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e Laboratory of Medicinal Organic Synthesis of Paraíba (LASOM-PB), Department of Chemistry, Federal University of Paraíba, João Pessoa 58051-900, PB, Brazil
f Laboratory of Synthesis and Drug Delivery, State University of Paraíba, João Pessoa 58071-160, PB, Brazil
g Computational and Theoretical Chemistry Group (CATCO), Department of Chemistry, Southern Methodist University, Dallas, TX 75275, USA

A R T I C L E  I N F O

Keywords:
Benzalkonium chloride
Intermolecular interactions
Microwave-assisted synthesis
Density functional theory

A B S T R A C T

The search for alternative solvent systems has gained increasing attention in organic synthesis due to the need for 
more sustainable solvents. In this regard, deep eutectic solvents (DES) have emerged as promising alternatives 
because of their tunable physicochemical properties, simple preparation, and potential alignment with Green 
Chemistry principles. Furthermore, understanding the structural organization and intermolecular interactions 
within these systems is essential for rationalizing their physicochemical behavior and guiding the design of new 
functional solvents. In this study, benzalkonium chloride-based DES were prepared using a microwave-assisted 
approach by combining benzalkonium chloride as the hydrogen bond acceptor (HBA) with different hydrogen- 
bond donors (HBDs), namely citric acid, oxalic acid, and glycerol, at equimolar ratios. Rheological character
ization was employed to investigate the structural organization and flow properties of the obtained materials. 
Fourier Transform Infrared Spectroscopy (FTIR) and Density Functional Theory (DFT) calculations revealed the 
formation of hydrogen-bond interactions between the benzalkonium salt and the hydroxyl groups of the HBDs, 
confirming the establishment of the supramolecular network responsible for DES formation. Theoretical analyses 
further demonstrated that the strength and nature of intermolecular interactions vary significantly among the 
systems, and these differences are directly reflected in their thermal behavior and structural organization. 
Overall, this study provides a comprehensive structure-property relationship by combining experimental and 
computational approaches, highlighting the key role of intermolecular interactions in determining the physi
cochemical properties of DES.

1. Introduction

In recent decades, significant efforts have been made to replace 
classic organic solvents with sustainable alternatives due to the intrinsic 
drawbacks of these solvents, including flammability, high volatility, 
toxicity, and environmental damage [1,2]. This fact boosted the devel
opment of nonconventional/nontraditional solvents, such as the deep 
eutectic solvents (DES) [1,3–5]. Among these systems, DES has garnered 

increasing attention from the scientific community for its tunable 
properties, making these mixtures viable alternatives to toxic organic 
solvents.

DES are formed by a mixture of two or more components in suitable 
molar ratios, resulting in a eutectic mixture, i.e., one with a melting 
point lower than that of the individual components [6,7]. DES can be 
classified into five types, and Type III has the most applications due to its 
low cost and low ecotoxicity. Generally, these mixtures are prepared 
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from halide salts (e.g., quaternary ammonium salts - Quats) or hydrogen 
bond acceptors (HBA) with compounds that can donate hydrogen bonds 
(HBD), such as urea, acids, or amines [2]. The interaction of HBDs with 
quaternary ammonium salts (HBAs) occurs through charge delocaliza
tion between HBD and halide ions, which leads to a decrease in the 
melting point and forms a DES [8].

One of the most studied HBAs is choline chloride (ChCl - 2-hydrox
yethyl-trimethylammonium chloride), a naturally occurring and 
bifunctional compound that contains both quaternary ammonium and 
hydroxyl moieties. Despite this structure offering many advantages as a 
DES former, one limitation concerns the hydroxyl group, particularly 
when the chosen HBD is a carboxylic acid. The esterification product 
was recently observed, albeit in small amounts (7% for ChCl:oxalic acid; 
19% for CHCl:malic acid), after heating the mixture at 80 ◦C [9]. Flo
rindo et al. [10] have also reported this behavior when preparing this 
DES at 100 ◦C. Among Quats, benzalkonium chloride (BC), a mixture of 
alkyl, benzyl, and dimethyl ammonium chlorides [C6H5CH2N(CH3)2R] 
Cl, with an octyl chain (C8H17) as the main constituent, does not contain 
a hydroxyl group in its chain, which minimizes the formation of 
byproducts. BC belongs to the cationic surfactants with antimicrobial 
activity against a variety of bacteria, fungi, and yeasts, and is also used 
in the chemical products industry, including disinfectants, biocides, 
detergents, anti-electrostatic agents, and phase-transfer catalysts 
[11,12].

In the case of HBD, citric acid, oxalic acid, and glycerol are among 
the most attractive hydrogen-bond donors for the preparation of deep 
eutectic solvents due to their low toxicity, biodegradability, low cost, 
and renewable origin. These compounds make citric acid-, oxalic acid-, 
and glycerol-based DES promising green solvents for extraction pro
cesses, biomass processing, catalysis, and organic synthesis [13,14].

Usually, DES can be prepared relatively simply [3,12] using various 
methods [3,12], employing either conventional or non-conventional 
techniques. The most commonly used method involves heating and 
stirring the components of the DES, without adding solvent, until a 
homogeneous liquid is obtained. Other methods for DES preparation 
include vacuum evaporation, freeze-drying, and grinding. However, the 
previously mentioned methods have some limitations, including diffi
culty in scaling up, which significantly limits contact between the 
starting materials, and difficulty forming hydrogen bonds. In addition, 
conventional methods require a longer formation time to obtain the 
solvent due to non-uniform conduction heating [15]. Although these 
methods have been extensively and effectively employed for DES syn
theses, few works have concerned investigating other heating sources 
[16–18]. In this context, we highlight the use of microwave irradiation 
as a promising technique to be investigated, as it has demonstrated 
several advantages, including higher product yields and milder and 
shorter reaction times [9,19]. The heating process with MW is through 
the dielectric mechanism, which may involve dipolar polarization and 
ionic conduction. However, this process depends on the ability of the 
chemical compounds to absorb microwave energy and turn it into heat, 
and consequently, results in bulk heating [19]. Thus, the intrinsic po
larity and ionic character of HBAs and HBDs are fundamental to the MW 
dielectric heating response [9].

From a molecular perspective, the structural organization of DES is 
governed by complex intermolecular interactions, primarily hydrogen 
bonding, electrostatic forces, and dispersion interactions. Recent studies 
have combined experimental infrared (IR) spectroscopy with theoretical 
approaches to identify the main intermolecular interactions in DES, 
particularly by comparing spectral shifts relative to the pure compo
nents, thereby elucidating their structural arrangement [20–22]. These 
analyses reveal that DES formation leads to significant perturbations in 
vibrational modes, reflecting strong interactions between HBA and HBD. 
In particular, the role of the anion (HBA counterion, e.g., Cl− ) present in 
the DES system is fundamental for understanding its physicochemical 
properties. In this sense, Density Functional Theory (DFT) calculations 
have emerged as a powerful tool to describe these interactions at the 

molecular level. Through optimized geometries, interaction energy 
calculations, and analysis of electronic properties (such as charge dis
tribution, frontier molecular orbitals, and electrostatic potential maps), 
DFT provides detailed insights into the strength and nature of HBA-HBD 
interactions, as well as the role of the anion in stabilizing the supra
molecular structure [21].

Considering the growing interest in developing sustainable solvent 
systems aligned with the principles of Green Chemistry, this work re
ports the microwave-assisted synthesis of benzalkonium chloride-based 
deep eutectic solvents (DES) using different hydrogen bond donors 
(citric acid, oxalic acid, and glycerol). Despite the growing number of 
studies on DES, investigations of systems derived from benzalkonium 
salts remain scarce, particularly regarding their rheological behavior. In 
this context, the present study provides a comprehensive evaluation of 
the flow properties of these systems, contributing to a better under
standing of their macroscopic behavior. Furthermore, computational 
investigations based on Density Functional Theory (DFT) were 
employed to elucidate the intermolecular interactions and structural 
organization within the DES network. Together, these results contribute 
to expanding the knowledge of benzalkonium-based DES and provide 
insights that may support the rational design of new functional solvent 
systems.

2. Experimental

2.1. Chemicals

Citric acid monohydrate (Vetec), oxalic acid dihydrate (Vetec, 
99.5–102.5%), benzalkonium chloride (Sigma Aldrich ≥95%), and 
glycerol (Neon ≥97%) were dried under vacuum before use. All re
actants were kept in a desiccator to avoid moisture absorption. The 
molecular structures of the HBA and HBDs used in the DES synthesis are 
shown in Fig. 1.

2.2. Preparation of deep eutectic solvents (DES) under conventional 
heating

The preparation of deep eutectic solvents (DES) was performed 
similarly to Qin et al. [23] by mixing the quaternary ammonium salt 
(benzalkonium chloride - BC) and the hydrogen bond donor (oxalic acid 
- OA, citric acid - CA, or glycerol - G) previously dried, in a 1:1 M ratio. 
The mixture of components was stirred continuously at 100 ◦C for 2 h 
until a homogeneous, viscous liquid was formed. Subsequently, they 
were placed under vacuum to remove moisture and stored in a desic
cator containing anhydrous calcium chloride and silica gel before 
characterization.

2.3. Preparation of deep eutectic solvents (DES) under microwave 
irradiation

The preparation of deep eutectic solvents (DES) was performed by 
mixing the quaternary ammonium salt (benzalkonium chloride – BC) 
and the hydrogen bond donor (oxalic acid - OA, citric acid - CA, or 
glycerol - G) previously dried, in a 1:1 M ratio, in a sealed quartz tube 
(microwave-specific vessel). The mixture was irradiated at 80 ◦C for 1–2 
min, under constant cooling. The ramp time was approximately 1 min. 
All three synthesized DES remained liquid after about 24 h at room 
temperature; no further purification steps were needed. Subsequently, 
they were placed under vacuum to remove moisture and stored in a 
desiccator containing anhydrous calcium chloride and silica gel before 
the characterization.

2.4. NMR spectroscopy

1H and 13C nuclear magnetic resonance (NMR) spectra were recor
ded on a Bruker Avance II 400 (1H at 400 MHz and 13C at 100 MHz) at 
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room temperature in 5 mm sample tubes in deuterated chloroform/ 
tetramethylsilane (CDCl3/TMS) solutions (digital resolution ±0.01 
ppm).

2.5. Attenuated total reflectance-fourier transform infrared spectroscopy 
analysis (ATR-FTIR)

The infrared spectra of the DES synthesized by the different methods, 
as well as those of the initial materials, were obtained using an Agilent 
Cary 630 FTIR spectrometer operated in attenuated total reflectance 
mode (ATR-FTIR) in the wavenumber region between 4000 and 400 
cm− 1, with a resolution of 4 cm− 1. Each sample was scanned 8 times, 
and the data obtained was analyzed using the IR resolution software.

2.6. Microwave irradiation (MW)

Reactions requiring microwave irradiation were performed in a mi
crowave reactor model system (Discover CEM benchmate), with tem
perature monitored by a built-in infrared sensor in simultaneous-cooling 
mode.

2.7. Thermophysical properties

DSC (Differential Scanning Calorimetry, TA Instrument Model DSC 
Q20) and TGA (Thermogravimetric Analysis, TA Instruments Model 
TGA Q50) were used to measure the thermal properties of the prepared 
eutectic mixtures.

2.7.1. Differential scanning calorimetry (DSC) analysis
DES thermal behavior was performed using sealed aluminum pans, 

at a rate of 5 ◦C/min, from − 80 ◦C until the degradation temperature of 
each mixture, under nitrogen flow (50 mL/min). The amount of sample 
in each measurement ranged from 10 to 15 mg.

2.7.2. Thermogravimetric analysis (TGA)
Thermal decomposition analyses of the DES synthesized, as well as 

the starting materials, were performed using Pt pans, at a rate of 10 ◦C/ 
min, from 25 to 300 ◦C under nitrogen flow (40 mL/min). The amount of 
sample in each measurement ranged from 10 to 15 mg.

2.8. Physicochemical characterization

The density was measured at 25 ◦C by weighing the DES after filling a 
1 mL volumetric flask up to the calibrated mark. The density was 
calculated as follows: r = m/V (where m was the weight (g) of the DES in 
the volumetric flask and V was the volume of the DES (mL). The 
refractive index was measured using a digital portable refractometer 
(Hanna Instruments, model HI96801, 0–85%Brix), calibrated with 
distilled water (nD = 1.33). The ionic conductivity of pure DES was 
measured in a Mod. LUCA-150 MC (cell constant K = 1, working range: 
0 to 200,000 mS/cm), with a platinum sensor, and equipped with an 
individual stainless steel temperature sensor. BC-based DES solubility 
was measured in different solvents (i.e., water, DMSO, acetonitrile, 

methanol, ethanol, acetone, dichloromethane, ethyl acetate, chloro
form, diethyl ether, toluene, benzene, and hexane). The mixtures were 
added to test tubes, vortexed at 25 ◦C, and the solubility was determined 
by observing the separation of the DES and the organic solvent, 
following a protocol adapted from that described by Shafie et al. [24].

2.9. Rheological measurements

The experiments were performed at 25 ± 0.1 ◦C using a rheometer 
MCR302e (Anton Paar, Australia) equipped with a cone-and-plate ge
ometry PP25 (1◦ cone angle, 25 mm of diameter), based on [25]. Prior to 
testing, the samples were allowed to equilibrate on the geometry for 5 
min to ensure thermal and structural stability. The apparent viscosity 
and shear stress were recorded as functions of shear rate for each DES 
individually. All the samples were analyzed in triplicate.

2.10. Computational section

2.10.1. Theoretical methods of hydrogen bond analysis
There are many approaches to exploring hydrogen bonds in molec

ular systems. We selected four theoretical models to investigate our DES 
systems: the Noncovalent Interaction (NCI) method [26], Quantum 
Theory of Atoms in Molecules (QTAIM) [27,28], local [29–31], and the 
Overlap Model (OP/TOP) [32,33]. The first approach enables qualita
tive characterization of intermolecular interactions by analyzing the 
reduced density gradient (RDG) in regions of low electronic density. The 
sign(λ2)ρ parameter, as defined in [26], is used to classify NCI regions as 
strong attractive, van der Waals, or strong repulsive interactions. QTAIM 
analysis is based on a topological exploration of the electronic density of 
the molecule, identifying critical points where the gradient of the elec
tron density (Δρ) is zero. The nature of intermolecular interactions can 
be investigated via descriptors calculated at bond critical points (BCPs), 
typically localized between interacting atoms. Following the Cremer- 
Kraka [34] criterion, more negative values of the total energy density 
(HBCP) at the BCP can be used to identify the covalent character of an 
intermolecular interaction.

Local vibrational mode theory offers an ingenious way to access the 
information encoded in the vibrational analysis of molecular systems. 
Konkoli and Cremer [29] introduced a theoretical formalism that allows 
the decomposition of normal vibrational modes into local vibrational 
modes, yielding local force constants that can be directly associated with 
bond strengths or with angle and dihedral displacements. Thus, this 
theory has been applied to study the strength of hydrogen bonds in a 
wide variety of molecular systems [35–38]. Finally, the OP/TOP 
approach performs a decomposition of molecular density into two- 
center contributions associated with a pair of bonded atoms, referred 
to as the overlap density (ρOP) [33]. This portion of the electron density 
has been used as a quantitative index of the orbital overlap. The model 
was initially developed to describe the chemical environment of 
lanthanide ions in complexes [39,40] and was later reformulated 
[41,42] to study chemical bonds and intermolecular interactions in 
molecular systems. As demonstrated in previous studies [43,44], over
lap density descriptors are useful tools for quantifying orbital overlap 

Fig. 1. HBA and HBDs structures used in the benzalkonium-DES synthesis.
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interactions present in hydrogen bonds.

2.10.2. Computational procedure
We performed a supramolecular analysis of the BC:CA, BC:OA, and 

BC:G systems by constructing clusters of six DES units to account for 
cooperative intermolecular effects. The choice of six DES units was 
based on a trade-off between experimental data agreement and 
computational resource requirements. Full geometry optimizations were 
carried out at the extended tight-binding level, as implemented in ORCA 
6 [45], using the GFN2-xTB [46] method, followed by harmonic vibra
tional frequency calculations to confirm the nature of the stationary 
points and to obtain infrared vibrational spectra. All optimized struc
tures were characterized as true minima by the absence of imaginary 
frequencies (supplementary material). NCI analysis was subsequently 
applied using the NCIPLOT4 [47] software to identify and characterize 
intermolecular interactions within the clusters. The analysis was per
formed using the promolecular density approximation [48], which is 
suitable for large systems.

From the optimized clusters, intermolecular bond distances of the 
OH• • •Cl and CH• • •Cl interactions were extracted for each DES unit, 
and average values were computed. The unit presenting the smallest 
deviation from these average geometric parameters was selected as the 
representative structure for subsequent electronic analyses. Single-point 
calculations were then performed on the selected fragment at the 
ωB97X-D3/def2-TZVP [49,50], level of theory, as implemented in ORCA 
6 [45], employing tight SCF convergence criteria and the RIJCOSX [51]
approximation. The OH• • •Cl and CH• • •Cl intermolecular in
teractions were analyzed using the QTAIM, LVM, and OP/TOP models. 
Topological descriptors were calculated from the wavefunction using 
Multiwfn [52] while OP/TOP and LVM descriptors were computed using 
ChemBOS [53] and LModeA [54] respectively.

3. Results and discussion

3.1. Preparation of DES

The three benzalkonium-based DES were prepared using two 
methods: conventional heating (oil bath) and microwave irradiation. 
The first method, based on conventional heating, involved mixing equal 
amounts of HBA and HBD (Fig. 1), followed by continuous stirring at 
100 ◦C for 2 h until a homogeneous and viscous liquid was formed. All 
eutectic mixtures remained liquid without any precipitates at ambient 
temperature, even after a month in a desiccator.

The microwave-assisted method has also been shown to be a valu
able alternative to investigate, as it can reduce reaction time, an 
important principle of green chemistry, particularly due to the DES 
components, which are effective microwave absorbers. Thus, we 
decided to examine DES synthesis under microwave irradiation, 
considering that intrinsic polarity and ionic behavior are the two main 
solvent properties responsible for the MW dielectric heating [9]. For the 
DES based on citric acid [BC:CA], 2 min were required for the mixture to 
become a liquid, whereas the DES containing glycerol and oxalic acid as 
HBDs required only 1 min of irradiation at 80 ◦C with constant stirring. 
These results corroborate the previous findings of Gonzalez et al. [55], 
which also reported a decrease in preparation time for sugar/organic 
acid DES systems. On the other hand, evaluating the DES thermal sta
bility at higher temperatures is mandatory to verify the starting mate
rials and the DES integrity under microwave irradiation. Thus, the 
temperature was increased to 100 ◦C, during 1 min of irradiation; 
however, a dark solution was obtained, indicating DES decomposition. 
These results are consistent with the observed data reported by 
González-Rivera et al. [9].

The appearance of the eutectic solvents based on organic acids is 
very viscous liquids, at room temperature, since their formation occurs 
due to strong hydrogen bonding of the precursors, along with intermo
lecular interactions involving Van der Waals and electrostatic forces. 

Indeed, determining physicochemical parameters is crucial for under
standing their flow behavior, especially when used as solvents in organic 
synthesis protocols (Table 1).

3.2. Physicochemical properties

3.2.1. Density
Density plays a fundamental role in the design and selection of deep 

eutectic solvents (DES), as it offers valuable insights into the internal 
interactions and structural organization of these complex mixtures. In 
this study, the density of benzalkonium-based DES ranges from 1.01 to 
1.22 g.mL− 1 (Table 2), which is higher than that of its individual com
ponents. This behavior is due to the formation of extensive hydrogen 
bonding networks, which reduce the average free volume between 
molecules. This behavior is often explained by the hole theory, where 
the mixing of hydrogen bond donors (HBDs) and acceptors (HBAs) leads 
to a more compact molecular arrangement, resulting in a denser liquid 
phase [56]. Thus, the greater the number of hydroxyl groups in the HBD, 
the more hydrogen bonding can occur, thereby reducing the molar free 
volume of the DES system and resulting in higher DES density [57,58]. 
In addition, several factors, including the nature and molar ratio of 
components, temperature, and the presence of water, also influence the 
density of a DES [24].

3.2.2. Refractive index
The refractive index (RI), nD, is a crucial physical property of ma

terials, such as solvents, and consists of the measurement of the propa
gation of light through a given sample. This measurement can provide 
valuable insights into the purity of the material. In this study, all the 
obtained DES exhibited higher values than water (1.33), with nD 
ranging from 1.489 to 1.502. The obtained data can be compared with 
those reported by Bakht et al. (2016) for DES systems with a BC core and 
urea as the HBD, which ranged from 1.4466 to 1.457 [21]. The refrac
tive index is also related to the electronic polarizability of the medium 
[7]. Hence, the DES with a BC has a higher refractive index because the 
aromatic ring is highly polarizable.

3.2.3. Ionic conductivity
Ionic conductivity refers to the ability of a material to transport ions, 

effectively measuring how readily it allows the flow of electric current 
via the movement of charged species. DES systems can be used as a 
component of electrolytes; therefore, ionic conductivity is essential for 
applications in electrochemistry and industrial development [59] The 
conductivities of the BC-based DES values varied between 1.45 mS.cm− 1 

and 700.60 mS.cm− 1 (Table 2). DES based on dicarboxylic acids (BC: 
OA) exhibited higher conductivity than those based on other simple 
carboxylic acids, as previously observed by Abbott et al. [7]. On the 
other hand, low ionic conductivity (generally less than 2 mS.cm− 1) is 
expected for highly viscous eutectic solvents, as we observed for BC:CA. 
This result is in accordance with the case of ChCl:CA (1:1), where the 
conductivity was recorded to be 1.82 mS.cm− 1 at room temperature 
[60].

3.2.4. Solubility
Another essential property of the DES characterization is its misci

bility with organic solvents and water, which contributes to its appli
cation in several fields, especially in organic synthesis. The unique 

Table 1 
– Acronym, molecular ratio, molecular weight, and apparency of prepared DES.

Acronym Molar ratio Mol wt. (g/mol) Apparency

[BC:CA] 1:1 596.25 Transparent viscous liquid
[BC:OA] 1:1 445.06 Transparent viscous liquid
[BC:G] 1:1 447.12 Transparent liquid

BC: benzalkonium chloride; CA: citric acid; OA: oxalic acid; G: glycerol.
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feature of DES is the existence of both cationic and anionic components, 
as well as non-ionic species, which enhances its solubility in a wide 
range of solvents. Thus, for these tests, we selected a series of solvents 
with varying polarities (nonpolar, polar, and intermediate), as presented 
in Table 3.

All synthesized DES exhibited good miscibility with polar organic 
solvents and consequently had higher dielectric constants. This behavior 
can be attributed to the dielectric constant, which is directly related to 
the solvent's ability to stabilize and separate charges, a property strongly 
influenced by the electronic organization and polarizability of the 
molecules [61]. In contrast, for the organic solvents, with lower 
dielectric constants, typically nonpolar or of low polarity, the DES 
demonstrated low or no solubility, indicating limited compatibility with 
less polar media (Table 3). The results indicate that these DES have a 
hydrophilic character due to the high polarity of the HBDs, citric and 
oxalic acids, and hygroscopic behavior due to benzalkonium chloride 
[3].

3.3. Thermal stability of benzalkonium-based DES

3.3.1. Thermogravimetric analysis (TGA)
Understanding the thermal profile of DES is fundamental, as its use is 

similar to that of classical solvents and requires heating for various ap
plications, including biocatalysis, organic reactions, biomass processing, 
natural products extractions, and others. However, unlike molecular 
solvents, which are usually single-use, DES can be reused multiple times 
without degradation. Thus, the study of thermal degradation provides 
essential information on thermal stability and the maximum operating 
temperatures for use in chemical and physical processes without weight 
loss, ensuring that heat transfer does not compromise functionality [62].

The thermal stability of the DES was investigated by TGA and dif
ferential thermogravimetric (DTG) analysis up to 300 ◦C, and the ther
mogram curves are shown in Fig. 2. The analysis of the thermogram 
curves was based on three parameters: (a) the initial decomposition 
temperature, at which DES exhibits a significant weight loss of 5–10%; 
(b) the onset temperature of sample thermal degradation (Tonset), which 
determines the operative temperature range in which the samples can be 
used without decomposing, and (c) the Td (temperature of maximum 

degradation rate), identified as the temperature corresponding to the 
peak maximum in the derivative curve (DTG) [63] (Table 4). (See 
Table 5.)

The data obtained demonstrate that the observed degradation re
flects an initial loss of varying amounts of water that was absorbed 
during DES handling or sample preparation, due to the strong hygro
scopic character of the components. Deep eutectic solvents (DES) remain 
in the liquid state without undergoing any degradation up to their initial 
decomposition temperature [67]. These properties are intrinsic to the 
material and can be observed even at elevated temperatures. DES [BC:G] 
and [BC:OA] exhibited a single-stage thermal decomposition at 198 ◦C 
and 199 ◦C, respectively. On the other hand, in DES [BC:CA], the ther
mal decomposition pattern was observed to occur in two successive 
stages at 201 ◦C and 282 ◦C. This behavior can be explained by the 
presence of clusters with slightly different thermal stability, highlighting 
the complex nature of these compounds [68].

The deep eutectic solvent synthesized with oxalic acid as the 
hydrogen-bond donor (HBD) exhibited the lowest thermal stability 
among the DES studied. This result was expected, considering that the 
thermal stability of DES is directly related to the number and strength of 
possible intermolecular interactions. In this context, citric acid, due to 
its greater capacity to form hydrogen bonds, resulted in the DES with the 
highest observed thermal stability.

Thermal degradation of deep eutectic solvents (DES) has been widely 
reported and is closely related to the nature of the hydrogen bond donor 
(HBD) and the HBA:HBD molar ratio, as these parameters determine the 
strength and distribution of intermolecular hydrogen-bonding in
teractions within the system [68]. The temperatures of the mass loss for 
pure HBD decreased in the following order: CA > G > OA, in agreement 
with the decomposition temperature of pure HBDs (Table 4). They are 
shifted to lower temperatures when HBDs are in DES, maintaining the 
same relative order. All DES investigated in this work have the same 
HBA (BC). The thermal decomposition of pure BC showed a single, sharp 
mass loss of about 96% in the temperature of 171 ◦C, with a Td = 218 ◦C, 
which resulted in a slightly lower temperature when BC was in the DES 
systems.

3.3.2. Differential scanning calorimetry
DSC analysis allows us to determine the endothermic and exothermic 

thermal events of the DES and identify the glass transition temperatures 
(Tg) of the synthesized solvents. The results show that all DES presented 
glass transition temperatures (Tg) ranging from − 40.22 to − 67.6 ◦C, 
indicating the presence of an amorphous region with a high degree of 
disorder that may hinder solvent solubilization.

For DES [BC:CA], only Tg was identified; therefore, it does not 
exhibit crystallinity events and possesses high mechanical and thermal 
strength. The others, in addition to presenting Tg, also had melting 
temperatures (Tm), indicating that they are semicrystalline materials. 
For the DES [BC:OA], two distinct melting transitions (Tm) were 
observed, occurring at − 11.01 ◦C and 45.02 ◦C, respectively. On the 
other hand, the DES [BC:G] exhibited a single Tm at − 16.66 ◦C. These 
results confirm that deep eutectic solvents are formed by the combina
tion of two components through self-association via hydrogen bonding. 
This interaction typically results in a new mixture with a freezing point 
significantly lower than that of its individual components.

3.4. Rheology

The rheological characterization of the synthesized benzalkonium- 
based deep eutectic solvents (DES) was performed to elucidate the 
relationship between their macromolecular flow properties and the 
underlying hydrogen-bonding network, as depicted in Fig. 3.

The apparent viscosity measurements, performed at 25 ◦C, revealed a 
distinct order of viscosity among the DES systems: [BC:CA] > [BC:OA] 
> [BC:G] (39.31, 37.94, 0.725 Pa, respectively), which is in high 
agreement with the experimental density data (1.22 > 1.07 > 1.01 g 

Table 2 
– Density (r), refractive index (nD), and electrical conductivity (κ) data of syn
thesized DES, obtained at 25 ◦C.

Entry DES r (g.mL− 1) nD κ (mS.cm− 1)

1 [BC:CA] 1.22 1.489 1.45
2 [BC:OA] 1.07 1.500 700.60
3 [BC:G] 1.01 1.502 109.60

Water density as reference value: 0.998 (g.mL− 1) at 25 ◦C.

Table 3 - DES 
miscibility in different solvents.

Solvent Dielectric 
constant

BC: 
CA

BC: 
OA

BC: 
G

Polar Water 78.54 m m m
DMSO 47.00 m m m
Acetonitrile 36.64 m m m
Methanol 32.60 m m m
Ethanol 24.60 m m m
Acetone 21.01 m m m

Intermediate Dichloromethane 9.08 m m m
Ethyl Acetate 6.02 m m m
Chloroform 4.81 m m m
Diethyl Ether 4.26 m m m

Nonpolar Toluene 2.38 nm nm nm
Benzene 2.28 pm pm pm
Hexane 1.89 nm nm nm

m = miscible; nm = non miscible; pm = partial miscible.
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cm− 3) and the enhanced thermal stability observed for the citric acid- 
based DES. This indicates that the viscosity is highly dependent on the 

nature of the constituting components, specifically the hydrogen bond 
donor (HBD) [69,70].

The [BC:G] system exhibited a predominantly Newtonian behavior 
within the investigated shear rate range (1–100 s− 1). In this regime, the 
viscosity remained independent of the shear rate, suggesting a relatively 
fluid supramolecular arrangement with reduced internal friction. 
Conversely, the organic acid-based systems [BC:CA] and [BC:OA] 
exhibited pronounced pseudoplastic (shear-thinning) behavior. For 
these systems, a significant reduction in apparent viscosity was observed 
as the shear rate increased. This phenomenon is typically attributed to 
the progressive disruption or alignment of the extensive intermolecular 
interaction networks under mechanical stress [67,71].

In fact, the possibility of controlling the properties of a DES for a 
given application type depends directly on its constituents.

Fig. 2. TGA and DTG analysis for the three DES systems: [BC:CA] (blue line), [BC:OA] (red line), and [BC:G] (green line). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

Table 4 
- Thermal properties obtained from TGA data for the DES under study, namely, degradation temperature (Td).

HBA HBD DES

T(5%)/Tonset (◦C) Td (◦C) T(5%)/Tonset (◦C) Td (◦C) T(5%)/Tonset (◦C) Td (◦C)

BC:CA 111/171 218 73.7/201 249 109.5 201/282
BC:OA 111/171 218 90/164 113/203 109.3 199
BC:G 111/171 218 96/176 244 71.6 198

Table 5 
Thermal properties obtained from DSC data for the DES under study, namely, the 
temperature of glass transition (Tg), freezing and melt temperature (Tfreezing and 
Tmelt) obtained in the last DSC cycle.

DES Tg / ◦C Tfreezing / ◦C Tmelt / ◦C Ref

OA – 34 190 [7,64]
CA – 69 149 [7,64]
Gly – – 17.8 [64,65]
BC – -1 – [66]
BC:OA − 40.22 − 25.12/− 5.31 − 11.01/45.02 This work
BC:CA − 67.60 – – This work
BC:G − 45.55 − 24.88 − 16.66 This work

Fig. 3. (a) log-log representation of the apparent viscosity vs shear rate of the DES systems and (b) log-log representation of the shear stress variation as a function of 
applied shear rate for the studied DES systems.
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3.5. Infrared spectroscopy

FTIR analysis is a widely used technique for identifying the charac
teristic absorption bands associated with functional groups and chemi
cal bonds present in synthesized benzalkonium-based DES. Moreover, it 
provides valuable evidence of the hydrogen-bonding interactions 
established between the components, which are essential for deep 
eutectic solvent formation. For the DES BC:OA, e.g., the broad ν(O–H) 

stretching band shifted from 3477 to 3422 cm− 1 in the pure components 
to 3426 cm− 1 in the DES and became noticeably broader, indicating the 
establishment of stronger intermolecular hydrogen bonds. In contrast, 
the aliphatic C–H stretching bands of BC showed only minor shifts 
(2922/2854 to 2926/2855 cm− 1), suggesting that the hydrophobic do
mains remained largely unaffected. More significant changes were 
observed in the carbonyl region, where the bands at 1682 cm− 1 (OA) 
and 1648 cm− 1 (BC) were shifted to 1746 and 1736 cm− 1, respectively, 

Fig. 4. Experimental and theoretical infrared spectra.
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in the DES, reflecting changes in the electronic environment of the 
carbonyl groups due to intermolecular interactions. Additionally, the 
ν(C–O) and ν(C–O–C) stretching bands underwent noticeable shifts, 
with the BC band at 1220 cm− 1 moving to approximately 1200 cm− 1 and 
the OA bands at 1234 and 1131 cm− 1 reorganizing into new absorptions 
at 1265 and 1200 cm− 1. These spectral changes confirm the involvement 
of oxygen-containing functional groups in the hydrogen-bond network 
responsible for DES formation (See supplementary material S16-S18).

After the IR experimental characterization, the obtained data were 
compared with the theoretical IR data. Fig. 4 depicts the experimental 
and theoretical infrared spectra (for the isolated molecule and a cluster 
of six molecules) of [BC:CA], [BC:OA], and [BC:G].

Angular frequency measurements vs stretching of hydroxyl and 
carboxyl groups are present in the range 3600–2600 cm− 1. Citric and 
Oxalic acids have more vibrations in this range since they are di- and 
tricarboxylic acids [72]. Broad and intense bands in this region, attrib
uted to the ν(O–H) stretching vibrations associated with hydrogen bond 
formation, are characteristic features of DES systems.

The shape and width of these bands may also be influenced by the 
presence of moisture, an effect detectable in the experimental FTIR 
spectra. In the theoretical spectra of the isolated monomers, the indi
vidual O–H stretching contributions appear as more defined bands, 
such as 3348 and 3463 cm− 1 for [BC:CA], 3248 and 3357 cm− 1 for [BC: 
OA], and 3462 and 3618 cm− 1 for [BC:G]. In contrast, the cluster models 
display broader absorption ranges, for example, from 3257 to 2518 
cm− 1 in [BC:CA], reflecting the collective effect of intermolecular in
teractions. This broadening indicates the formation of an extended 
hydrogen-bond network and reproduces more closely the behavior 
observed in the experimental spectra.

The carbonyl stretching bands ν(C=O), present in [BC:CA] and [BC: 
OA], are experimentally observed in 1719 and 1719 cm− 1, respectively. 
In the theoretical monomer calculations, these bands appear at higher 
wavenumbers 1859 cm− 1 in [BC:CA] and 1843 cm− 1 in [BC:OA], due to 
the absence of stabilizing intermolecular interactions. The C–O–C 
stretching vibrations appear experimentally at 1177 cm− 1 [BC:CA], 
1185 cm− 1 [BC:OA], and 1042 cm− 1 [BC:G], while theoretical values 
are slightly shifted 1138–1203 cm− 1. The vibrations associated with 
methylene and methyl groups, CH₂/CH₃, appear in the experimental 
spectra at 2922 and 2852 cm− 1 across all systems, whereas theoretical 
calculations predict slightly broader ranges ≈ of 2930 to 3110 cm− 1, 

reflecting the absence of medium effects in the computational model.
Aromatic ring vibrations of the benzalkonium cation are experi

mentally observed between 702 and 727 cm− 1 and theoretically pre
dicted in the range of 641–734 cm− 1. Overall, good qualitative 
agreement is observed between the experimental and theoretical 
spectra. While many studies [73–76] have calculated infrared spectra 
for a single isolated DES unit, herein, we evaluated both isolated and 
cluster models, demonstrating that the theoretical infrared spectra are 
improved when considering more than one interacting DES molecule. 
The main vibrational assignments and corresponding wavenumbers are 
summarized in the supplementary material.

3.5.1. Hydrogen bond analysis
As previously mentioned, a single isolated molecule does not account 

for all intermolecular interactions in the DES, and it is crucial to perform 
a general analysis before any local analysis. Therefore, we employed the 
NCI method to identify the weak interactions in the studied clusters 
([BC:CA], [BC:OA], and [BC:G]), and the results are illustrated in Fig. 5.

Figs. 5a–c show green isosurfaces at the contact regions between the 
carbon chains of the DES molecules, corresponding to van der Waals 
interactions [79]. Also, blue isosurfaces at the OH⋅⋅⋅Cl contacts and red 
isosurfaces within the aromatic rings of the BC molecule indicate strong 
attractive hydrogen bonds and strong repulsive interactions, respec
tively [79].

Figs. 5d–f depict the RDG vs sign(λ2)ρ plots for the studied systems, 
showing a broader van der Waals region for [BC:CA] (Fig. 4d) than for 
[BC:OA] and [BC:G]. This result corroborates experimental observations 
showing that van der Waals interactions within [BC:CA] directly affect 
its density and viscosity. The relationship between viscosity and van der 
Waals interactions in DES is well-established in the literature [73,80,81] 
Additionally, the RDG plots of [BC:CA] (Fig. 5d) and [BC:OA] (Fig. 5e) 
exhibit attractive interaction peaks at − 0.06 a.u. In contrast, the [BC:G] 
system (Fig. 5f) exhibits blue peaks at − 0.05 a.u., indicating that its 
hydrogen bonds are weaker than those in the [BC:CA] and [BC:OA] 
systems.

The hydrogen bonds within the clusters were also investigated using 
the LVM theory [82]. Fig. 6 displays the stretching force constants of two 
key hydrogen bonds in the DES: OH• • •Cl and CH• • •Cl interactions.

Fig. 6 demonstrates that the OH• • •Cl interactions in the [BC:CA] 
cluster are stronger than the other two clusters, showing values of kₐ 

Fig. 5. NCI isosurfaces for the [BC:CA] (a), [BC:OA] (b), and [BC:G] (c) clusters with a cutoff = 0.3, created using the VMD program [77]. In addition, the RDG vs. 
sign(λ2)ρ plot for the [BC:CA] (d), [BC:OA] (e), and [BC:G] (f) clusters, generated using the NCIWEB [78].
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near 0.30 mdyn•Å− 1. This result agrees with experimental findings that 
[BC:CA] is more thermally stable than [BC:OA] and [BC:G] because of 
its hydrogen bond strength. Additionally, the [BC:OA] (Fig. 6b) and [BC: 
G] (Fig. 6c) present some CH• • •Cl interactions with force constants 
higher than 0.20 mdyn•Å− 1, while all CH• • •Cl interactions in [BC:CA] 
are lower than 0.20 mdyn•Å− 1. These findings highlight the importance 
of cluster analysis, which enables the investigation of all possible con
tacts that the DES molecule can form with neighboring molecules, 
thereby explaining experimental properties directly associated with 
hydrogen bond strength. A similar approach has been employed to study 
the bimodality effect on water clusters [83].

Although physicochemical properties of DES are better reproduced 
using the cluster model, there is no reason to completely avoid the 
isolated molecule model. When analyzing only local interactions, such 
as the OH⋅⋅⋅Cl hydrogen bond, modeling the system with a single 
molecule allows us to improve the level of theory used to describe the 
interaction. Thus, we selected a single DES molecule from each cluster 
and performed geometry optimization, vibrational frequency, and 
hydrogen bond analyses at the ωB97X-D/def2TZVP level of theory, 
using QTAIM and OP/TOP theories. Fig. 7 illustrates the overlap maps 
and descriptors derived from the QTAIM (HBCP) and OP/TOP (Jintra

OP ) 
methods. The complete set of descriptors is available in Table S2 of the 
supporting information.

The overlap maps demonstrate that the OH⋅⋅⋅Cl hydrogen bonds in 
[BC:OA] and [BC:CA] exhibit a higher concentration of overlap density 
than those in [BC:G]. Furthermore, lower values of energy density at the 
bond critical point (HBCP) and high values of intra-overlap Coulomb 
repulsion (Jintra

OP
)

indicate that the OH⋅⋅⋅Cl interaction in [BC:CA] 
(Fig. 7a) is the less electrostatic and electron-rich. However, the [BC:G] 
system features CH⋅⋅⋅Cl interactions with the less electrostatic character 
(lower HBCP) and electron richness (higher Jintra

OP
)
. These findings are 

consistent with the LVM (Fig. 6) and the NCI analysis (Fig. 5), con
firming that [BC:CA] exhibits the strongest, less electrostatic, and most 
electron-rich OH⋅⋅⋅Cl interactions.

Finally, we can observe that Density Functional Theory (DFT) cal
culations support these rheological findings. Reduced Density Gradient 
(RDG) analysis revealed that the [BC:CA] cluster exhibits a significantly 
larger region of van der Waals interactions than the other systems. This 
extensive network of weak cooperative contacts contributes to a higher 
cohesive energy density, manifesting as increased viscosity and density. 
Furthermore, Local Vibrational Mode (LVM) analysis quantified the 
strength of the OH⋅⋅⋅Cl− interactions. The [BC:CA] system exhibited the 

highest force constants, indicating robust and highly directional 
hydrogen bonds that stabilize the supramolecular structure. Interest
ingly, the [BC:G] system showed CH⋅⋅⋅Cl− interactions with a less elec
trostatic character. These results indicate that the high viscosity of [BC: 
CA] arises from a synergistic effect between strong, localized hydrogen 
bonds and an extensive van der Waals interaction surface, whereas the 
fluidity of [BC:G] is governed by a molecular organization that favors 
local ionic stability over global structural rigidity. The synergy between 
OP/TOP, QTAIM, LVM, and NBO descriptors was recently demonstrated 
for covalent and non-covalent interactions in different contexts [43,44]. 
For hydrogen bonds, a direct comparison of overlap density descriptors 
with NBO populations and stabilization energies [43,44] reveals OP/ 
TOP as a complementary, reliable methodology to inspect the nature of 
chemical bonds.

4. Conclusions

In this study, we report the microwave-assisted synthesis of three 
benzalkonium-based deep eutectic solvents (DES). The synthesized DES 
were obtained as highly viscous liquids at room temperature and 
exhibited high solubility in various solvent classes. In addition to the 
well-established advantages of DES as safer and more sustainable sol
vents since they are typically composed of low-toxicity or non-toxic 
components, the microwave-assisted synthetic approach employed 
here contributes to improved energy efficiency and reduced processing 
time.

The combined analysis of TGA, DSC, and miscibility results demon
strates that benzalkonium chloride-based DES exhibits physicochemical 
properties strongly influenced by the nature of the hydrogen bond 
donor. Thermogravimetric curves revealed that the BC:CA system ex
hibits higher thermal stability, followed by BC:OA and BC:G, reflecting 
distinct decomposition profiles attributable to differences in intermo
lecular interactions. These findings are consistent with the DSC data, 
which showed significantly low glass transition temperatures, confirm
ing the formation of eutectic systems with high structural disorder and 
strong interactions between components.

The physicochemical behavior of these systems was well correlated 
with the density functional theory (DFT) calculations and experimental 
viscosity measurements from rheology. This combined theoretical- 
experimental approach provided a deeper understanding of how inter
molecular interactions influence macroscopic properties. Differences in 
interaction patterns, particularly involving OH⋅⋅⋅Cl and CH⋅⋅⋅Cl contacts, 

Fig. 6. Local force constants (kₐ) for OH• • •Cl (purple) and CH• • •Cl (blue) interactions in the [BC:CA] (a), [BC:OA] (b), and [BC:G] (c) clusters. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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were shown to directly affect structural arrangement and fluidity, 
emphasizing how subtle variations in hydrogen-bond donors can 
modulate the overall behavior of DES. These findings contribute to a 
deeper understanding of structure–property relationships and support 
the rational design of DES for advanced applications in green chemistry 
and solvent engineering.
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