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Abstract

Solubilizing agents are widely used to extract poorly soluble compounds from biological
matrices. Aqueous solutions of surfactants and hydrotropes are commonly used as solubilizers,
however, the underlying mechanism that determines their action is still roughly understood.
Among these, ionic liquids (IL) are often used not only for solubilization of a target compound but
in liquid-liquid extraction processes. Molecular dynamics simulations can shed light into this issue
by providing a microscopic insight of the interactions between solute and solubilising agents. In
this work, a new coarse-grained (CG) model was developed under the MARTINI framework for
gallic acid (GA) while the CG models of three quaternary ammonium ionic liquids and salts
(QAILS) were obtained from literature. Three QAILS were selected bearing in mind their potential
solubilising mechanisms: trimethyl-tetradecylammonium chloride ([N11,1,14]Cl) as a surfactant,
tetrabutylammonium chloride ([Na444.4]CI) as an hydrotrope, and tributyl-tetradecylammonium
chloride ([Na4414]Cl) as a system combining the characteristics of the other compounds.
Throughout this hydrotrope-to-surfactant spectrum and considering the most prevalent GA species
across the pH range, the solvation of GA at two concentration levels in agueous QAILS solutions
were studied and discussed. The results of this study indicate that dispersive interactions between
the QAILS and GA are generally the driving force in the GA solubilization. However, electrostatic
interactions play an increasingly significant role as the GA becomes deprotonated, affecting their
placement within the micelle and ultimately the solvation mechanism. The hydrotropic mechanism
seen in [Nas444]Cl corroborates recent models based on the formation of a hydrotrope-solute
aggregates driven by dispersive forces. This work contributes to the application of a transferable
approach to partition and solubilization studies using molecular dynamics, which could

complement experimental assays and quickly screen molecular candidates for these processes.
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1. Introduction

The poor aqueous solubility of many biomolecules remains a major problem in many important
applications such as drug development and delivery,! as well as their extraction? and purification®.
Solubility enhancers such as surfactants, hydrotropes or co-solvents*® are commonly used to
promote the solubility of hydrophobic compounds in water. Surfactants are amphiphilic molecules
able to self-assemble in diverse morphologies such as micelles and long-range ordered
mesophases. Hydrotropes are also amphiphilic compounds, soluble in water, but unable to self-
assemble due to a lower hydrophobic strength,” the target compound being solubilized by the
formation of aggregates stabilized via solvophobic interactions.® A detailed understanding of the
solubilization mechanisms in surfactant and hydrotrope systems remains poorly understood, in
particular for charged molecules.® The main assumptions are based on the association of surfactant
and solute, either in supramolecular structures such as micelles for micellar solubilization or short
lived aggregates for hydrotropy.1®!! Nonetheless, the lack of a specific point of differentiation
between hydrotropes and surfactants remains, as there are hypotheses on the solubilization
mechanisms that blur their distinction and a broad spectrum of molecules considered to fit these
categories. This work aims to provide further material for this discussion by addressing the
solvation in aqueous solutions of these agents.

Quaternary ammonium ionic liquids and salts (QAILS) are a class of compounds with the
general formula [NijkI]X composed by a cationic organic nitrogen [Ni,k]* group and a counter
anion X".*2 They cover a large range of compounds with very different properties, from simple
salts (NH4Cl) to ionic liquids ([Na,4.4.4]Cl or [Na,4,414]Cl) or surfactants ([N1,1,1,14]Cl). Many of the
compounds on this family have amphiphilic properties, behaving as surfactants or hydrotropes,
and generating colloidal systems in aqueous solutions.**-16 For instance, cetyltrimethylammonium
bromide ([N1,1,1,16]Br, also known as CTAB) is a surfactant extensively used as a solubilizer of
hydrophobic bio-active compounds,'’*® — as well as an extractant?®?® — whilst
tetrabutylammonium-based QAILS ([N4.4,4,4]Cl) is a hydrotrope capable of significantly increasing
the solubility of poorly water-soluble drugs in aqueous solutions.t%2223

The QAILS solubilization efficiency not only relies on the solvophobic but also on the
electrostatic interactions, determined by the cation-anion and the solute-cation interactions. The

latter is often neglected despite many biomolecules containing carboxylic moieties, which would



be deprotonated at biological pH values. Thus, the pH impact in the solubilisation and partition of
biomolecules is of great relevance since the protonation state directly influences the electrostatic
interactions.?* The nature of the most common QAILS anions does not play an important role in
the solubilization mechanism but can directly influence the phase separation.?®> A meaningful
exception rises when the QAILS anion is an hydrotropic agent.>1¢ In this manner, QAILS cations
can affect the solubilizing action depending on the alkyl-chain length and the cation asymmetry.26
Finally, it must be noticed that QAILS have been widely used as surfactants but seldom as
hydrotropes,?327-2° and thus this aspect is poorly studied and understood.

To shed light on the solvation mechanism in QAILS aqueous solutions, a comprehensive
analysis of the interactions present on these systems is required. Computational chemistry methods
can hasten this process and complement the experimental data. The characterization of solubility
enhancers requires a good knowledge of the QAILS phase behaviour and the physico-chemical
characteristics of the biomolecule. A multiscale strategy has been followed by many authors, from
density functional theory (DFT) calculations®®35 to classical Monte Carlo,**2° molecular
dynamics (MD) simulations at both all-atom (AA) and coarse-grained (CG) levels!®>16:40-43 35 well
as dissipative particle dynamics (DPD).**¢ The atomistic detail of DFT and AA-MD approaches
fairly reproduce some experimental thermodynamic properties.*” Unlike CG, atomistic models are
not able to reproduce the QAILS phase behaviour due to time and size scale limitations.*® Since
the mechanism behind the solubilization of biocompounds depends on the surfactant and
hydrotrope phase behaviour, the mesoscale level offered by CG-MD simulations is required.?” CG
dramatically reduces the computational requirement in the MD simulation by including groups of
atoms with similar physico-chemical characteristics into one interaction center. A proper AA-to-
CG mapping and the CG interaction energy parameters are essential to develop a new CG model.
Marrink et al. developed the transferable MARTINI CG model for molecular systems, including
many biomolecules.*® The MARTINI framework comprises a generic energy matrix of
interactions which includes four main flavours — polar, apolar, non-polar and charged moieties —
with different subtypes each depending on the degree of polarity or the implicit hydrogen bonding
capabilities.*® The MARTINI model was widely and successfully applied in diverse systems
including many QAILS as well as different biomolecules.#?450

In this work, a CG approach based on the MARTINI force field was developed to discuss the

solvation of gallic acid (GA). Herein, CG-MD simulations were carried out to further understand



the solvation mechanism of GA in three QAILS aqueous solutions, tackling the micellar
solubilization to hydrotropy. Thus trimethyl-tetradecylammonium chloride ([N1,1,1,14]Cl),
tetrabutylammonium  chloride  ([Ns,444]Cl) and tributyl-tetradecylammonium chloride
([N4.4.4,14]Cl) QAILS were selected under dilute conditions to cover the surfactant micellar and
hydrotropic solubilization mechanisms. The GA is a phenolic acid with antioxidant activity and
widely used as a probe/reference molecule in various drug partition assays.>>*? The GA-CG model
developed in this work improves the previous computational attempts reported in the literature,
capturing in more detail, its physico-chemical characteristics.*>*> Moreover, the GA-CG model
was created to consider different protonation states which is crucial to capture the solute charge,
resulting from the pH effect, in the solvation. A multiscale strategy was followed to develop the
GA-CG model based on AA-MD simulations.*5354 This work paves the way to enhance our
knowledge on the molecular interactions involved in the solvation of biomolecules in QAILS
aqueous solutions. In turn, it may help in designing more and highly efficient solubility-enhancing

systems for a wide array of substances.

2. Methodology

2.1 Simulation details

MD simulations were carried out with the GROMACS package® (version 5.1.5) under a NpT
ensemble by adopting the leapfrog algorithm®® to integrate the equations of motion for at least 0.5
us with a 10 fs time step. The non-bonded interactions comprised the Lennard-Jones (LJ) potential
and Coulombic terms, both with a cut-off radius of 1.2 nm. The van der Waals (vdW) potential
force-switch modifier was chosen allowing the energy to decay smoothly towards zero from 0.9
to 1.2 nm. The long-range electrostatic interactions were evaluated using the Particle-Mesh-Ewald
(PME)® and the potential-shift functions as modifiers. The temperature was fixed to 298K using
the velocity-rescaling thermostat.® An isotropic pressure coupling was considered using the
Parrinello-Rahman barostat®> to control the pressure in both, the equilibration and production runs
at 1 bar. Bonded interactions encompassed bond stretching, angle bending and dihedral torsion
terms where bonds were constrained using the LINear Constraint Solver (LINCS).®° Triclinic
simulation boxes were selected with periodic boundary conditions in all directions and random

initial configurations.



The simulation protocol was as follows: an initial energy minimization step using the steepest
descent algorithm to avoid close contacts between neighbour atoms followed by a short
equilibrium steps in the NVT and NpT ensembles, consecutively, prior the production run. The
system evolution was checked by visual inspection and the total energy was monitored to confirm
whether the thermodynamic equilibrium is attained. The CG models for [N1,1,1,14]* and [Na4,4,4,14]*
were selected based on analogous systems previously developed®®6! as illustrated in Figure S1 in
the Supporting Information. The [N4,44,4]Cl CG model was adapted based on the mapping of the
polar head for [Nas44.14]Cl. Overall in these systems, the total number of QAILS molecules was
500 and two GA concentrations comprising 25 and 200 GA molecules, respectively, were taken
into account as well as three different GA protonation states. Thus, the two GA concentrations
were considered based on the GA solubility limit in water — 11.9 mg/mL at 298K®2 — one below
(from 2.33 mg/mL to 3.58 mg/mL) and one above (from 18.94 mg/mL to 28.62 mg/mL) labelled
as low and high, respectively. The three GA protonation states corresponds to the most prevalent
species in the speciation spectrum as shown in Figure 1, covering the full pH range. The
description of each protonation state was based on the selection of different bead types for the
relevant groups. The protonated GA molecule was labelled as Prot. GA, the one with the carboxylic
moiety deprotonated was named Deprot. GA (-1) and the one with both the carboxylic and the two

hydroxylic moieties deprotonated was designated as Deprot. GA (-3).
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Figure 1. Coarse-grained mapping scheme for GA used in this work (top). Three different
models based on distinguished ionization states were developed as these represent the three most
prevalent species throughout the pH spectrum® (bottom). In the speciation spectrum, Prot.GA is
in black, Deprot. GA (-1) in red and Deprot. GA (-3) in blue. The other colours depict less prevalent
species. In all cases, the aromatic ring was set as moderately apolar (SC3) bead. The carboxylic
acid moiety ranged from nonpolar (SNda) to charged (SQa) when in the Prot. and the Deprot. (-1)
states, respectively. Similarly, the hydroxylic groups were described as weakly apolar (SC5) in the
two former states and as charged (SQa) in the Deprot. (-3) ionization.

Polarizable water (PW) was selected to capture the dipole effect and allow an adequate
screening of electrostatic charges. The PW bead entails three real water molecules as illustrated in

Figure S1. The Qa and Qq beads were chosen for chloride and sodium counter ions, respectively,



and include the first hydration layer with six implicit water molecules according to the MARTINI
model*® as depicted in Figure S1. For each system, the number of QAILS, GA, ion pairs, PW
beads and the simulation time are reported in Table S1.

The simulation outputs were visualized with the Visual Molecular Dynamics (VMD)
package.®* The GROMACS analysis tools were used to obtain the radial distribution functions
(RDF). The density profiles were obtained by using an in-house cluster-counting code®® based on
the Hoshen-Kopelman algorithm® when spherical aggregates were present, otherwise the
GROMACS gmx density tool was used. The Trajectory Analyzer and VISualizer (TRAVIS) tool®”

was applied to obtain the spatial distribution functions (SDF).

2.2. Coarse-grain model development and validation of gallic acid

The GA-AA molecule structure was taken as a reference to map the CG version. The GA-AA
forcefield parameters were taken from the OPLS-AA forcefield®® while water molecules were
represented by the SPC/E model®. The GA atomic partial charges were obtained by DFT
optimization in the gas-phase at the B3LYP’%/6-31G* level of theory with the CHELPG option™
using the Gaussian 09 package’? and are displayed in Figure S2. A visual representation of
electrostatic potential mapped of the electron density is also available as a guideline in Figure S3.

The new GA-CG model required several mappings and parameterization attempts prior to find
a good agreement with the AA model. Figure 1 shows the final GA-CG mapping schemes,
considering the three different ionization states tested in this work which were denominated as
Prot. (fully protonated molecule, pH < 4.44),” Deprot. (-1) (intermediate ionization, 4.44 < pH <
8.45)"2 and Deprot. (-3) (fully ionized molecule, pH > 8.45). Despite the pH has an important role
in the phase behaviour, the pH effect was neglected in previous GA-CG simulations with
surfactants and hydrotropes.?4##76 Thus, the pH was carefully considered in this work by
developing several GA-CG mappings which corresponds to the most relevant ionization states.

In our model, a 3:1 mapping and the small CG bead versions of MARTINI labelled as “S”
beads were selected. The “S” beads reduces the LJ well-depth (¢) in 75% and the sigma is
decreased to 0.43 nm to reproduce properly the geometry of small ring molecules.*® Therefore, the
aromatic ring was described by three moderately apolar SC3 beads. The carboxylic acid region

was characterized as follows; nonpolar (half polar/apolar) with SNda when protonated whereas



SQa was selected when the GA is deprotonated. The subscripts indicate the hydrogen bonding
capabilities, d = donor, a = acceptor and da = both. The hydroxylic groups were reproduced from
weakly apolar SC5 beads in Prot./Deprot. (-1) states to charged SQa beads in the Deprot. (-3) state.

The Prot. and Deprot. (-1) systems were validated according to AA-MD results. The RDF
between different regions of the GA and water were evaluated. Figure S4 shows the RDF between
the carboxylic acid group and water since displays the main role in the interaction with water. A
good qualitative agreement was found between both AA and the CG models. The AA and CG
Prot. GA RDFs displayed a similar pattern with a weak interaction with water. This interaction
was increased in both, AA and CG, in the Deprot. GA versions where the two solvation shells of
the carboxylic group were reproduced in the AA and CG models. The CG-GA RDFs overestimate
the distances compared with the AA version caused by the CG beads used in the calculation. The
water CNs highlight the fact that Deprot. GA is more solvated compared with the Prot. GA as
shown in Figures S4 and S5. The correlation between both profiles indicate that the CG model
should represent properly interaction of the carboxylic acid group (and similar ones) with water,
mainly due to ion-dipole and hydrogen bonding interactions. Figure S5 displays the SDF which
provide a visual insight not only on the hydration of GA (blue) enhanced in the Deprot. GA but on
other interactions with surrounded GA molecules. The SDFs clearly demonstrate the m-m
interactions (green) established between GA molecules which hint possible cation-r interactions
with other molecules such as the cationic ammonium QAILSs used in this work.

Our GA-CG models differs from previous works*>4 motivated by the need of an increased
polarity among different regions of the molecule. For instance, Xiang and colleagues® used a
similar GA-CG mapping but the model failed to capture the polarity differences of each GA region.
The model by Chatzidaki et al.*? suffered a similar issue since the GA was described with only
three beads. Two SP4 MARTINI beads comprised most of the aromatic ring and the hydroxylic
regions whereas the intermediate polar SP3 was used for the carboxylic acid group.

3. Results and discussion

3.1. GA solvation in aqueous surfactant solution

The solvation of GA in aqueous QAILS solutions is discussed based on three parameters: the

QAILS nature, the GA protonation state, and the GA concentration. In this study, a spectrum of
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solubilization mechanisms was covered, ranging from micellar solubilization to hydrotropy.
[N1,1,1,14]Cl fits the former”” while [Naas.4.4]Cl follows the latter.’> [Naa4414]* shares structural
properties with the [N11114]* due to the alkyl-chain length and the [Naasa44]* by the bulky
ammonium polar head (Figure S1). Three GA protonation states and two GA concentrations were
considered; one below the GA solubility limit in water (from 2.33 mg/mL to 3.58 mg/mL) and one
above (from 18.94 mg/mL to 28.62 mg/mL) referred to as low and high, respectively.

The discussion initially focuses in the higher GA concentration for clarity, as the overall phase
behaviour is more evident. The MD snapshots after at least 0.5 us of simulation time for all systems
are depicted in Figure 2. A visual inspection indicates the distinct behaviour of the three QAILS,
and that the solvation of GA within the QAILS aggregates decreased in all systems when triply
deprotonated. Overall, although the solvation of GA seems similar when considering both GA
concentrations, this variable significantly affected the phase behaviour of the system. Thus, the
following observations were more noticeable in the high GA concentrated systems. The
[N1,1114]Cl system yielded stable micellar aggregates for all tested conditions. In contrast, the
[Na2,.4.4.14]Cl system presents a clear phase transition from spherical micelles for Prot. GA to rod-
like aggregates for Deprot. GA (-1) to finally phase separation for Deprot. GA (-3), when GA
concentration was higher. This phase separation was driven by the larger extent of dispersive
interactions between the QAIL and GA, due to the former having larger alkyl chains in the cation
polar head, and consequently, a more non-polar character. Such a drastic transition was also
promoted by the electrostatic interactions between a GA with a higher deprotonation degree and
the positive QAIL. The micellar profile for [N1,1,1,14]Cl and [Na4,4,4,14]Cl — except the Deprot. GA
(-3) that shows phase separation — indicates that the [Na 4,4,14] Cl bulkier cation polar head rendered
its micelles a ‘looser character’, highlighting their susceptibility to dispersive interaction effects.
The behaviour of the hydrotrope [Na44,4]Cl is addressed in the following sections, as well as the

solvation of GA when using each of the three QAILS.

10



Low [GA] High [GA]
[N

1C1

444,14

Prot. GA Control

Deprot. GA(-1)

Deprot. GA(-3)

Figure 2. Snapshots of QAILS + GA systems (Table S1: 1-21) after the production runs. Each
number on the bottom right corner of each snapshot indicates the system number according to
Table S1. Control systems are QAILS aqueous solutions. QAILS cations polar heads are
represented in purple and their alkyl chains in green. For GA, the carboxylic acid group is coloured
in blue, the aromatic ring in yellow and the hydroxyls in red. Water, chloride and sodium molecules
were removed for clarity.
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3.1.1 GA solvation in [N1,1,1,14]Cl

The density profiles of the [N1,1,1,14]Cl aggregates obtained in the simulations are depicted in
Figure 3 and provide information on the location and orientation of GA in [N1,1,1,14]CIl aqueous
solutions. The cluster counting code used is not adequate when prolate-shaped structures are
present and thus cannot be applied to the analysis of the [Na4,4,44]Cl or [N4,4,4.14]Cl systems. The
[N1,1,1,14]Cl micelle density profiles show the arrangement of GA in the micelle and how the GA
solvation in the micelle depends on the GA speciation. The GA carboxylic group is denoted by the
red curve in Figure 3 whilst the aromatic ring and hydroxyl group are grouped together and
represented by the orange curve. When fully protonated (Figure 3A), GA is completely immersed
in the micelle core as evidenced by the orange and red peaks in the inner of the micelle surface
(purple curve). Furthermore, no specific arrangement of GA within the micelle was observed,
ruling out potential n-n interactions between neighbouring GA molecules. This is the expected
behaviour for the solvation of non-charged hydrophobic molecules in micellar systems. As the pH
increases and the GA becomes charged the behaviour changes noticeably. When the carboxylic
acid moiety is deprotonated, GA molecules become perpendicularly aligned with [N111,14]"
micelle surface (Figure 3B) as it can be noticed by the larger distance between the peaks
corresponding to the carboxylic and aromatic moieties, seen by comparing the distance between
the arrows in Figures 3A and B. When the deprotonation state of GA further increases to -3, the
GA molecules are now present at the micelle surface as shown in Figure 3C. Since both carboxylic
and hydroxyl moieties are deprotonated, interactions between the anionic Deprot. GA (-3) and the
cationic head groups at the micelle surface are enhanced. In fact, an ion-exchange may be
occurring in which a new QAILS is formed, using the deprotonated GA as the anion rather than
the chloride (Supporting Information). The overlap of the GA peaks (red and orange curves)
with the surfactant head groups (purple) suggests that Deprot. GA (-3) nearly adopts a flat
conformation on the outer micelle surface. The [N1,1,1,14]Cl phase behaviour and the GA solvation
on these systems were the same in the systems with a lower GA concentration, although less visible
in the latter as illustrated in Figure 2. For increased clarity, a scheme of the different orientations
of GA molecules, depending on their protonation state, on [N1,1,1,14]* micelles is depicted in Figure
4.
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The work developed by Schwarz et al. demonstrated that cationic surfactant solutions,
compared to other types, resulted in a higher percentage of GA partitioning to the surfactant
phase.”® Moreover, they also showed that with increasing pH, the GA had its presence reduced in
the surfactant phase and increased in the aqueous one.”® These observations can be now explained
with the results obtained in this work as resulting from the GA transition from the micellar interior

to the micelle-water interface as its deprotonation increased.
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Figure 3. Density profiles for the aqueous systems (Table S1: systems 5-7) of [N1,1,1,14]" and
Prot.GA (A), Deprot. GA (-1) (B) or Deprot GA (-3) (C). Each group is plotted against their
distance to the micelle center of mass (COM). Close-ups of a representative micelle are provided
as an inset. QAILS cation polar heads are shown in purple and alkyl tail atoms in green. GA was
divided in a carboxylic group coloured in red whereas the rest of the molecule was coloured in
orange. Chloride ions were represented in black and water in cyan. The density peaks for GA
groups were highlighted with black arrows.
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Figure 4. Schematic representation of a [N1,1,1.14]* micelle and the different orientations of GA
molecules towards it, depending on the pH of the solution. The micelle surface is depicted by the
purple limits, while its core is coloured in green and a black dot illustrating the micelle center. GA
molecules are represented by a coarse-grained description, in which the carboxylic acid group is
in blue, the aromatic ring in yellow and the hydroxyls in red. Prot. GA, Deprot. GA (-1) and Deprot.
GA (-3) are distinguished by the respective net charge (0, -1 and -3) in the center of the GA
molecule.

3.1.2 GA solvation in [Na4,,4,14]CI

Unlike what can be observed in Figure 2 for the [N1,1,1,14]Cl system, the GA concentration
has a marked influence on the phase behaviour of [Na44,414]Cl. At a GA concentration below its
solubility limit in pure water, the QAILS remained in a micellar regime (Figure 2), also evidenced
in the micelle density profiles shown in Figure S6 for all GA protonation states. However, when
the GA concentration is increased in the [Na,4.4,14]Cl system, it evolves towards a phase separation
(Figure 2). Regardless of the GA concentration, the GA orientation in [Na4.4,14]* micelles is similar
to that observed with [N1,1,1,14]Cl as shown in the density profiles displayed in Figure 5 and Figure
S6 for high and low GA concentrations respectively. For the systems with higher GA
concentration, differences in the GA protonation state were observed not only in terms of phase

transition but also for the orientation of GA. The initial micellar state, with Prot.GA, changed
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noticeably when compared to the Deprot. GA (-1). Prot.GA is located deep inside the [Na4,4,4,14]Cl
micelle core as illustrated in Figure 5B (the GA density coloured in orange and red was increased
compared with the Prot. GA shown in Figure 5A). Moreover, the larger distance between the two
peaks indicates a more defined orientation of GA in the QAILS micelles (Figure 5B). In the case
of triply deprotonated GA, a phase separation of the [Na44.4.14]" surfactant was observed with all
[Naa4a414]" coalescing in one large aggregate. The Deprot. GA (-3) was mainly located at the
interface of the aggregate. In this case the same ion-exchange hypothesis mentioned in the previous
section could also apply, although in a different extent (Supporting Information). Although our
results point toward a phase transition of the system with Deprot. GA (-1) and eventually phase
separation in the Deprot. GA (-3) system, it is difficult to fully ensure this at this simulation scale.
Indeed, such surfactants are known to form worm-like bicontinuous aggregates, like the one in
Deprot. GA (-1), before phase separation.”® Thus, this is likely the occurrence showed in these
systems, as our results indicate. Overall, when [Na4,4,14]" micelles are present in the system the
localization and orientation of GA molecules is similar to that depicted for the [N1,1,1,14]* (Figure
4).

A difference in phase behaviour was clearly induced by the QAILS nature. Thus, the
interactions between QAILS and GA are affected by the surfactant polar head volume since this is
the only difference between [N1,1,1,14]Cl and [Na4,4,414]Cl QAILS. The [N1,1,1,14]Cl is similar to the
CTAB surfactant and other cationic surfactants. They have their self-aggregation promoted by the
electrostatic balance of repulsion between charged head groups and attracted solvophobic
regions.81:82 On the other hand, in the [Na4,44,14]Cl, the increased volume of the non-polar groups in
the polar head screen the head-group density charge, rendering it closer to a non-ionic surfactant
behaviour.” The phase transition from a micellar to a phase separation (Figure 2) can thus be
explained by the progressive aggregation, due to their more hydrophobic character, of the QAILS
head-groups.23#* The deprotonation of GA also promotes the electrostatic interaction between the
QAILS and GA, further enhancing this phenomenon. In this case, the variation of the
deprotonation degree of GA seems to interfere with the overall phase behaviour favoured by the
head group size difference of [Na44.414]*. Contrarily, the micellar stability of the [N1,1,1,14]CI was

not significantly affected by the GA protonation state.
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Figure 5. Density profiles for the agqueous systems (Table S1: systems 12, 13) of [Na4.4,14]* and
Prot.GA (A) and Deprot. GA (-1) (B), using the micelle center of mass (COM) of QAILS micelles
as a reference. Close-ups of a representative micelle are provided as an inset. Colour code is the
same as in Figure 3. The density peaks for GA groups were highlighted with black arrows.

3.1.3 GA solvation in [Na4,4,44]Cl

A different scenario is observed in the [Na4,4,4,4]Cl because it does not self-assemble in aqueous
solution, as shown in the Figure 2 Control. The GA solvation is discussed based in the simulation
box density profiles shown in Figure 6 and by visually inspecting the simulation snapshots
displayed in Figure 2. As mentioned the [Na44.44]Cl was fully dispersed in aqueous solution in
absence of GA or even at low GA concentration as shown in Figure 2. However, when the GA
concentration is increased, large clusters were observed not only for Prot. GA, as expected, but for
all three GA protonation states. The [Naa444]-GA cluster sizes at high GA concentration were
estimated to range from 74 A in Prot. GA to 104 A in Deprot. GA (-1) and 118 A in the Deprot.
GA (-3).

The hydrotropy mechanism has been discussed for decades with recent works by Shimizu and

co-workers questioning the classical views of hydrotropy.®8% In these works, they showed that
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the interactions between the hydrophobic solute and the hydrotrope, whenever preferred over
solute-water, can drive the hydrotrope aggregation enhancing the solute solubility.%88¢ Indeed,
the interactions between [Na4.44]" and GA seem preferred over GA and water in the systems with
Prot. GA and Deprot. GA (-1). This is in agreement with the results of a recent experimental work
that demonstrate the hydrotrope-solute association depending on the apolarity of both
compounds.** When the GA becomes more polar, by increasing its deprotonation, the GA-water
interactions increase and compete with the dispersive interactions that drive the hydrotropic
solubilization. This explains why, at low GA concentration, the system with Deprot. GA (-3) does
not form clusters.

Figure 2 suggests that all systems with a high concentration of GA induce a phase separation
of [Na4.4.4]* from water, as confirmed in the density profile of Figure 6. Although this phenomenon
has not been experimentally observed for this system, phase separation resulting from the
enhanced solubility in hydrotropic systems was previously observed for vanillin with ionic
liquids.*® The results here reported support and help to explain this behaviour. The formation of
the aggregates resulting from the preferential interaction of the solute and hydrotrope may, in
certain cases, lead to a destabilization of the liquid phase inducing the system towards a phase
separation.

This phase separation in the system under study was observed for all GA protonation states.
However, as suggested above, while for Prot. GA and Deprot. GA (-1) we may still observe the
formation of aggregates, typical of hydrotropy, the system with Deprot. GA (-3) is far more
complex and dominated by electrostatic interactions between the two salts in solution and it cannot
be rationalized in the same way as the two other systems. Indeed, as the deprotonation degree of
GA was increased, the resolution of this phase separation was clearer, as noted by the more defined
peaks of both water and the hydrotrope in Figure 6, and the Deprot. GA (-3) system resulted in a
single and larger cluster of [Nasa4a44]" (Figure 2). These indicate that different underlying
mechanisms, depending on the presence of GA as neutral or as a highly charged ion

(deprotonated), are taking place.
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Figure 6. Density profiles for the aqueous systems (Table S1: systems 19-21) of [Naa444]* and
Prot.GA (A), Deprot. GA (-1) (B) or Deprot. GA (-3) (C). The density profile was obtained along
the z-axis. QAILS cation polar heads are shown in purple, tail atoms in green. GA was split in the
three different bead types: indigo for the carboxylic acid moiety, red for the hydroxyls and brown
for the aromatic ring. Chloride ions were represented in black, sodium ions in yellow and water in
cyan.

3.2 GA effect on micelle swelling

The discussion above revealed that the mutual QAILS and GA interactions affect both the GA
solvation and the QAILS phase behaviour. This was particularly noticeable in systems with bulkier
QAILS, namely [Na4414]Cl and [Naa444]Cl. The final simulation snapshots at higher GA
concentration (Figure 2) indicated that besides the phase transitions observed in [Na4,4,4,14]Cl and

[N4,4,4.4]Cl, the [N1,1,1,14]Cl behaviour also changes with the GA deprotonation degree. Thus, GA
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affects the systems through the concentration and deprotonation degree. Comparison between
Figure 2 shows that for micellar systems — [N1,1,1,14]Cl and Prot. GA with [Na,4,414]Cl — the increase
in the GA concentration may lead to QAILS micelle swelling.

In [N1,1,1,14]Cl systems, a stable micellar QAILS phase remains in presence of GA. However,
individual micelles seem to interact and enlarge with increasing GA charge density. A similar
scenario occurs with [Naas,4,14]Cl, albeit even more noticeable, as eventually it leads to a phase
separation. Combining this with the GA solvation inside these QAILS micelles, in Prot. GA and
Deprot. GA (-1) states, micelle swelling can be considered. The average aggregation number (AN)
of micelles was obtained to address this change in micelle size (Table S1). In case of stable
micellar solutions, in [N1,1114]Cl the ANs are also available in Table 1. When non-micellar
solutions took place, the distance between each GA and the micelle center of mass was obtained
through RDF profiles to corroborate the absorption of GA by QAILS micelles (Figure 7). The
penultimate apolar C1 bead (adjacent to the end of the QAILS cation tail) was selected as the
micelle center reference. It must be highlighted that the CG bead overlap inherent to the CG
mapping processes, as well as the QAILS arrangement as a part the micelle, could induce some
inaccuracy in selecting the actual micelle core center.

Table 1. Average aggregation numbers (ANSs) obtained in the [N1,1,1,14]CIl micellar systems (Table
S1: systems 1-12).
Sim.  QAILSs [QAILS] (wt. %) [GA] (wt.%) GA netcharge AN

1 10.02 0 - 38
2 9.99 0.29 0 28
3 10.01 0.29 -1 29
4 [Niii]Cl 10.00 0.28 -3 33
5 9.79 2.28 0 45
6 9.66 2.24 -1 56
7 9.37 2.13 -3 56
8 10.02 0 - 45
9 10.00 0.20 0 100
10 [Naaa1]Cl 10.01 0.20 -1 63
11 10.08 0.20 -3 125
12 9.86 1.60 0 71
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The AN corroborates this hypothesis (Table 1) particularly when considering systems with
higher GA concentration. The addition of a low GA concentration in [N1,1,1,14]Cl systems did not
result in micelle swelling, since the ANs were lower than the system without GA, AN ~ 38 (Table
1). For the ones with [Na4,4,4,14]Cl, the micelles were significantly enlarged from an AN of around
45 to 100 and more in some cases (Table 1), partially a result of a bulkier QAILS head. The
addition of only 10 GA molecules were not able to disrupt the micellar structure followed by a
swell process, while the latter occurred with 200 GA. Moving to higher GA concentrated systems,
while those with Prot. GA showed an average of AN ~ 45 for [N1,1,1,14]*, for those with both Deprot.
GA (-1) and Deprot. GA (-3) the AN increased to 56 (Table 1, system 5-7). The CNs inset in
Figure 7 indicate a movement away from the micelle center especially for the bulkier GA regions
as it became more deprotonated — the aromatic ring and the hydroxylic moieties — which supports
the swelling of the micelle through this pH effect. Both ANs and CNs for [Na44.4,14]Cl systems for
the GA were higher than those with [N1,1,1,14]Cl. When considering Prot. GA, the [Na4,4,14]Cl
system exhibited an AN of 71, with a larger difference than the two control QAILS systems,
indicating that is was a result of other factor than just the bulkier nature of [N4,4,4,14]CIl. The more
hydrophobic polar head of that shields the charge, allowing more disperse interactions between
the two compounds. for solutions with Prot. GA (Table 1, system 12), resulting in a more
distributed presence of GA inside its micelles. This could also justify the higher CNs registered
for [Nas,4,4,14]Cl when considering Deprot. GA (-1), a system already progressing towards phase
separation. From previous density profiles and visual inspections, it is still possible to infer that
the single micelle with Deprot. GA (-1) was enlarged. For [N1,1,1,14]CI systems, larger [N1,1,1,14]*
micelles were observed throughout all GA states. Moreover, the ANs were higher for systems with
deprotonated GA. This was a result of the electrostatic interactions between the anionic GA and
the cationic QAILS polar head, corroborated by the CNs of the deprotonated moieties being lower
at the micelle center. This increased the surface area along with the apolar regions of GA in the
hydrophobic micelle cores, leading to micelle swelling. Despite this, these moieties were not
completely removed from the apolar regions of the QAILS, as shown by the CNs larger than 0.

Overall, this deprotonation of GA gave rise to more electrostatic interactions with the QAILS
cation, but also rendered it more polar (Figure S3), thus decreasing its presence in the QAILS-rich

phase as the pH effect progressed. This was translated into phase separation for [Na4,4,4.14]CI and
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partition at the outer side of the micelle surface for [N1,1,1,14]Cl. It is also important to note that
these values are, in certain systems, lower than the experimental counterparts, as we are dealing
with PW in these CG simulations. The use of the PW CG model commonly yields smaller
aggregates when compared with the regular martini water model counterpart.®’

The impact of GA in similar QAILS surfactants was previously reported. Heins et al.
published an increase of the AN in [N1,1,1,16]Br from 103 to 118 by adding 0.2% of GA, with GA
being one of the phenolic acids inducing larger micelle swelling.88

The carboxylic and hydroxylic RDF profiles with the polar QAILS heads (micelle surface)
were used to further confirm the above results as shown in Figure S7. The RDFs prove the effect
of the GA protonation state in the interaction balance with the QAILS cationic head. For all
systems the carboxylic moiety of Deprot. GA (-1) exhibited higher RDF intensity peaks, reflecting
more electrostatic interactions with the QAILS charged region. When the hydroxylic moiety was
also deprotonated, Deprot. GA (-3), the same tendency was observed, displaying this region with
almost identical RDF intensity peaks as the carboxylic moiety. Thus, the hydroxylic region, even
if deprotonated, was beyond the QAILS charged center compared with the carboxylic moiety.
Moreover, since the ammonium charge is shielded by the butyl alkyl chains in [Nas44,14]" and
[Na,4,4.4]", the hydroxylic moiety was placed beyond the QAILS cation.

It must be noted that the proximity of the deprotonated moieties of GA, both carboxylic and
hydroxylic, to the QAILS ammonium charge can induce an ion-exchange mechanism. Since the
GA was arranged close to the charged QAILS moieties (Figure S7), the effect of this proximity in
the chloride counter anions can be assessed. The ion-exchange mechanism is discussed in detail in
Section B of the SI.
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Figure 7. RDF profiles for (Table S1: systems 5-7, 12-14) [Nas,4,4,14]* (dashed lines) and [N1,1,1,14]*
(solid lines) aqueous solutions with GA. The QAILS penultimate bead was used as a reference and
each GA selected group (carboxylic acid, aromatic ring, hydroxylic) as the selection (insets).
Systems containing Prot. GA are depicted in black, Deprot. GA (-1) in red and Deprot. GA (-3) in
blue. The micelle surface (at 1.31 nm) is illustrated by a green dashed line. CNs are shown aside
the corresponding profile. CNs were obtained at r = 0.51 nm (first peak).

4. Conclusions

This study aimed to enhance our understanding of micellar and hydrotropic solubilization
mechanisms using aqueous solutions of quaternary ammonium ionic liquids and salts as the
solubilizers and GA as the model solute. A molecular dynamics computational approach was used
to foster our understanding on the underlying molecular interactions driving these solvation
mechanisms. A new CG model for GA based on the MARTINI FF was developed to tackle the
phase behaviour and to be able to capture the physico-chemical properties of this biomolecule. A
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critical view into the role played by three different quaternary ammoniums in aqueous solutions
was carried out, covering from the surfactant to hydrotrope like behaviours. Furthermore, different
GA protonation states were evaluated to take into account the effect of the pH.

The effect of the pH covered in this computational study, indicated that dispersive interactions
between the QAILS and GA are generally the driving force in the GA solubilization. Nonetheless,
electrostatic interactions played also a significant role when GA was deprotonated, changing the
placement of the GA in the micelle and its solvation mechanism. Interestingly, the results suggest
that at high pH values ion exchange could take place with the formation of new QAILS with gallate
as anion. The hydrotropic mechanism seen in [N444.4]Cl corroborates recent models based on the
formation of a hydrotrope-solute aggregates driven by dispersive forces.

This methodology is easily applicable to the study of other poorly soluble molecules and the
respective solubilizing/extracting candidates, as it simply requires the development and validation
of CG models of the desired molecules, or the use of already existing ones, and parameter tuning.
These results can complement experimental works in predicting outcomes in similar conditions as
well as assist in explaining the molecular mechanisms driving phase transition phenomena.

Ultimately, a quick screening of molecular candidates for various applications could be possible.
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