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The simplicity and versatility of natural deep eutectic solvents (NADES), together with a wide range of potential 
applications, make them great candidates to fight the lack of sustainability and circularity in large-scale industrial 
chemistry. Among the most prominent applications of NADES, extraction of phenolic compounds (PC) from 
natural sources remains one of the most attractive ones, due to the high commercial value of both, solvent 
and solute. In the present study, an in-depth analysis of the underlying mechanisms of extraction in NADES-PC 
systems is performed via quantification of the spin-spin interactions using 2D NMR experiments. The structure 
of the hydrogen bond donor, acceptor-to-donor molecular ratio, or number and distribution of the hydroxyl 
groups are determined as key components governing the solubility of PC in NADES. Moreover, our results reveal 
how studying the solvent hydrogen bond network formation between the NADES acceptor and donors can be 
easily translatable into understanding the solvation patterns and predicting the solubility efficiency of PC at low 
concentrations, below the level of direct detection.

1. Introduction

Non-aqueous solvents, such as ionic liquids (IL) and deep eutectic 
solvents (DES), have quickly become irreplaceable in biotechnology re
search and development, serving as alternatives to organic reaction, 
biocatalysis, or separation media [1,2]. Their possible application ar
eas are currently expanding to the use of natural deep eutectic solvents 
(NADES) for the extraction of bioactive compounds [3,4] or greenhouse 
gases [5]. NADES are particularly efficient for this due to their high bio
compatibility, dissolution capacity, selectivity, and stability [6].

The attractive properties of NADES originate from the characteristic 
two- or three-component formulations, where the hydrogen bond ac
ceptor (HBA) and donor (HBD) molecules form an extensive hydrogen 
bond (HB) network [7,8]. Due to a high number of possible HBA (e.g. 
quaternary ammonium salts or metal halides) and HBD (e.g. polyols, 
carboxylic acids, or sugars) combinations, the physicochemical proper
ties of DES can be precisely tailored to specific applications, hence their 
frequent description as designer solvents [9]. Furthermore, NADES are 
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formed in one-pot synthesis, using non-toxic substrates of natural origin, 
such as plant-based metabolic products [10,11].

In recent years, the adaptability of NADES for extraction applications 
was confirmed in several studies [12,13]. These works were driven by 
a similar motivation: to obtain the highest extraction yield for selected 
solvent-solute combinations [14]. The efficiency of the extraction pro
cess is highly dependent on the pair of compounds investigated and on 
its conditions. This dependency is frequently attributed to the specific 
physicochemical properties of the DES, such as the mass transport limi
tations due to the inherent viscosity, or solute molecule(s) [15,16]. Thus, 
it remains difficult to generalize the trends given the high number of 
possible HBA, HBD, and solute combinations or the wide diversity of 
applied extraction conditions available in the literature.

The application of NADES as extraction media needs to be evalu
ated on a case-to-case basis. The current state-of-the-art mainly com
prises empirical work, where solvents, matrices, and targeted extracts 
are systematically tested with different experimental protocols. For ex
ample, Ozturk and colleagues reported a high dependence of the yields 
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Fig. 1. Structures of four phenolic compounds used in the study: A: caffeic acid 
(CAF); B: p-coumaric acid (COU); C: ferulic acid (FER); D: syringaldehyde (SYR).

on the structure of HBD [17]. The most efficient extraction of com
mon (poly)phenolic compounds (PC) from the orange peel was obtained 
while using NADES consisting of choline chloride (ChCl) and polyols, 
such as glycerol (Gly) or ethylene glycol (EG). In our previous work, we 
tested glyceline and malicine to extract four types of PC from Brewer’s 
spent grain and malt dust [18]. Similar observations were made in [19] 
and [20]. Therein, ChCl:Gly NADES was used in the microwave-assisted 
extraction of PC from Brewer’s spent grain and olive pomace. Studies 
by De Almeida Pontes, Zannou, and colleagues demonstrated the high 
hydrogen-bonding capability of ChCl-based NADES as a basis for strong 
solvent-solute interactions [21--23]. The addition of water was shown to 
modify solvent polarity, while the simultaneous presence of acidic HBD 
increased extraction efficiency.

PC are defined as a class of aromatics with one or more hydroxyl 
(OH) groups bound directly to the aromatic ring [24]. They are often re
sponsible for structural and protective functions in plants, and can be ex
tracted to serve as natural bioactive compounds [23,25]. Furthermore, 
their chemical structure is commonly linked to interesting biological 
properties, such as antioxidative, anti-inflammatory, and antimicrobial 
activity, and typically originates from the ability of PC molecules to re
act with free radicals [26]. Outside of medicine, PC have also found 
applications in the food and textile industries [27,28].

In the present work, we systematically analyze the impact of the PC 
on the NADES HB network using advanced nuclear magnetic resonance 
(NMR) methodology. Two NADES with different HBD and HBA:HBD 
ratios (1:2 ChCl:Gly and 1:1 ChCl:MA (malic acid)) were paired with 
four exemplary PC, including three hydroxycinnamic acids (caffeic acid, 
CAF (A in Fig. 1); p-coumaric acid, COU (B); ferulic acid, FER (C)) and 
a phenolic aldehyde, (syringaldehyde, SYR (D)) to assess whether high 
extraction yields can be explained by changes in the NADES-extract HB 
formation, or by NADES HB rearrangements. Understanding the intra-
and intermolecular solvent-solute interactions is emphasized because it 
remains one of the crucial steps to accelerate sustainable developments 
in industrial chemistry.

2. Materials and methods

2.1. Materials

The natural deep eutectic solvents substrates DL-malic acid (≥99% 
purity, MA), glycerol (≥99%, Gly) and choline chloride (99%, ChCl) 
were purchased from Thermo Fischer Scientific (Waltham, USA). Caf
feic acid (≥99%, CAF), p-coumaric acid (≥99%, COU), and ferulic acid 
(≥98%, FER) were purchased from Thermo Fischer Scientific (Waltham, 
USA). Syringaldehyde (≥98%, SYR) was purchased from TCI Chemicals 
(Tokyo, Japan). All chemicals were dried under vacuum at 60◦C for 48 h 
prior to sample preparation. After purification, they were transported to 
a glovebox under N2 atmosphere, where the NADES were synthesized 
and NMR samples were prepared. Samples containing water were pre
pared outside of the glovebox.

Fig. 2. Solubility of phenolic compounds (PC) in 1:1 ChCl:MA (malicine, red) 
and 1:2 ChCl:Gly (glyceline, blue) natural deep eutectic solvents (NADES), The 
bar chart shows the solubility expressed as miligram of PC per gram of NADES 
(mg/g). CAF: caffeic acid; COU: p-coumaric acid; FER: ferulic acid; SYR: sy
ringaldehyde.

2.2. NADES synthesis

NADES were synthesized using the heat and stir method (for details, 
see [18]). MA and ChCl were mixed with a 1:1 molar ratio to form 
malicine. Gly and ChCl were mixed at 2:1 molar ratio to form glyce
line. Substrates were weighed, combined, and stirred using a magnetic 
stirrer at 70◦C for 3-5 h, under N2 atmosphere. The NADES were left to 
cool down and rest at 25◦C to allow the complete dissolution of solid 
components and dissipation of air bubbles formed during synthesis.

2.3. Mixtures of NADES and phenolic compounds

All mixtures were prepared in 5 mL glass vials, dried at 105◦C, and 
brought to room temperature (RT) in a desiccator. Dried phenolic com
pounds were weighed directly in the glass vials with 0.01 mg precision. 
Next, 2.0 g of NADES was added to each PC under N2 atmosphere with 
a maximum weight deviation of 1%, the vials were capped and trans
ferred to the glovebox. The mixtures were stirred at 70◦C for at least 
24 h until the phenolic compounds were fully dissolved. Finally, they 
were cooled down at RT for 12 h, before further manipulations.

All samples were analyzed using high-pressure liquid chromatogra
phy (HPLC), and phenolic content was determined based on the external 
calibration curve, following the protocol in [18]. All solutions prepared 
using malicine, glyceline, and four phenolic compounds (CAF, COU, FER 
and SYR) are presented in Table S1. In addition, the 1H 1D nuclear mag
netic resonance (NMR) spectra of exemplary samples with the concen
tration range 1.0 M - 2.0 M DES (pure malicine, malicine + 1 mg/g CAF, 
malicine + 12.5 mg/g CAF) in D2O were measured to confirm no occur
rence of thermally induced esterification of the carboxylic acid forming 
the NADES [29]. All NMR measurements were performed at least a week 
after sample preparation, to verify the stability of the ternary solutions. 
The selected samples were remeasured one, two, or three weeks after 
the NMR sample preparation with no observed changes in the obtained 
results. All samples were stored at RT in a dark place. No precipitation 
of PC was observed up to a month after the first NMR measurements.

2.4. Mixtures of NADES, H2O and phenolic compounds

The oversaturated mixtures of NADES, H2O, and PC were prepared 
by adding 200 mg of a dry phenolic compound to 2 mL of glyceline-
or malicine-based binary solution with 25 wt% H2O each. Next, the 
ternary mixtures were stirred for 24 h at 40◦C, after which the remaining 
undissolved phenolic compound was removed by filtration on a mixed 
cellulose ester syringe filter (0.45 μm), to obtain a clear liquid sample. 
Samples were diluted 200-fold with acidified milli-q water (2% formic 
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Fig. 3. Solubility of phenolic compounds (PC) in 1:1 ChCl:MA (malicine, red) 
and 1:2 ChCl:Gly (glyceline, blue) natural deep eutectic solvents (NADES) with 
25 wt% H2O. The bar chart shows the solubility expressed as miligram (mg) of 
PC per gram of NADES. CAF: caffeic acid; COU: p-coumaric acid; FER: ferulic 
acid; SYR: syringaldehyde.

acid). The diluted samples were analyzed using HPLC, and phenolic con
tent was determined based on the external calibration curve, following 
the protocol in [18].

2.5. NMR measurements

All NMR measurements were performed using a JNMR-ECZ 400 s 
spectrometer with a magnetic field of 9.4 T, and dedicated Delta V6.1.0 
software. The data was further Fourier-transformed, and phase- and 
baseline-corrected using MestReNova V14.3.2. software. The NMR la
beling pattern is presented in Fig. S1.

Samples based on 1:2 ChCl:Gly solvent were transported to 5 mm
diameter NMR tubes flushed with N2 gas at RT. Samples based on 1:1 
ChCl:MA were heated to 80◦C using a heating-stirring plate inside of a 
glovebox, and then transported to 5 mm-diameter NMR tubes. All NMR 
samples contained deuterated water capillaries for an external lock and 
reference. The purity of NADES used for sample preparation was con
firmed using 1H NMR.

Standard one-dimensional (1D) single-pulse 1H experiments were ac
quired at RT (1:2 ChCl:Gly DES) or 50◦C (1:1 ChCl:MA DES) with an 
additional 15 min equilibration before the acquisition. 1H-1H Nuclear 
Overhauser Effect Spectroscopy (NOESY) and 1H-1H Rotating Frame 
Nuclear Overhauser Effect (ROESY) two-dimensional (2D) experiments 
were acquired at RT (1:2 ChCl:Gly DES) or 40◦C (1:1 ChCl:MA DES) with 
15 min equilibration time before acquisition. Both, NOESY and ROESY 
experiments were performed using at least four different mixing times 
between 50 ms and 300 ms.

The cross- and diagonal-peak intensities were extracted from the 
NOESY and ROESY measurements, normalized using Eq. (1) [30], where 
I𝐴 and I𝐵 are intensities of the diagonal peaks, and I𝐴𝐵 and I𝐵𝐴 are 
the intensities of corresponding cross peaks, and used to calculate the 
cross-relaxation rates and dipolar couplings from the slope of the NOE 
build-up [31]:

I =
I𝐴𝐵 × I𝐵𝐴

I𝐴 × I𝐵
. (1)

3. Results and discussion

3.1. Solubility of phenolic compounds in pure NADES

The suitability of NADES as efficient extraction media is frequently 
linked to the high adaptability of their HB network to the presence of 
dopants, usually an HBA or secondary HBD [32,33]. Thus, the first step 
to understanding the role of DES-PC HB formation in ternary solutions is 
to assess the overall solubility patterns of PC, depending on the chemical 
structure of both solvent and solute molecules.

As depicted in Fig. 2, pure malicine (red) and glyceline (blue) show 
high solubility of CAF, COU, FER, and SYR. The polyol-based solvent 
dissolves between 50 and 75 mg/g of PC, whereas the carboxylic-based 
solvent reaches a maximum of 25-30 mg/g. The values presented for 
the latter, although lower in comparison with ChCl:Gly NADES, remain 
equal or higher than those known for the most commonly used extrac
tion organic solvents, e.g. methanol or ethanol, 10-20 mg/mL for the 
selected PC [34--36].

Both DES are hydrophilic [37,38], and the presented solubility dif
fers not only between the two solvents but also for the selected PC. 
First, it could be associated with the significantly increased rigidity 
of the solvent network in malicine, originating from the selection of 
a dicarboxylic acid as the HBD, facilitating the dual-site HB network 
formation [39]. As a consequence, this NADES has 1.5-times higher vis
cosity (𝜂𝑚𝑎𝑙𝑖𝑐𝑖𝑛𝑒 = 446 mPa/s, and 𝜂𝑔𝑙𝑦𝑐𝑒𝑙𝑖𝑛𝑒 = 309 mPa/s), even if water 
is added as a secondary HBD [40]. Moreover, the experimental and 
theoretical studies of malicine have revealed the solvent self-clustering 
behavior, leading to the formation of ionic domains comparable to those 
observed in ILs. Adding water and/or quaternary HBD does not dis
turb the solvent network until relatively large quantities of dopants are 
reached [41].

In the case of glyceline, a 50% oversaturation of the HBA with HBD 
in the pure solvent leads to excess OH groups in Gly forming Gly-Gly 
HBs [42]. This effect is comparable with the self-structuring behavior of 
the solvent confirmed in the neat glycerol network [43]. Due to lower 
viscosity, and thus higher mass transfer and overall transport proper
ties [10,44], the overall solvent network in glyceline can adapt to the 
presence of higher quantities of solute molecules. The excess hydroxyl 
groups are also available to form HB with the PC, while the solvent net
work remains preserved.

3.2. Solubility of phenolic compounds in NADES and H2O mixtures

Glyceline, among polyol-based NADES displays higher extraction 
yields than other DES [45]. Its superior efficiency to other eutectic sol
vents is also displayed in Fig. 3, showing solubility of PC in ternary 
solutions consisting of NADES hydrated with 25 wt% H2O, confirmed to 
not disrupt the solvent HB network [31,46]. In malicine-water solutions, 
the solubilities of all PC are unaffected or decreased by a maximum of 
25% when compared to the pure solvent, whereas the solubilities in 
glyceline decreased by 50 mg/g for CAF and COU, or by 35 mg/g for 
FER and SYR. This discrepancy is associated with a significant difference 
in the impact of small quantities of water on the solvent’s HB network. 
The addition of water to malicine has less impact on its physicochemi
cal properties, so the dissolution of PC remains a challenge comparable 
to that in the neat solvent [39]. The viscosity of carboxylic acid-based 
NADES formed using solid-state acids is confirmed to remain insensi
tive to the varying HBA:HBD ratio, the addition of secondary HBD, e.g. 
water, and mildly responsive to high temperatures [47]. It is confirmed 
that water molecules do not form HB with HBA or HBD in malicine, but 
rather aggregate in the existing solvent network. Contrary to that, the 
addition of water to glyceline is known to improve its overall physic
ochemical properties [48]. However, this does not imply a direct con
nection to a better dissolution of PC. Hydration of polyol-based NADES 
changes the polarity of the solvent and therefore the solubility of PC 
could decrease compared to pure DES [10,49].

3.3. Solvent network

During the dissolution of PC in glyceline, 1H 1D NMR measurements 
were performed at RT, at each step of titration to observe changes in 
the resonances assigned to the hydroxyl groups in HBA and HBD. The 
formation of HB bonds in NADES eases the chemical exchange of the cor
responding labile protons [50]. In the NMR spectra, this is represented 
with characteristic peak patterns. These can be observed depending on 
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Fig. 4. 1H 1D NMR spectra acquired at RT in 1:2 ChCl:Gly natural deep eutectic solvent (NADES), titrated with four phenolic compounds (PC). A: caffeic acid (CAF); 
B: p-coumaric acid (COU); C: ferulic acid (FER); D: syringaldehyde (SYR). The asterisks denote the reference peaks. The assignment of all resonances is available in 
Fig. S-2.

the timescale of the process. In NADES, a slow proton exchange is ex
pected due to the presence of an extensive HB network that hinders 
dynamics [51]. In such a scenario, resonances corresponding to all hy
droxyl groups (or hydroxyl and carboxyl groups in malicine) participat
ing in the process are well-resolved and easily distinguishable in the 1H 
NMR spectra, confirming both the close distance between the exchange
able protons and the high rigidity of the solvent network [31].

As presented in Fig. 4 (A: CAF; B: COU; C: FER; and D: SYR), the res
onances corresponding to the three hydroxyl groups in HBA (deshielded, 
C3 in Fig. 5; a fully labeled 1H 1D NMR spectrum is available in Fig. S-2) 
and HBD (shielded, G3 and G4) remain well-resolved in the 1H 1D NMR 
spectrum of the pure solvent (dark green, bottom). This confirms the 
rigid arrangement of the solvent network, in which spontaneous proton 
exchange is expected to occur, however, slowed down to the time scale 
of NMR acquisition [52].

The addition of small quantities of three hydroxycinnamic acids af
fects the 1H 1D NMR spectra of glyceline in a similar manner. The 
changes observed in resonances corresponding to C3, G3, and G4 (Fig. 
S-1 and S-2) indicate a major rearrangement of the solvent network 
occurring at 12.5 mg/g of PC. The inner and outer OH groups in the 
glycerol molecule become more accessible to each other and thus allow 
unrestricted exchange, frequently associated with the breakdown of the 
solvent network and loss of eutectic properties. If the NADES are doped 
with PC and not small molecule dopants, the solvent network becomes 
more rigid. The large size of the PC molecules has an opposite effect on 
the solvent network, and decreases instead of increasing the mobility of 
solvent molecules [32]. These changes, observed in the 1H NMR spectra, 
are coherent with the results of previous analyses performed on 1:2 and 
1:4 ChCl:Gly DES, in which the addition of excess glycerol molecules, 
without the assigned HBD role in the NADES formation, led to similar 
NMR observations [31].

In the presence of CAF and COU (Fig. 4A and B, respectively), 
all OH resonances in Ch+ cation and Gly become indistinguishable at 
12.5 mg/g, suggesting the unrestricted exchange of protons. On the 
other hand, the maximum solubility of CAF and COU in the NADES 
was measured to be 75 mg/g. Thus, the addition of PC causes the re
arrangement of glyceline molecules. This can be seen already at low 
concentrations of the solute, where the PC molecules are located be
tween the aliphatic hydrocarbons. At higher concentrations, the DES 
network accommodates PC molecules without strongly influencing the 
hydroxyl groups.

As can be seen in Fig. 4C, the dissolution of FER in glyceline leads 
to the unrestrained exchange of hydroxyl groups in Ch+ only at the 
maximum PC solubility around 50 mg/g, indicating less impact of the 
FER molecules accommodated between the aliphatic hydrocarbons in 
the HBA and HBD. This is despite the fact that FER has a comparable 
number of OH groups and HBD capacities to COU [53]. Interestingly, 
no unrestricted proton exchange between the solvent hydroxyl groups is 
observed in the presence of SYR (Fig. 4D), even at its maximum dissolu
tion. This implies the promotion of HBA-PC and/or HBD-PC interactions 
that remain below the detection level at low PC concentrations.

The analysis of exchangeable protons dynamics in malicine was not 
performed due to the presence of the dual-site HBD in the malic acid. 
This enhances malic acid-malic acid dimeric interactions [39]. Hence, a 
favorable proton exchange already occurs in the neat solvent (Fig. S2). 
Moreover, the extreme broadening of resonances due to significantly 
slower dynamics [54] only allowed the acquisition of qualitative NMR 
spectra at high temperatures, which are known to influence the proton 
chemical exchange [47].

3.4. Chemical exchange

Although the concentration of the added PC remains below the detec
tion threshold in the presence of proton-rich solvents, which commonly 
yields broad and overlapping resonances in liquids with high viscosity 
[51], their influence on the HB formation between HBA and HBD can 
still be determined using two-dimensional (2D) NMR spectroscopy. To 
confirm the molecular arrangement of the selected PC in glyceline sol
vent network hypothesized based on the 1H 1D NMR spectra, the proton 
exchange rates (k𝑒𝑥 (s−1)) were determined using the 2D NOESY and 
ROESY NMR pulse sequences [55,56].

Due to the systematically progressive peak broadening observed in 
the 1H 1D spectra, the values of k𝑒𝑥 for the hydroxycinnamic acids could 
only be determined in the presence of 1 mg/g of PC (Fig. 5B), and for all 
concentrations in the glyceline-SYR ternary solutions (Fig. 5C) [56]. The 
labeling of the specific proton exchange patterns is presented in Fig. 5A. 
The exchange rates do not present as absolute values coherent for dif
ferent samples, hence the different determined k𝑒𝑥 are best interpreted 
on a case-per-case basis. Their relative magnitudes measured within one 
sample, indicate how certain interactions strengthen or weaken, respec
tively. Theycan also be further used to estimate the distance between 
protons [57].
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Fig. 5. A: Schematic representation of the OH-OH exchange rates k𝑒𝑥 (s−1) presented in B and C. B: The OH-OH k𝑒𝑥 determined for pure 1:2 choline chloride:glycerol 
(glyceline) natural deep eutectic solvent (NADES) and solutions containing phenolic compounds: caffeic acid (CAF); p-coumaric acid (COU); ferulic acid (FER); and 
syringaldehyde (SYR). C: The OH-OH k𝑒𝑥 determined for pure glyceline NADES and solutions containing 1 mg/g, 12.5 mg/g or 25 mg/g of SYR.

Fig. 6. Dipolar couplings (𝜎 s−1) determined in the solutions of 1:2 ChCl:Gly 
(glyceline) natural deep eutectic solvent.

The k𝑒𝑥 values obtained for pure glyceline suggest the strongest in
teractions to occur intra- or intermolecularly, between the inner (G3) 
and outer (G4) OH groups in a glycerol molecule. The Ch+-Gly interac
tions seem to be stronger for G4 than for G3, confirming that only part of 
the hydroxyl groups are present in the solvation of the HBA cation due 
to its 50% oversaturation with HBD. This confirms that the OH groups 
in Gly, which do not participate in the solvation of Ch+, self-cluster (k𝑒𝑥
(G3-G4) >> k𝑒𝑥 (C3-G4)), or solvate the Cl− anions [58].

In Fig. 5B, differences in k𝑒𝑥 (C3-G3) and k𝑒𝑥 (C3-G4) are presented 
for 1 mg/g concentration of all extracts. In the presence of CAF, the 
magnitude of k𝑒𝑥 (G3-G4) and the k𝑒𝑥 (Ch+-G3,G4) interactions remain 
comparable with the pure solvent. This confirms the negligible influence 
of CAF-NADES HB formation on the arrangement of the solvent network, 
previously hypothesized based on 1H 1D NMR in Fig. 4. In the case of 
COU and FER, all three k𝑒𝑥 equilibrate, whereas in the presence of SYR 
only k𝑒𝑥 (C3-G4) equilibrates with k𝑒𝑥 (G3-G4). Thus, the Ch+-inner 
OH in Gly remains the least preferential interaction in the presence of 
phenolic formaldehyde.

All four PC achieve comparably high solubilities in glyceline. How
ever, their distribution in the NADES network seems to differ via 
changes in molecular structure. First, the number and distribution of 
the hydroxyl and/or carboxyl groups is a known factor contributing to 
their solubility in HB-based DES networks, because it governs the den
sity of the HB solute-solvent network [53]. The two adjacent hydroxyl 
groups in the CAF molecule favor the formation of the HB network, ob
served as a lack of selectivity in k𝑒𝑥 values. COU and FER, both sharing a 
similar structure and one less hydroxyl group than CAF, were previously 
confirmed to prefer interacting with each other rather than with HBA 

[32], introducing a steric effect impacting the strength of the HBA-HBD 
interactions.

SYR, the least substituted PC in this study, is also confirmed to form 
the lowest number of HB during NADES formation [33]. As presented 
in Fig. 5C, the addition of 12.5 mg/g and 25 mg/g of SYR to glyceline, 
changes the molecular arrangement of the solvent. At higher concentra
tions, k𝑒𝑥 (C3-G4) and k𝑒𝑥 (G3-G4) become smaller than k𝑒𝑥 (C3-G3), 
implying the distribution of SYR molecules between the aliphatic pro
tons, and consequently, the smaller Ch+-Gly interactions’ contribution 
to the HB network formation.

3.5. Dipolar couplings

Finally, the magnitude of the 1H-1H dipolar coupling (𝜎 s−1) between 
the relevant spins (Fig. 6) was determined based on 2D NOESY (Fig. S3) 
and ROESY NMR experiments [42]. The reciprocal of 𝜎 is proportional 
to the effective distance between the corresponding aliphatic-aliphatic 
proton interaction. It can become a relevant source of information about 
the structural arrangement of the NADES molecular network in ternary 
solutions with high concentrations of PC, in which the exchange reso
nances are no longer well-resolved.

The values of 𝜎 for six pairs of protons were determined in glyceline 
(Fig. 7A - Fig. 7F) and three pairs in malicine (Fig. 8B - Fig. 8D) at RT 
and 40◦C, respectively. All results were normalized using the value of 
𝜎(C1-C2) in Ch+, assumed to be a stable interaction in the least flexible 
fragment of the HBA cation [59].

In Fig. 7A, 𝜎(C2-G2) is presented as a function of the wt% of CAF 
(red), COU (blue), FER (yellow), and SYR (green), and compared with 
pure glyceline (yellow, additionally labeled with an arrow). At 1 mg/g 
of extract, no significant difference is seen when compared to the pure 
solvent, with only mild deviation up to 10%. At 12.5 mg/g and 25 mg/g 
concentration, 𝜎(C2-G2) in glyceline with CAF, COU, and FER system
atically increases, before dropping for all at 50 mg/g and 75 mg/g in 
the presence of CAF and COU. Thus, the distance between the aliphatic 
fragments of Ch+ and Gly returns to its initial stage in pure solvent. 
This trend remains coherent with the 1H 1D NMR spectra comparison 
for CAF and COU in Fig. 4A and B. At 50 mg/g, the glyceline-FER so
lution shows the well-resolved resonance of C3 in Ch+, but not C3 and 
C4 in Gly. This implies a smaller sterical disturbance of the HBA cation 
by the presence of PC. Such a difference can be explained by the addi
tional methoxy group in FER, allowing FER to form intramolecular HB 
with the neighboring hydroxyl group [60].

𝜎(C2-G1) in Fig. 7B remains similar for FER and SYR, showing a 
maximum at 25 mg/g, despite well-resolved 1D 1 NMR spectra. Due 
to the presence of two methoxy groups in the vicinity of the hydroxyl 
group, SYR can also form intramolecular HB that could hinder its in
teractions with the neighboring NADES acceptor or donor [61]. On the 
contrary, the presence of CAF and COU does not disturb the C2-G1 pro
ton pair. A similar effect is seen in Fig. 7C, where all PC have negligible 
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Fig. 7. A: 𝜎(C2-G2) presented as a function of the concentration of PC in mg/g. B: 𝜎(C2-G1) presented as a function of the concentration of PC in mg/g. C: 𝜎(C2-C4) 
presented as a function of the concentration of PC in mg/g. D: 𝜎(C4-G2) presented as a function of the concentration of PC in mg/g. E: 𝜎(C4-G1) presented as a 
function of the concentration of PC in mg/g. F: 𝜎(C4-C1) presented as a function of the concentration of PC in mg/g. CAF: caffeic acid (red); COU: p-coumaric acid 
(blue); FER: ferulic acid (green); SYR: syringaldehyde (purple); pure glyceline (yellow).

influence on the magnitude of the intramolecular coupling 𝜎(C2-C4). 
Fig. 7E-F show the intermolecular interactions of C4 with G2, and G1 
and C1, respectively. Similarly to Fig. 7B, the major change for all PC 
is observed at 25 mg/g. Beyond that, the interactions remain constant, 
but nearly twice as small. 𝜎(C4-G1) begins to decrease at 25 mg/g, and 
the intramolecular 𝜎(C4-C1) shows a systematic decrease by 30%.

In malicine, the intermolecular 𝜎(M2-C4) (Fig. 8B) is affected by 
higher PC concentrations, whereas intermolecular 𝜎(C2-C4) and 𝜎(C1
C4) remain unaffected, with the presence of SYR having the highest 
constants. Intramolecular values are also smaller for malicine than for 
glyceline.

In summary, the multi-step NMR analysis of the changes in the HB 
pattern of NADES in the presence of PC depicts two separate effects gov
erning the solubility of the extract in NADES. First, the basic solubility 
of 20-30 mg/g of PC in malicine, or in glyceline with added water, is 
revealed. As can be seen in the 1H 1D NMR spectrum, malicine is a sol
vent with a rigid HB network, caused by the close vicinity of multiple 
hydroxyl and carboxyl groups, leading to unrestricted proton chemical 
exchange slowed down by the network rigidity, however, still too fast 
to perform chemical exchange analysis, due to the peak broadening. Its 
HBA-HBD interactions are confirmed to be insensitive to the addition of 
water. One can thus assume that it will be insensitive to the presence 
of other HB donors, such as PC. Together with the analysis of dipo
lar couplings, this confirms the distribution of PC dopants between the 
aliphatic protons. In glyceline, at low concentrations of PC, the extract 
molecules are also confirmed to be distributed between aliphatic pro
tons rather than between the hydroxyl groups. This can be confirmed 
with the 𝜎(C2-G2) and 𝜎(C2-G1) being lower than the analogous 𝜎(C4
G2) and 𝜎(C4-G1). Only in the presence of higher concentrations of CAF 
and COU, the PC are observed to interact with the hydroxyl groups of 
Gly and Ch+. The FER and SYR show lower solubility in glyceline due 
to their ability to form the intramolecular HB between the hydroxyl and 
neighboring methoxy groups. This effect is more pronounced in SYR, 
which contains more methoxy groups.

In the presence of 25% water, the solubility of the PC in glyceline 
decreases to the values observed in malicine, because the OH groups in 
NADES are engaged in forming HB with water rather than other dopants 
[38]. The presence of additional OH groups in CAF and COU is no longer 

improving their solubility. This effect originates from the hydroxyl and 
carboxyl groups in malicine not participating in the HB formation with 
PC. Because water molecules are known to have a higher binding a�inity 
to hydroxyl protons in glyceline [31], the solubility of PC observed in the 
presence of 25 wt% H2O could be linked to the presence of PC between 
the aliphatic chains.

4. Summary and conclusions

In this study, the influence of four exemplary PC (CAF, COU, FER 
and SYR) on the HB network formation of two NADES based on different 
HBD selection and HBA:HBD molecular ratios were analyzed using 1D 
and 2D NMR spectroscopy.

Despite significant differences between the physicochemical proper
ties of glyceline (1:2 ChCl:Gly) and malicine (1:1 ChCl:MA), two natural 
deep eutectic solvents, both can accommodate a comparable number 
of PC molecules between their aliphatic protons. The presence of hy
droxyl groups in the PC structure allows them to yield higher solubility, 
whereas the presence of methoxy groups attached to a neighboring car
bon suppresses this property.

Our results show that although the concentration of added phenolics 
remains below the detection level in NMR spectroscopy, their impact 
on the hydrogen bonds forming the solvent network can be analyzed in 
depth using a systematic analysis of HBA-HBD interactions, leading to 
important insights into the dissolution mechanism.
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Fig. 8. A: Dipolar couplings (𝜎 s−1) determined in the solutions of 1:1 ChCl:MA (malicine) natural deep eutectic solvent. B: 𝜎(M2-C4) presented as a function of the 
concentration of PC in mg/g. C: 𝜎(C2-C4) presented as a function of the concentration of PC in mg/g. D: 𝜎(C4-C1) presented as a function of the concentration of 
PC in mg/g. CAF: caffeic acid (red); COU: p-coumaric acid (blue); FER: ferulic acid (yellow); SYR: syringaldehyde (green), pure malicine (purple).
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