thus do not require counterions. To identify Viologen
derivatives (excluding compounds A and B), the following naming
convention will be used: Viologen “Letter” - x, where x refers to the
counterion (either chloride or bromide). For example, Viologen C-Cl
indicates the derivative of Viologen C with chloride as the counterion.

The K values for the 28 proposed viologen derivatives were predicted
in 3 different systems at the same mixture point: 30%wt of IL (P444714Cl)
or polymer (PEGDME 250 or PEGDME 500), 20%wt of (NH4)2SO4, and
50%wt of water. This mixture point was chosen considering the distance
from the binodal curves to ensure that the phases are significantly
different and stable.

The color scale in Table 3 represents the qualitative partitioning of
viologens, with the highest affinity to the salt-rich phase indicated by
the reddest color, while the higher affinity to the polymer/IL phase is
indicated by the greenest color. Results from Table 3 revealed that when
considering zwitterionic compounds, viologen A showed better partition

results compared to derivative B. This can be attributed to the molecular
structure of the two compounds. While molecule B has only one pro-
nounced polar area from the sulfonyl group, viologen A has two sulfonyl
groups that further increase its polarity. As a result, viologen A has a
greater affinity for the hydrophilic phase, which accounts for its superior
partition results. Table 3 also showed that, in general, systems with
chloride as counter ion had lower (more negative) K values, thus more
extensive partition to the salt-rich phase, due to the higher electroneg-
ativity of chlorine relative to bromine. Moreover, the lengthening of the
side chains in the molecules lead, as expected, to increasing hydropho-
bicity and decreasing the partition of MV. For instance, derivative G had
a log K of —2.36, whereas incorporating three carbons into each side
chain (derivative L) led to a log K value of 0.75.

The presence of hydroxyl groups (-OH) in viologen I, led to a sig-
nificant improvement in log K compared to viologen H, which has
methyl group instead of -OH. Similar trends were observed in viologens
J, L and N, compared to K, M and O, however, the lengthening of the
side chains reduced their affinity to the hydrophilic phase.

Viologen F contains carboxyl groups, which are highly polar and
increase the hydrophilicity of the molecule, as indicated by a negative
log K value. The carboxyl functional group consists of a carbon atom
double-bonded to an electronegative oxygen and single-bonded to a
hydroxyl (-OH) group, which results in a high polarity. In contrast,
viologen E contains ester groups, which are derivatives of carboxylic
acids and exhibit lower polarity than carboxyl groups. Esters are slightly
soluble in water because they lack a hydrogen atom that can form
hydrogen bonds with oxygen atoms. This lower water solubility explains
the lower partition of viologen E compared to viologen F, which has two
carboxyl groups and is more hydrophilic. In summary, the presence of
carboxyl groups in viologen F makes it more water-soluble and polar
than viologen E, which has ester groups instead.

Viologens C and D have similar structures, with the only difference
being their terminal groups. Viologen C contains amine groups, while
viologen D has phosphoryl groups. The presence of amine groups in
viologen C enhances its affinity to the salt-rich phase, as evidenced by its
log K value, <0. It is important to note that the polarity of the ABS
component, which consists of polymers and ionic liquids, also affects
anolyte partition. When the same salt is used, a higher hydrophobicity of
the ABS component corresponds to more negative log K values, indi-
cating a greater affinity to the salt-rich phase. Therefore, both the ter-
minal groups of viologens C and D and the polarity of the ABS
component play a crucial role in determining the partition behavior of
the system.
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Fig. 3. Sigma-profiles of based redox species: I: (A,B,C-Cl, G-Cl and H-Cl) and II: (D-Br, E-Br, F-Br, I-Br, MV-Cl and TEMPO).

Based on the results presented in Table 3 and considering technical represent their most stable structures. The surfaces of the molecules are

aspects and limitations imposed by the synthesis, 9 viologen derivatives, color-coded to distinguish their negative and positive polar regions,
shown in Fig. 2, were synthesized for further K evaluation. Fig. 2 dis- which are depicted in deep red and deep blue, respectively. Weakly
plays the minimum energy conformations of each molecule, which polar or non-polar regions are colored green, with blue-green indicating
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Table

4
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Experimental and COSMO-RS predicted log of partition coefficients (log K) of the synthesized viologen derivatives and MV dichloride in different ABS at the mixture
point: 30%wt Polymer/IL + 20%wt (NH4)2SO4 + 50%wt water and their estimated polarity.

Compounds

% Polarity of compounds

System 1: PEGDME250

System 2: PEGDMES00

exp

pred

exp

pred

System 3: [P44414]Cl

exp pred

A

B
Cc-Cl
D-Br
E-Br
F-Br
G-Cl
H-Cl
I-Br

MV-Cl

54
48
57
49
40
58
46
41
55
51

—1.991 £+ 0.01
0.423 £ 0.01

—3.222 + 0.02
—0.534 + 0.09
—0.709 + 0.07
—2.481 + 0.01
—2.796 + 0.03
—2.180 + 0.01
—1.538 +£ 0.01
—1.544 + 0.08

—1.470
0.593

—2.608
—0.578
—0.919
—2.535
—2.362
—1.488
—1.386
—1.416

—1.004 + 0.01
0.331 £ 0.05

—2.276 + 0.08
0.036 £ 0.07

0.717 £ 0.01

—1.405 + 0.01
—1.575 £ 0.01
—0.437 + 0.05
—1.622 + 0.01
—1.585 + 0.08

—1.432
0.210

—2.508
-0.137
0.870

-1.179
—1.695
-1.331
—1.513
—1.405

—0.394 + 0.01
—0.353 + 0.04
—2.260 + 0.01
—0.924 + 0.02
—0.321 + 0.01
—1.338 + 0.01
—0.995 + 0.04
—1.402 + 0.01
—2.056 + 0.01
—1.856 + 0.09

-1.274
—0.340
-3.227
—0.909
-0.279
—1.362
—0.958
-1.394
—2.019
-1.792

r-Value 0.97

0.95 0.89

predicted log K

T
-4 -3 -2 -1 0 1 2
experimental log K

Fig. 4. Predicted versus experimental partition coefficient values of viologen
derivatives (A: black, B: cyan, C-Cl: red, D-Br: green, E-Br: blue, F-Br: magenta,
G-Cl: yellow, H-Cl: dark yellow, and, I-Br: navy blue) in different ABS:
PEGDME250: circles, PEGDMES00: triangles, [P44414]Cl: squares, with
(NH4)»SO4 and water Perfect prediction (full line) and, 95 % prediction in-
tervals (dashed lines). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

hydrogen areas and yellow-green representing carbon regions. There-
fore, a simple and generic rule can be inferred from the color scheme: the
more colorful the molecule, the higher its polarity.

The Fig. 2 provides the full 3D information on the molecular surface
charge and can be represented by a molecule fingerprint called the
sigma-profile (c-profile). Fig. 3 presents the c-profile -for the 9 selected
viologen-derivatives plus TEMPO and MV dichloride. These are histo-
grams, denoted as p*(s) that show the proportion of the molecule’s
surface that belongs to a specific polarity interval. It is important to note
that due to the sign inversion of the polarization charge density, o,
relative to molecular polarity, the peak from the negative lone pairs is
located on the right side of the o-profile, while the peak arising from
positively polar hydrogens is located on the left side [56].

Fig. 3 shows that anolytes have peaks beyond the hydrogen bond
(hb) threshold +op, = +0.082 e/A2, specially in the positive region, i.e.
showing a high hydrogen bond acceptor ability. Another characteristic
of anolyte profiles is their notable asymmetry with respect to . There is
an imbalance between the strongly positive and strongly negative sur-
face areas, which do not allow for energetically favorable pairings of
positive and negative surfaces to form strong hydrogen bonds without
additional partners. In contrast, the catholyte TEMPO, in Fig. 3 II, is
predominantly non-polar, with most of its surface area falling within the

range of +op, = 0.01 e/Az. Note that TEMPO’s curve exhibits a small

peak at around +0.015 e/A’, which arises from the exposed surfaces of
their carbon atoms. The o-profile analysis reveals that the catholyte
(TEMPO) and anolytes have distinct polarities, which will influence
their partition in ABSs. Specifically, viologen derivatives selected will
preferentially partition into the hydrophilic phase, while TEMPO, as
shown before, partitions into the hydrophobic phase.

The partition behavior of the 9 viologen derivatives shown in Fig. 2
were evaluated for the ABSs composed of 30%wt of IL (P44414Cl) or
polymer (PEGDME 250 or PEGDME 500), 20%wt of (NH4)2SO4, and
50%wt of water. Table 4 presents the experimental and predicted log K,
and contains the values of viologen polarity, while Fig. 4 illustrates the
partition results graphically. Overall, the results demonstrate that
COSMO-RS accurately predicted the partition behavior of viologen de-
rivatives in various ABSs, as depicted in Fig. 4, with Pearson correlation
equal to 0.92. Further details and discussion are available in Supporting
information 2, Figs. S3-S8. Table 4 shows the polarity order of the
different viologen derivatives, with viologen F-Br being the most polar,
followed C-Cl, I-Br, A, MV-Cl, D-Br, B, G-Cl, H-Cl, and E-Br, in
descending order of polarity. The overall polarity of MV derivatives was
calculated by integrating the o-profile curves under the polar region,
which was defined as the peaks beyond the hb threshold +op, =+
0.082 e/A2 [57], in comparison to the integral of the entire c-profile
(Fig. S9, Supporting information 2). It was observed that the addition of
methyl groups, as seen in derivatives G-Cl and H-Cl compared to MV,
increased their hydrophobicity, which decreased their affinity to the
salt-rich phase. Viologen E-Br, in turn, exhibited the lowest polarity
among all the derivatives due to its larger side chain compared to MV,
combined with the presence of ester groups, which have low ability to
form intermolecular hydrogen bonding. On the other hand, the polarity
scale showed that derivatives F-Br, C-Cl, I-Br and A had higher polarity
than MV-CL. In general, these derivatives displayed a greater hydrophilic
behavior than to MV-CL. For instance, viologen C-Cl had log K < —2 in all
the systems indicating a good affinity to the salt-rich phase minimizing
cross contamination with the catholyte. As discussed earlier, the struc-
ture of viologen derivatives has a significant impact on their polarity
which, in turn, affects how anolytes were distributed between the phases
of ABSs. But the partition behavior of viologens is not driven solely by
their structure but is dependent on a combination of the ABS phases
composition that impact on how the viologen interacts and partitions
between the phases.

The results here reported demonstrate that COSMO-RS can be used in
various ways to design systems suitable for use in the preparation of
membrane free batteries. It can guide the selection of redox compounds
for a particular ABS, and it can also assist in the choice of an ABS for a
given redox molecule, or it can be used to evaluate multiple systems and
compounds simultaneously, as shown in this work. It is worth noting
that the integration of in silico design of several viologen derivatives with
the ability of COSMO-RS to predict their partition coefficients, helped to
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identify promising derivatives, such as C-Cl, I-Br and F-Br, to be applied
in aqueous biphasic membrane-free flow batteries.

4. Conclusion

In summary, this work presents a COSMO-RS-based method to pre-
dict partition behavior of redox compounds in aqueous biphasic systems
for membrane-free battery design. Firstly, the approach was validated
using literature data and demonstrated a good correspondence between
predicted and experimental results, with a Pearson correlation coeffi-
cient (r) equal to 0.88. After that, 28 viologen derivatives were designed
in silico and their partition was investigated in 3 different ABSs. Results
indicated that the redox compounds with higher hydrophilicity had a
greater affinity to the salt-rich phase. To understand how the modifi-
cation in the structure of viologen affects their partition, 9 viologen
derivatives were synthesized and tested in the ABSs. According to the
calculated polarity, viologens F-Br and C-Cl were the most hydrophilic,
due to the presence of carboxyl and amine groups, respectively, while
viologen E showed a lower hydrophilic character. Moreover, a high
correlation (r = 0.92) was obtained between experimental and predicted
K for viologen derivatives, which reinforces the predictivity ability of
the model. COSMO-RS demonstrates to be a valuable screening tool for
help designing redox species candidates and evaluating their partition
behavior in a range of aqueous biphasic systems, prior to carrying out
costly and time-consuming experimental analyses. Considering the
relevance of the partition coefficient in aqueous biphasic membrane-free
flow batteries, the proposed computer-aided tool proved to help
designing and selecting highly hydrophilic derivatives, such as viologen
C-Cl (log K < 2), which may accelerate the development in this emerging
field.
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