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ARTICLE INFO ABSTRACT

Keywords: Aiming to contribute to drug pre-formulation, new eutectic mixtures were developed. Thymol, coumarin, or
Drug formulation quaternary ammonium chlorides as excipients, were combined with the active pharmaceutical ingredients (APIs)
Thymol acetylsalicylic acid, acetaminophen, ibuprofen, ketoprofen, or lidocaine. Their solid-liquid equilibrium (SLE)

Quaternary ammonium chlorides
Solid-liquid equilibrium

Phase diagrams

COSMO-RS

binary phase diagrams were measured to study eventual phase separation between the compounds, preventing
manufacturing problems, and to study the molecular interactions between the APIs and ionic or non-ionic ex-
cipients. The Conductor-like Screening Model for Real Solvents (COSMO-RS) capability to predict the SLE of
mixtures containing non-ionic excipients was further evaluated. COSMO-RS gives a good quantitative descrip-
tion of the experimental SLE being a tool with great potential in the screening of eutectic systems containing APIs
and non-ionic excipients. While thymol presents strong interactions with the APIs, and consequently negative
deviations to thermodynamic ideality, systems containing coumarin follow a quasi-ideal behavior. Regarding the
ionic excipients, both choline chloride and the tetraalkylammonium chlorides are unable to establish relevant
interactions with the APIs, and no significant negative deviations to ideality are observed. The liquefaction of the
APIs here studied is favored by using non-ionic excipients, such as thymol, due to the strong interactions it can

establish with the APIs.

1. Introduction

Pharmaceuticals are an essential element in medicine, and due to
their benefits to society, their demand increases every day. However,
the development of new drugs is expensive and time-consuming. On
average, around 10 years and more than 800 million dollars are re-
quired to design and test a new drug (Berg et al., 2010; Tiwari et al.,
2012). Clinical development that comprises pre-clinical research and
clinical trials are the main issues to be accounted for, but it is also
important to consider the challenges with drug discovery or product
development. The search for the best excipient is related to chemical
instability, poor water solubility, crystallinity, and polymorphism
(Strickley and Oliyai, 2007). More than 40% of the drugs under de-
velopment are classified as poorly soluble, or even insoluble, and to
improve their bioavailability they should be in the liquid state or suf-
ficiently soluble in the gastric fluids at the absorption point (Kalepu and
Nekkanti, 2015; Savjani et al., 2012). Regarding dermal drug delivery,
problems arise from physicochemical restrictions imposed by the pro-
tective function of human skin. Key factors for a drug to be delivered
passively via the skin are suitable lipophilicity and molecular weight
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(Brown et al., 2006). Thus, approaches that would increase the bioa-
vailability of the compounds leading to lower dosages and decreasing
the wastage would be of importance.

Improving the formulation of existing drugs is much simpler and
faster than the development of new ones. Therefore, many attempts to
find solutions for that particular challenge faced by the pharmaceutical
industry have been followed (Kalepu and Nekkanti, 2015; Pedro et al.,
2019). Examples comprise chemical modifications such as changing the
solution pH, derivatization or the use of buffers, and/or physical
changes such as particle size reduction, solid dispersions, and drug
dispersion by eutectic formation (Savjani et al., 2012).

The formation of eutectic mixtures, and more recently deep eutectic
mixtures or deep eutectic solvents (DES), has been proposed as a
technique to increase active pharmaceutical ingredients (APIs) water
solubility and bioavailability on the development of new drugs
(Cherukuvada and Nangia, 2014; Gala et al., 2013; Martins et al., 2019;
Pedro et al., 2019; Savjani et al., 2012). These mixtures are char-
acterized by a decrease in the melting temperature of the system
compared to the pure components melting temperatures, while keeping
the therapeutic integrity of the forming compounds. Eutectic mixtures
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are expected to have a significant role in the pharmaceutical industry if
they are formed between APIs, between APIs and excipient, or between
excipients, where excipients are defined as molecules with the ability to
deliver the active ingredient to the active site (Gala et al., 2013;
Kalasz and Antal, 2006). The choice of the appropriate excipients and
APIs, and their respective ratios, are crucial during drug pre-formula-
tion. Wrong choices either in terms of composition or temperature
range at which mixtures are at a given physical state, may lead to the
undesirable melting of a pharmaceutical tablet or even decomposition
of the pure components (Gala et al., 2013; Pedro et al., 2019). Thus, it is
essential to know the solid-liquid equilibria (SLE) phase diagrams of the
mixtures in order to understand the range of temperatures and com-
positions at which these mixtures can be used and stored
(Sangster, 1999).

Aiming to increase the solubility and bioavailability of APIs, ter-
penes, and in particular menthol and thymol, have been used as ex-
cipients in a variety of works involving eutectics in the pharmaceutical
industry (Cherukuvada and Nangia, 2014; Gala et al, 2013;
Mohammadi-Samani et al., 2014; Stott et al., 1998) giving rise to some
patents (Jun and Kang, 1999; Schwarz and Weisspapir, 2005).
Stott et al. (1998) studied mixtures between ibuprofen, a well-known
anti-inflammatory drug, and terpenes such as .-menthol or thymol. The
authors reported that the eutectic temperature of thymol and ibuprofen
was 305.15 K for 40:60 % w/w and that the solubility of this mixture is
enhanced by 12.7-fold over the saturated aqueous solution of ibuprofen
(Stott et al., 1998). The observed melting point depression led to a
faster transdermal penetration. A similar effect was observed for the
mixture of meloxicam and thymol, where the terpenoid is a skin per-
meation enhancer that increases the meloxicam skin absorption
(Mohammadi-Samani et al., 2014). Other authors (Abbott et al., 2017;
Aroso et al., 2016; Duarte et al., 2017) combined menthol and/or
choline chloride, [Ch]Cl, with different APIs such as ibuprofen, acet-
aminophen, or acetylsalicylic acid. These combinations were reported
to liquefy close to body temperature (310.15 K), improving the API
bioavailability (Aroso et al, 2016; Duarte et al, 2017).
Abranches et al. (2019a) used the COSMO-RS model to predict the SLE
of systems composed by [Ch]Cl and APIs obtaining a reasonable de-
scription of the systems studied.

Choline chloride is widely used to prepare deep eutectic systems,
i.e., eutectic mixtures that present negative deviations to ideality due to
strong intermolecular interactions established between their compo-
nents (Martins et al., 2019). However, the ability of [Ch]Cl to form
mixtures with sharp melting temperature depressions (sometimes even
liquid at room temperature) is mainly due to its low melting enthalpy,
and not particularly due to strong interactions with other compounds
(Fernandez et al., 2017). Moreover, its generalized use is due to its
price, low toxicity, biocompatibility and biodegradability, and it was
also studied as a possible pharmaceutical ingredient (Abbott et al.,
2017; Abranches et al., 2019a). Recently, we have also investigated
other quaternary ammonium chlorides (Abranches et al., 2020;
Pontes et al., 2017) and surprisingly found them as equally successful,
or even better ionic liquefying agents, to use in the design of eutectic
mixtures (Abranches et al., 2020).

Thymol and coumarin were selected as non-ionic excipients
(structures available in Table 1) due to their characteristics: while
thymol is a stronger than usual hydrogen bond donor (and a weaker
than usual hydrogen bond acceptor), coumarin is a simple hydrogen
bond acceptor (Abranches et al., 2019b; Abranches et al., 2020), pro-
viding an interesting contrast in terms of interactions with the APIs.
According to Abranches et al. (2019b) these non-ionic mixtures can
form type V DES, a new class considering the original classification of
DES proposed by Abbott and co-workers (Smith et al., 2014). Three
quaternary ammonium salts were chosen as ionic excipients due to their
proven success as liquefying agents (Abranches et al., 2020). Choline
chloride, tetramethylammonium chloride, and tetrabutylammonium
chloride were selected to study both the effect of the choline hydroxyl
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group and the increase of the alkyl chain length of the ammonium
cation that leads to a substantial decrease in the compound melting
point. Mixtures of APIs and quaternary ammonium salts are classified as
type III DES: quaternary ammonium salt + hydrogen bond donor
(Smith et al., 2014).

Aiming to contribute to the development of new drug formulations,
binary eutectic mixtures involving thymol, coumarin, [Ch]C], tetra-
methylammonium chloride ([N7;11]Cl) or tetrabutylammonium
chloride ([N4444]Cl) and one API among acetylsalicylic acid, ibuprofen,
ketoprofen, lidocaine or acetaminophen are here investigated. The
choice of the APIs was based on their use in the pharmaceutical in-
dustry, functional groups diversity and number, low melting tempera-
tures, and no decomposition upon melting. The solid-liquid phase dia-
grams were measured to characterize these mixtures, and the main goal
was to explore the impact of the excipient nature (ionic or non-ionic) on
the eutectic formation of the mixtures containing APIs. The ability of
the conductor-like screening model for real solvents — COSMO-RS to
describe the SLE phase diagrams of mixtures involving non-ionic ex-
cipients was also evaluated.

2. Experimental
2.1. Chemicals

Table 1 summarizes the information of the compounds investigated
alongside with their structures. It also includes the melting tempera-
tures and enthalpies measured in this work or obtained from the lit-
erature. All chemicals were used as received from the supplier without
any further purification excepting the quaternary ammonium salts that
were dried under vacuum (0.1 Pa and 298.15 K) for at least 72 h. The
water content of all compounds was measured using a Metrohm 831
Karl-Fischer coulometer, with the analyte Hydranal®~Coulomat AG
from Riedel-de Haén, and is reported in Table 1.

2.2. Phase diagrams measurements

Binary mixtures between excipients and APIs were prepared in
different proportions covering the full compositions range (at mole
fraction intervals of 0.1) by weighting the proper amounts of each pure
substance using an analytic balance Mettler Toledo XP205 (repeat-
ability of 0.015 mg). Mixtures involving ionic excipients were prepared
inside a dry-argon glove-box using an analytical balance (model ALS
220-4 N from Kern, with a repeatability of 0.2 mg).

Mixtures comprising thymol + acetylsalicylic acid, ibuprofen, ke-
toprofen, or acetaminophen and coumarin + ibuprofen were prepared
by homogenizing the mixture of API and excipient with a mortar and
pestle. Remaining mixtures were heated under stirring in closed vials
till a homogeneous liquid was formed and left under stirring for around
15 minutes. As a final preparation step, the flasks were left at room
temperature for 2-3 days in order to check for possible phase separa-
tion, indicating incompatibilities between the compounds. Depending
on the physical state of the final mixture obtained (solid, past-like
consistency, or liquid), the eutectic and melting temperatures, i.e., the
solidus and the liquidus lines were determined using a melting point
apparatus, differential scanning calorimetry, or both techniques as de-
scribed below.

Melting point device: The obtained solid mixtures were transferred
into a capillary. The melting temperatures were determined with an
automatic glass capillary device model M-565 from Buchi (temperature
resolution of 0.1 K.min™'). For each system, a fast assay at 5 K.min !
was initially carried out. Then the measurement was repeated at least
three times applying a heating rate of 1 or 2 K.min~'. The eutectic
temperature was registered when the first liquid was observed inside
the capillary, and the melting temperature was taken when the last
solid disappears. The melting temperatures of the pure components
were also measured using this technique.
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Table 1
List of the studied compounds, chemical structures and melting properties (melting temperature - T,, and enthalpy - A,,H).
Compound Chemical Structure T, titerature T, this work ~ AmHiiterature Reference
K K kJemol !
Thymol (CAS: 89-83-8; wt% > 99% w” = 22 ppm) Acquired from TCI 3235 - 19.65 Martins et al., 2018
Coumarin (CAS: 91-64-5; wt% = 99% w” = 258 ppm) Acquired from o 342.3 342.3 + 18.63 Matos et al., 2009
Sigma-Aldrich 0.1
Choline chloride, [Ch] Cl (CAS: 67-48-1; wt% = 98% w” = 600 ppm) 597 - 4.3 Fernandez et al., 2017
Acquired from Acros Organics
N*
"o /\/ ~
cr
Tetramethylammonium chloride, [N;111]Cl (CAS: 75-57-0; 612.9 - 20.49 Pontes et al., 2017
wt% = 97% w’ = 2957 ppm) Acquired from Sigma-Aldrich
_N+_
cr
Tetrabutylammonium chloride, [N4444] Cl (CAS: 1112-67-0; 344.0 - 14.69 Abranches et al., 2019¢
wt% = 97% w’ = 5758 ppm) Acquired from Sigma-Aldrich ‘\—\
N‘/\/\
NN \i\;
Acetylsalicylic acid (CAS: 50-78-2; wt% > 99% w’ = 162 ppm) 414.0 407.3 £ 29.80 Kirklin, 2000
Acquired from Sigma-Aldrich )k 0.1
0’
o OH
Ibuprofen? (CAS: 15687-27-1; wt% = 99% w’ = 17 ppm) Acquired o 347.6 349.1 + 26.4 Maxwell and
from Alfa Aesar 0.2 Chickos, 2012
on
Ketoprofen (CAS: 22071-15-4; wt% > 98 w” = 192 ppm) Acquired a 368.0 367.9 = 37.30 Wassvik et al., 2006
from TCI I l 0.1
on
o
Lidocaine (CAS: 137-58-6; wt% > 99% w” = 2982 ppm) Acquired from 340.7 341.1 + 16.40 Lazerges et al., 2010

zz

Sigma-Aldrich

Acetaminophen (CAS: 103-90-2; wt% > 99% w” = 22 ppm) Acquired
from Sigma-Aldrich

z>:o

Y\ PN 0.1

OH 443.2 443.5 27.60

0.1

Mota et al., 2009

2 As reported by the supplier;

Water content;

Measured in this work using a glass capillary visual method;
4 Racemic form.

c

Differential Scanning Calorimetry (DSC): The melting temperatures
of past-like consistency or liquid mixtures were determined using a
Hitachi DSC7000X working at atmospheric pressure and coupled to a
liquid nitrogen cooling system. Samples of approximately 5 mg were
weighted in a micro-analytical balance AD6 (PerkinElmer, preci-
sion = 0.002 mg) and then sealed in hermetic aluminum crucibles (0.3
MPa, 7.5 pL). Cooling and heating cycles at 5 and 2 K min~?, respec-
tively, were performed. The temperature ranged from 223.15 K to
353.15 K for both systems investigated using DSC (coumarin + lido-
caine and thymol + lidocaine). Thermal transitions were taken as the
peak temperature. The equipment was previously calibrated with sev-
eral standards (heptane, octane, decane, 4-nitrotoluene, naphthalene,
benzoic acid, diphenylacetic acid, indium, tin, caffeine, lead, zinc, po-
tassium nitrate, water, and anthracene) presenting weight fraction
purities higher than 99%.

3. Modelling
3.1. Solid-liquid equilibrium

The melting curves of each individual component in a binary mix-
ture can be described by the simplified solid-liquid equilibrium equa-
tion (Prausnitz et al., 1970):

In(xy) = A']"QH (TL - %) +
m

AnCp (& - ln& - 1)

R \T T '6))

where the activity coefficient of compound i at a certain liquid mole
fraction composition x; is denoted as yl.l, T is the absolute temperature,
Tm and Ap,H are the melting temperature and enthalpy of the pure
compound, respectively, R is the universal gas constant, and A,C, is the



M.A.R. Martins, et al.

difference between the molar heat capacity of compound i in the liquid
and solid states. This equation assumes pure solid phases and neglects
the temperature influence on heat capacities. In some cases, especially
when a small difference between the equilibrium temperature and the
melting temperature of the pure compounds is verified, the second term
of the equation has a negligible value when compared to the first term.
Consequently, it can be neglected (Coutinho et al., 1995; Elliott and
Lira, 2012), due to its small contribution to the phase equilibrium
calculations (Eq. (2)).

In(xiy) = A’"TH(TL - %) -

When an ideal liquid phase is assumed the activity coefficients (yl.l) are
equal to one and the solubility curves can be obtained from Eq. (2) as a
function of the melting properties of the pure compounds. On the other
hand, the experimental activity coefficients can be obtained as well
from Eq. (2) using the experimental SLE data (Prausnitz et al., 1970).

3.2. COSMO-RS

The conductor-like screening model for real solvents (COSMO-RS) is
a continuum solvent model for the prediction of the phase behavior of
mixtures. The calculation principle is based on the combination of
quantum chemistry and statistical thermodynamics (Klamt, 2005). The
SLE phase diagrams were modelled with the software COSMOtherm
(COSMOtherm, Release 19; COSMOlogic GmbH & Co. KG, http://www.
cosmologic.de.cosmotherm, Release 19; COSMOlogic GmbH & Co. KG,
http://www.cosmologic.de; Eckert and Klamt, 2002) with the para-
metrization BP_TZVP_19.ctd. The input o profiles were prepared using
TURBOMOLE with the COSMO-BP-TZVP template of the software
package TmoleX (TURBOMOLE V7.1, 2016, a development of Uni-
versity of Karlsruhe and Forschungszentrum Karlsruhe GmbH, 1989-
2007, TURBOMOLE GmbH, since 2007; available from http://www.
turbomole.com). This template consists of a def-TZVP basis set, a DFT
with the B-P86 functional level of theory, and the COSMO solvent
model (infinite permittivity).

4. Results and discussion

The appearance of a liquid phase from a mixture between two solid
compounds results from the melting point depression (compared to the
pure compounds melting points) observed in the solid-liquid phase
diagram, which is dependent on the mixture composition, the melting
properties of the pure components as well as the interactions estab-
lished between them. For a system to present negative deviations from
ideality, these interactions must be more intense than the interactions
the pure compounds present in their (even if hypothetical) liquid state.
The greater the negative deviations to ideality are, the larger the tem-
perature depression. Mixtures showing significant negative deviations
to thermodynamic ideality may be called deep eutectic systems
(Martins et al., 2019).

In the following, the impact of ionic and non-ionic excipients in
mixtures containing well-known APIs was investigated through their
solid-liquid phase diagrams. The main goal is to understand the inter-
actions between the mixture components, allowing to choose the ap-
propriate substance to decrease the melting temperature (and even li-
quefy) an APL

4.1. Non-ionic excipients

The measured SLE phase diagrams of mixtures between thymol or
coumarin, and the APIs acetylsalicylic acid, ibuprofen, ketoprofen, li-
docaine, or acetaminophen are shown in Fig. 1 (detailed data listed in
Tables S1 and S2 in the supporting information). The ideal solubility
curves (7/i’ = 1), calculated applying the measured melting
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temperatures and the enthalpies from literature (Table 1), are also
shown. The experimental activity coefficients were calculated by Eq.
(2) and listed in SI (Table S1 and Figure S1). Furthermore, the phase
diagrams include the solidus line whenever these points were possible
to measure. The predictive model COSMO-RS was further used to de-
scribe the phase behavior of these binary systems, and the results are
also presented in Fig. 1.

The differences between the experimental melting temperatures
measured in this work for pure compounds — Table 1 — and those from
literature are less than 1.5 K, validating the experimental methodology
used. Acetylsalicylic acid is an exception, where this difference is of 6.8
K. According to Kirklin (2000) this may be due to salicylic acid im-
purities, which produces a drastic lowering of the melting temperature
of acetylsalicylic acid. Moreover, as can be seen in Fig. 1 (lido-
caine + thymol or coumarin), experimental temperatures measured by
different techniques (DSC - light blue filled symbols or melting points
device — dark blue filled symbols) are in good agreement.

Analyzing Fig. 1 it can be seen that the studied systems involving
coumarin are, in general, characterized by a single eutectic point and
show small deviations from the ideal SLE curves, excepting cou-
marin + ibuprofen, where significant positive deviations to thermo-
dynamic ideality are observed in the coumarin rich side. These systems
have a eutectic temperature and composition similar to the predicted
values considering ideality (Table S3), as further supported by the ac-
tivity coefficients estimated from the experimental data, which are very
close to 1 — Table S1 and Figure S1. This means that the molecular
interactions between coumarin and the studied APIs are similar to those
found in the liquid phases of the pure components. While the coumarin
molecule presents a hydrogen bond acceptor character, all the APIs
investigated present both donor and acceptor sites the latter being
dominant. It is not then expected to observe strong interactions in the
binary mixtures, which are very close to those present in the pure
compounds as the structural features and functional groups in both are
quite similar. This has been also observed before for mixtures of men-
thol and monocarboxylic acids (Abranches et al., 2020; Alhadid et al.,
2020; Martins et al., 2018; Verma and Banerjee, 2018), lidocaine
(Corvis et al., 2010; Kang et al., 2000), ibuprofen (Kang et al., 2004;
Stott et al., 1998), alcohols and hydrocarbons (Okuniewski et al., 2017,
2016), or ubiquinone (Sun et al., 2019). Regarding the COSMO-RS
predictions, this tool was able to successfully describe the SLE of the
mixtures of coumarin + APIs with an average absolute deviation be-
tween experimental and predicted temperatures by COSMO-RS of
43 29K

Despite the ideal behavior and the fact that these are not deep eu-
tectic systems, the results reported for mixtures containing coumarin
still show a quite significant temperature depression. At the eutectic
point, the temperature is 23 and 104 K lower than the API melting point
for systems with ibuprofen and acetaminophen, respectively.

When changing the lactone coumarin for the terpenoid thymol,
negative deviations to ideality were observed close to the eutectic point
and in the thymol rich side for the systems with carboxylic acids:
acetylsalicylic acid, ibuprofen, and ketoprofen, indicating that thymol
has stronger interactions with these APIs than coumarin. Thymol is a
strong hydrogen bond donor (Abranches et al., 2019b) what may lead
to favorable interactions between the two compounds. However, these
interactions are not strong enough to lead to significant temperature
depressions compared to those predicted by the ideal mixture model —
Table S3. COSMO-RS is not fully able to describe the non-ideal behavior
of these mixtures containing thymol. Average absolute deviations of
14.5 +13.3, 7.1 £ 5.7 and 8.2 + 5.7 K were obtained between the
experimental and predicted temperatures for systems containing
thymol, and acetylsalicylic acid, ibuprofen, or ketoprofen, respectively.

At this point one must highlight the peculiar shape of the phase
diagrams of thymol and carboxylic acids as expressed by the significant
change of the carboxylic acid activity coefficient with the composition
(Figure S1). In the literature, several works report that pharmaceuticals
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Fig. 1. Solid-liquid equilibria phase diagrams of mixtures composed of thymol or coumarin and APIs. Legend: 4, experimental melting temperatures (liquidus); @,
experimental eutectic temperatures (solidus); —-, ideal SLE curves; ----, COSMO-RS predictions. Symbols filled with light blue correspond to DSC measurements.
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investigated here may exhibit different crystal structures (Dichi et al.,
2018; Dudognon et al., 2008; Shohin et al., 2012). However, that only
occur's at very specific conditions, as happens for racemic ibuprofen for
instance, where phase II (Tyan, su—si = 290 K, AHgan, su—si= 7
kJemol~1) is metastable and conditioned by a quench to 60 degrees
below Tg (Dudognon et al., 2013, 2008). Regarding acetylsalicylic acid,
an elusive form II was considered unstable by many until
Bond et al. (2011) were able to obtain single crystals by introducing
acetylsalicylic acid anhydride during the crystallization of acet-
ylsalicylic acid in organic solvents. DSC measurements performed from
293.15 K to melting reveal thermal events in acetylsalicylic
acid + thymol and ibuprofen + thymol at 368 and 318 K, respectively,
but not evidencing any isothermal reversible solid phase transforma-
tions.

The system thymol + acetaminophen shows positive deviations
from ideality, indicating that the interactions between the excipient and
API are not favorable. These deviations happen because thymol is a
weak hydrogen bond acceptor (Abranches et al., 2019b), increasing
with the amount of thymol in the mixture and are satisfactorily pre-
dicted by COSMO-RS. A color change on the mixture thymol + acet-
aminophen was observed after some days, suggesting that the mixture
is unstable, and that some reaction may have occurred. The instability
of the mixture is one of the undesirable effects on drug pre-formulation,
and it must be considered.

In the system thymol + lidocaine, only a few experimental points
are given due to difficulties in crystallizing the sample. Often the
mixtures with thymol undergo supercooling, being hard to induce their
crystallization until the glass transition. The crystallization was usually
only observed upon heating after several heating-cooling cycles, yet on
some occasions, not even this technique induces sample crystallization;
which was also observed by Wolbert et al. (2019) for systems con-
taining lidocaine. Nevertheless, despite the limited information mea-
sured for this system, its eutectic point seems to be close to the equi-
molar composition and the system nearly ideal. Here, COSMO-RS fails
in predicting the SLE phase diagram. Similar to a few other systems
studied before (Abranches et al., 2019a), here the curves do not inter-
sect as the change of the activity coefficients with composition at low
temperatures is unsatisfactory.

Mixtures involving thymol show more significant temperature de-
pressions (compared to the melting temperature of the pure API) than
mixtures involving coumarin, demonstrating its liquefying ability, and
negative deviations to ideality when in mixture with carboxylic acids.
However, the attribution of the designation deep eutectic systems to
thymol + acetylsalicylic acid, ibuprofen, or ketoprofen is questionable
since the deviations are in general not very strong, and these mixtures
only present negative deviations from ideality in one side of their phase
diagrams. Overall the reported mixtures involving thymol or coumarin,
are hydrophobic which limits or prevents some applications, but also
opens room for other pharmaceutical applications for example in
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dermal administrations (Kang et al., 2001; Patel et al, 2007;
Roberts et al., 1977).

A few systems reported in this work were previously described in
the literature. Kang et al. (2001) reported that the system thymol + li-
docaine forms homogenous oils at 298.15 K within the range 0.30-0.70
(lidocaine mole fraction). In this work, the mixtures prepared at com-
positions between 0.30 and 0.60 (lidocaine mole fraction) also yield
liquids at room temperature. However, as can be seen by the SLE phase
diagram in Fig. 1, the system thymol + lidocaine seems to follow an
ideal behavior with a measured eutectic temperature close to 295 K.
This means that in the mentioned composition range, the mixtures are
metastable and in a supercooled state where the liquid phase is main-
tained at a temperature inferior to the real melting temperature.
Wolbert et al. (2019) measured two points of the system thymol + li-
docaine — Figure S2 — at Xgymot = 0.2 and 0.8. The former seems to
correspond to the solidus (and not liquidus) line, whereas the later
perfectly matches the melting temperature measured in this work.
Stott et al. (1998) and Wolbert et al. (2019), reported the SLE phase
diagram of thymol + ibuprofen — Figure S3. Both sets of data are in
good agreement with the ones measure in this work for the solidus and
liquidus lines.

4.2. Ionic excipients — quaternary ammonium salts

Aiming to explore the impact of the excipient nature (ionic vs. non-
ionic) on the eutectic formation, the results presented above were fur-
ther compared with mixtures involving [Ch]Cl, [N7711]Cl, or [N4444]ClL
and the same APIs, i.e., type III eutectic systems.

Fig. 2 shows the SLE phase diagrams and activity coefficients of
mixtures of thymol, coumarin, or [Ch]Cl and acetylsalicylic acid, ibu-
profen, ketoprofen, lidocaine, or acetaminophen. Additionally, for
ibuprofen and acetaminophen, the SLE phase diagrams with [N7771]1Cl,
and [N4444]Cl are also presented. Data on [Ch]Cl and acetylsalicylic
acid, ibuprofen, ketoprofen, or acetaminophen were taken from our
previous work (Abranches et al., 2019a). The remaining systems were
measured in this work, and data are listed in Tables S1 and S2 of
Supporting Information.

Other authors previously studied some of these systems. In their
search for liquid pharmaceuticals, Abbott et al. (2017) investigated
eutectic mixtures composed of [Ch]Cl and several other compounds
commonly used in pharmaceutical formulations, including acet-
ylsalicylic acid and acetaminophen. For [Ch]Cl + acetaminophen, a
eutectic temperature of 314 K at equimolar composition was reported
(Abbott et al., 2017). This value is in fair agreement with the one
measured by us (Abranches et al., 2019a), 321 K at the same compo-
sition. The mixture [Ch]Cl + acetylsalicylic acid is reported by some
authors (Abbott et al., 2017; Aroso et al., 2016) to be liquid at room
temperature. However, Abranches et al. (2019a) reported the complete
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phase diagram and the eutectic point to be 340 K at a mole fraction of
30% of [Ch]CL.

It is very interesting to note that despite [Ch]Cl high melting point
(597 K) (Fernandez et al., 2017) and when mixed with the above
mentioned APIs, the prototypical DES-forming component [Ch]Cl forms
liquid mixtures at temperatures close to the body temperature (310 K)
at the eutectic point. These temperature depressions are usually at-
tributed to the strength of the hydrogen bond established between
[Ch]CI and the API (Abbott et al., 2017, 2003). Thus, its ionic character
does not seem to be a disadvantage in the formation of the mixtures
despite the non-ionic character of the studied APIs. On the other side,
mixtures of thymol and coumarin with the same APIs lead to much
weaker temperature depressions when compared to the non-ionic ex-
cipient melting point, which is also much lower (T, hymot = 323.5 K
and T coumarin = 342.3 K).
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By analyzing the activity coefficients — Fig. 2 — the solubility curve
of [Ch]Cl shows positive deviations from ideality in most systems, and a
quasi-ideal behavior in the case of [Ch]Cl + acetaminophen. Thus, as
observed in other works (Abranches et al., 2020; Crespo et al., 2017),
the prototypical hydrogen bond acceptor [Ch]Cl is unable to induce
negative deviations to ideality, reaffirming in this work its inability to
establish strong interactions in the studied mixtures. On the opposite, in
the API rich side, strong negative deviations from ideality are observed,
which is a behavior observed in many other systems (Crespo et al.,
2018; Silva et al., 2019), and suggests that the melting point depression
of the mixture is favored by small quantities of [Ch]Cl. An exception is
the system [Ch]Cl + lidocaine, where positive deviations from ideality
are observed in the API rich side too.

By replacing the cation choline with tetramethylammonium the
results are somewhat different. As can be seen by the activity
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Fig. 2. Solid-liquid equilibria phase diagrams (left) of mixtures composed of thymol, coumarin, [Ch]Cl (Abranches et al., 2019a), [N7111]Cl or [N4444]Cl and APIs,
and the correspondent activity coefficients (right). Symbols correspond to experimental data while solid lines correspond to the ideal solubility curves (left) and

ideality (right).



M.A.R. Martins, et al.

630
<© Coumarin
580 © Thymol
@ [Ch]CI

Xiidocaine

650
<© Coumarin
600 ¢ © Thymol
¢ [Ch]cI
550 @ [Nym]Cl
(4 [NAMA]C|
500
x
~
~
450 >
400
350 <
<
300
0.0 0.2 0.4 0.6 0.8 1.0

X pcetaminophen

Fig. 2.

coefficients displayed in Fig. 2, mixtures of ibuprofen, or acet-
aminophen, with [N;117]Cl result in solubility curves with mild devia-
tions from ideality. This means that, in opposition to what was observed
previously (Abranches et al.,, 2020), the replacement of the hydro-
xyethyl group of the choline cation by a methyl group in [N1711]1Cl, does
not induce stronger interactions and negative deviations from ideality
in these systems. Nonetheless, in mixture with ibuprofen, [Ch]Cl shows
positive deviations to ideality meaning weaker interactions than in its
pure phase, while [N;771]Cl has stronger interactions with the API re-
sulting in small negative deviations.

In mixtures involving [N4444]Cl, the activity coefficients are ap-
proximately 1 on both sides of the phase diagram. In the ammonium
rich side, the same behavior was also observed in mixtures of
[N4444]Cl + fatty acids or fatty alcohols (Abranches et al., 2020) and
[N1111]Cl + [Ng4444]Cl (Abranches et al., 2019¢). However, while in
those cases [N4444]Cl behaves as a chloride donating agent inducing
negative deviations to ideality in the alcohols/acid side, here an ideal
behavior is observed in the API rich side.

As observed in other studies, [Ch]Cl is not able to establish strong
interactions and form deep eutectic systems with the APIs investigated.
And, even removing its hydroxyl group, [N;111]Cl and [N4444]Cl are
also not good candidates to be used as liquefying agents of the men-
tioned APIs. The observed behavior is a direct consequence of the
structural complexity of the APIs herein studied. In general, by using
ammonium chlorides as liquefying agents, smaller temperature de-
pressions (compared to the melting temperature of the pure API) than
the ones obtained with non-ionic excipients were achieved.

5. Conclusions

In this work, mixtures involving potential ionic or non-ionic ex-
cipients and APIs were investigated by measuring the SLE phase dia-
grams in the full range of compositions. In general, the studied systems
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involving coumarin are quasi-ideal, while in some systems, small ne-
gative deviations from ideality were observed when using thymol. The
predictive model COSMO-RS was used to describe the mixtures SLE and
a good quantitative description of the structural effects of different
excipients and APIs in the SLE of the studied systems was obtained.
Therefore, these results suggest that COSMO-RS can be used as a priori
tool for the design of novel eutectic mixtures combining pharmaceu-
ticals and nonionic hydrophobic components. The impact of the ex-
cipient nature (ionic or non-ionic) on the eutectic formation, was
evaluated by measuring the SLE phase diagrams of the same APIs with
[Ch]Cl, [N7111]Cl or [N4444]Cl. The melting temperature depression
(compared to the API melting temperature) of systems involving non-
ionic excipients is more significant than when using ionic ones meaning
that the eutectic is favored by type V eutectic systems. These studies can
be useful in the design of new eutectic mixtures involving APIs that can
lead to their liquefaction by a eutectic formation and thus to the de-
velopment of more efficient drug delivery systems.
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