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a b s t r a c t

The acidity and basicity of the solvents can influence the reaction outcome notably, and
hence the precise measurement of pH is important for reaction. However, not all the pH
values of organic solvents can be determined with a classic pH meter straightly. In this
research, the acidity and basicity of environmentally friendly green solvents, such as ZnCl2
molten salt hydrate, ionic liquids (ILs) and deep eutectic solvents (DESs), were charac-
terized by 31P and 1H NMR spectroscopy using trimethylphosphine oxide (TMPO) and
pyrrole as probe molecules at 298 K. For the ZnCl2 molten salt hydrate, the acidic strength
of the ZnCl2 molten salt hydrate increased with the concentration of ZnCl2. By using the
1H-pyrrole NMR approach, it was found that the base strength of amino acid-based ILs
follows the order: [Ch][Lys]> [Ch][His].
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As the increasing concern on environmental pollution associated with the chemical industry, it is urgent to develop new
environment friendly solvents and reaction methods, such as more environmental friendly substitution of the solvents used
in reactions, more efficient separation processes and process standardization [1,2]. Hence, green solvents, such as ZnCl2
molten salt hydrate, room-temperature ionic liquids (ILs) and deep eutectic solvents (DESs), have received increasing interest
instead of conventional organic solvents [3]. Taking the ILs as an example, which have low melting point, good stability, are
non-flammable, non-volatile, recyclable and reusable [4e6], are used as solvents/catalysts for several reactions types, such as
isomerization, alkylation and other functionalization [7,8].

The acidity and basicity of the ionic liquids often correlate with their catalytic activity, and hence affects the rate and
conversion [7e9]. The acidity/basicity of liquids have been determined by several methods. Potentiometric titration has been
used to determine the pKa/pKb values by titration with KOH/HCl standard solution [10,11]. Ultravioletevisible (UVevis)
spectroscopy was used to determine Hammett values indicating the acid/base strengths [10,12e14]. Lewis acidity/basicity of
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ionic liquids were determined using IR spectroscopy [15,16]. Nuclear magnetic resonance (NMR) spectroscopy is, however,
the most versatile technique for determining acidity and basicity [12,17,18].

The NMR characterization of acidity/basicity was carried out by choosing a probe molecule with a NMR sensitive nucleus,
such as 1H, 13C and 31P where 31P is the preferable nucleus because it has 100% natural abundance and the a wider chemical
shift range (DdP> 650) [18e21]. Recently, a31P probe molecule has been utilized for acidity characterization of solid acid
catalysts [18,21e23], liquid acids [22,24] and functionalized ionic liquids [25] with an NMR approach. Herein, trimethyl-
phosphine (TMP) and trialkylphosphine oxides (R3PO) are commonly used as 31P NMR probes [22,23,26]. TMP is an air-
sensitive liquid which is flammable under ambient condition and easily oxidized to trimethylphosphine oxide (TMPO)
[27]. Comparedwith TMP, TMPO has good stability, and its 31P-TMPONMR has awide dP range (ca. dP 45e95) [18]. It will trend
to form hydrogen bonding with the acid sites upon loading the TMPO onto an acid catalyst. As a result, electron density on the
31P nucleus decreases with increasing strength of the acid sites, which in turn causes the 31P resonance shifting to the low-
field region [28]. Consequently, higher dP value equals increasing acidity [4,19,21,25]. 1H NMR approach has also been
exploited extensively for the characterization of basic ionic liquids, due to the high resolution and relatively large shift range
in its spectra [17]. Pyrrole is used as a probe molecule for determining basicity, forming the hydrogen bonding by its NeH
group and the base catalysts. When the basicity increases, the 1H resonance of the pyrrole NeH group shifts to low-field
due to the enhanced polarization of NeH bond, i.e. higher dH value corresponds to higher basicity [17,29].

In this work, the acidity and basicity of several environmentally friendly green solvents, such as ZnCl2 molten salt hydrate,
ILs and DESs, were characterized by 31P and 1H NMR spectroscopy with TMPO and pyrrole as probe molecules at 298 K. The
present work proposes a reliable and efficient approach for the characterization of the acidity and basicity of green solvents.

2. Experimental section

2.1. Materials

TMPO (98%) was purchased from Adamas Reagent Co., Ltd. Deuterium oxide (D2O, 99.9%) was supplied by Cambridge
Isotope Laboratory. Zinc chloride (ZnCl2), aluminum chloride (AlCl3) and SnCl4$5H2O were provided by Beijing Chemical
Reagent Company. Practical grade D-glucosamine (designated as GlcNH2, white crystalline powder) was obtained from
Golden-Shell Biochemical Co. Ltd. 1-Butyl-3-methylimidazolium chloride ([Bmim]Cl), 1-butyl-3-methylimidazolium acetate
([Bmim]Ac), 1-ethyl-3-methylimidazolium acetate ([Emim]Ac) were purchased from Shanghai Cheng Jie Chemical Co. Ltd.
Pyrrole (99%), choline chloride (ChCl), oxalic acid (ethanedioic acid), glycerol, urea, phosphoric acid (H3PO4), ethylene glycol
(EG), propanedioic acid, butanedioic acid, lactic acid, choline hydroxide aqueous solution (46wt % in H2O), L-lysine and L-
histidine were purchased from Aladdin Chemistry Co., Ltd. All the chemicals were used without further purification.

2.2. General procedure for the preparation of ILs and DESs

Choline amino acids ionic liquids: choline lysine ([Ch][Lys]) and choline histidine ([Ch][His]) were prepared by mixing
choline hydroxide aqueous solution and amino acid in equivalent amounts under N2 at 277 K. Then, themixturewas stirred at
room temperature for 24 h. Water was evaporated under reduced pressure at 328 K. The obtained ILs were dried in the
vacuum for 48 h at 343 K.

Deep eutectic solvents: ChCl:oxalic acid (1:1, CCO), ChCl:glycerol (1:2, CCG), ChCl:urea (1:2, CCU), ChCl:EG (1:2, 1:3, 1:4),
ChCl:propanedioic acid (1:1), ChCl:butanedioic acid (1:1) and ChCl:lactic acid (1:1, 1:2, 1:5) were prepared by mixing choline
chloride with the corresponding hydrogen bond donors in the given molar ratio. The mixtures were heated and stirred at
338 K until forming homogeneous liquids.

2.3. General procedure for probe molecules mixing with green solvents

0.11mol/L of TMPO (0.055mmol) was dissolved in acid green solvents (0.5mL of ZnCl2 molten salt hydrate, ZnCl2,4D2O
mixed with SnCl4/GlcNH2, chloroaluminate ionic liquids, ChCl-based DESs, ChCl/EG, ChCl/dicarboxylic acids and ChCl/lactic
acid). All mixtures were stirred and heated at 323e343 K for a period until homogenous solutions were formed. The prepared
samples were then taken and transferred to NMR tubes. The same procedure was followed for the base characterization
except 2.40mol/L of pyrrole (0.1mL, 1.44mmol) was employed as probe molecule.

2.4. NMR measurements

For acidity characterization via 31P-TMPONMR approach, solution-state 31P NMR spectrawere recorded using a Bruker AV-
III 400MHz NMR spectrometer equipped with a 5mm PABBO BB/19Fe1H/D Z-GRD probe. Each of the samples was equili-
brated inside the magnet at 298 K for 10min. The number of scans and the recycle delay were set at 64 times and 2 s,
respectively. 85% H3PO4 aq. was used as the external reference for the 31P chemical shift at dP 0.

For basicity characterization via the 1H-pyrrole NMR approach, solution-state 1H NMR spectrawere acquired at 298 Kwith
a 90� high power pulse (P1) of 9.7 ms and a recycle delay of 1 s. The collected NMR data were processed using Bruker Topspin
3.1 software.
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3. Results and discussion

3.1. 31P-TMPO NMR for acidity characterization of ZnCl2 molten salt hydrate

It is well known that the ZnCl2 molten salt hydrate can act as a Lewis acid catalyst and, as an example, promote the
isomerization of glucose to fructose, followed by a dehydration of fructose to 5-hydroxymethylfurfural (5-HMF) [30e33]. In
order to ascertain the acidic properties of the ZnCl2 molten salt hydrate, the 31P-TMPO NMR approach was applied for
analyzing ZnCl2$3D2O, ZnCl2$4D2O, ZnCl2$6D2O, ZnCl2$10D2O and ZnCl2$16D2O, which are all homogeneous liquids. 31P NMR
spectra of TMPOmixed with the various ZnCl2 molten salt hydrates are presented in Fig. 1. NMR signals of 31P in ZnCl2 molten
salt hydrates were observed at dP 66.19 (ZnCl2$3D2O), dP 66.02 (ZnCl2$4D2O), dP 64.61 (ZnCl2$6D2O), dP 62.29 (ZnCl2$10D2O)
and dP 59.64 (ZnCl2$16D2O) respectively. Thus, high concentration of ZnCl2 results in large 31P NMR chemical shifts and hence
increase the acidic strength of the ZnCl2 molten salt hydrate. The observed 31P singlet resonance should be aweighted average
of TMPO-ZnCl2 and TMPO-D2O complexes, which is a fast-exchange between two species. Additionally, it also simply in-
dicates that more weight prefers the TMPO-ZnCl2 to TMPO-D2O complex [26]. The NMR characterized acidity of ZnCl2 molten
salt hydrate is in accordance with its catalytic activity in the conversion of D-glucose and GlcNH2 [30,32]. As it comes to our
knowledge, this is the first report on characterization of the acidity of ZnCl2 molten salt hydrate by NMR techniques.

3.2. 31P-TMPO NMR for acidity characterization of SnCl4/GlcNH2 in ZnCl2·4D2O

As a versatile Lewis acid catalyst, SnCl4 is converting D-glucose, GlcNH2, sucrose, cellobiose, inulin and starch into value
added chemicals, such as levulinic acid (LA) and 5-HMF [31,34]. In our previous studies, SnCl4 was employed to modify the
reaction pathway for the conversion of D-glucose and GlcNH2 in ZnCl2 molten salt hydrate. However, the acid strengths
correlation with the content of SnCl4 in the solvent was unclear. The dP values of TMPO mixed with different molar ratios of
SnCl4 to GlcNH2 in ZnCl2,4D2O are displayed in Table 1. When the concentration of SnCl4 increasing from 0.17 to 0.5
equivalents, the corresponding dP increased from dP 66.90 to dP 67.14 (DdP¼ 0.24), which suggest an increase in the acidic
strength of the aqueous solution and consistent with our previous results [31]. However, under the same conditions but
without GlcNH2, the corresponding dP was always larger than in the presence of GlcNH2, thus the addition of GlcNH2 weakens
the acidity of the SnCl4/ZnCl2,4D2O system slightly. Compared with ZnCl2$4D2O (dP 66.02), the addition of SnCl4 (0.17e0.5
equiv., dP 67.00 to dP 67.21) in ZnCl2$4D2O increases its acidity. This is in linewith results suggesting that the Sn4þ can promote
the conversion of inulin biomass to 5-HMF, but also improve the yield of LA using the ZnCl2 molten salt hydrate system [35].

3.3. 31P-TMPO NMR for acidity characterization of chloroaluminate ionic liquids

Chloroaluminate ionic liquids, which are composed of AlCl3 and imidazolium ionic liquid, have shown good catalytic
performance in transalkylation [36]. The 31P-TMPO NMR spectra of different molar ratios of AlCl3 to [Bmim]Cl are shown in
Fig. 1. 31P NMR spectra of TMPO mixed with (a) ZnCl2,16D2O, (b) ZnCl2,10D2O, (c) ZnCl2,6D2O, (d) ZnCl2,4D2O and (e) ZnCl2,3D2O. Condition: 0.11mol/L of
TMPO (0.055mmol) in 0.5mL of ZnCl2,16D2O, ZnCl2,10D2O, ZnCl2,6D2O, ZnCl2,4D2O or ZnCl2,3D2O at 298 K.
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Table 1
TMPO mixed with different molar ratios of SnCl4 to GlcNH2 in ZnCl2,4D2Oa.

Molar ratio of SnCl4 (with 1 GlcNH2) dP dP
b

0.17 dP 66.90 dP 67.00
0.25 dP 66.97 dP 67.04
0.33 dP 67.07 dP 67.10
0.50 dP 67.14 dP 67.21

a Condition: 0.11mol/L of TMPO (0.055mmol); T¼ 298 K; 1 g GlcNH2 per 30 g of ZnCl2,4D2O.
b without GlcNH2
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Fig. S1．Interestingly, multiple resonances with dP in the range of dP 72-76were observed (Fig. S1), whichmay be attributed to
TMPO interacting on different acidic sites. Four distinct 31P resonances with dP at dP 74.86, 74.26, 72.77 and 72.16 were
observed for the AlCl3-[Bmim]Cl system with the AlCl3/AlCl3-[Bmim]Cl ratio of 0.7. When the ratio of AlCl3/AlCl3-[Bmim]Cl
increased to 0.8, the 31P NMR spectrum simplified to two resonances with dP at dP 74.93 and dP 74.40. For the AlCl3-[Bmim]Cl
system, with a molar ratio of AlCl3 to AlCl3-[Bmim]Cl of 0.5 (i.e. AlCl3:[Bmim]Cl¼ 1:1), there is a mainly equilibrium (1) in the
system. When increasing the amount of AlCl3, the anion change: Cl� / [AlCl4]� / [Al2Cl7]� / [Al3Cl10]� according to
equilibrium (1) & (3) (below). The Lewis acidity increase accordingly [37,38].

[Bmim]Cl þ AlCl3 # [Bmim]þþ[AlCl4]� (1)

[Bmim]þ [AlCl4]
� þ AlCl3 # [Bmim]þþ[Al2Cl7]

� (2)

[Bmim]þ [Al2Cl7]� þ AlCl3 # [Bmim]þþ[Al3Cl10]� (3)
Furthermore, the acidic strength of AlCl3-[Bmim]Ac and AlCl3-[Emim]Ac were also characterized by 31P-TMPO NMR. The

31P NMR spectra are presentedin Fig. S2. Evidently, there are many forms of Al3þ species in the ionic liquids. The presence of
the multiple 31P signals in all of the spectra indicates that TMPO interacts with several different acidic sites.
3.4. 31P-TMPO NMR for acidity characterization of CCO, CCG and CCU

CCO, CCG and CCU, are well known ChCl-based DESs, which are often used as both catalysts and solvents in the conversion
of fructose to the platform chemical 5-HMF [39,40]. The 31P-TMPO NMR spectra for TMPO mixed with CCO, CCG and CCU are
listed in Fig. 2. As a reference, the acidic strength of 85% H3PO4 was also determined by the 31P-TMPO NMR approach. As
shown in Fig. 2, the acidity strength was found to be in the following order: CCO (dP 64.21)> CCG (dP 49.97)> CCU (dP 47.05).
Furthermore, in DESs, prepared bymixing quaternary ammonium salts and hydrogen bond donors (HBDs), the acidity mainly
Fig. 2. 31P NMR spectra for TMPO mixed with (a) CCU, (b) CCG, (c) CCO and (d) 85% H3PO4. Condition: 0.11mol/L of TMPO (0.055mmol) in 0.5mL of CCU, CCG,
CCO or 85% H3PO4 at 298 K.
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depends on the properties of HBD, herein urea, glycerol or oxalic acid [41,42]. The 31P resonance of TMPO mixed with 85%
H3PO4 exhibited a dP exceeding the threshold value for strong acidity (dP 76) [18,19,21,26].

3.5. 31P-TMPO NMR for acidity characterization of ChCl/EG

The influences of the concentration of EG on the acid properties of the ChCl/EG systemwere also investigated by the 31P-
TMPO NMR technique. As shown in Fig. 3, although the overall acidity is very weak, the acidity of the DES gradually increased
with the concentration of EG. This result is consistent with what has been shown by pKIn values (the dissociation constant of
an acid-base indicator) obtained by the titration using bromophenol blue [41].

3.6. 31P-TMPO NMR for acidity characterization of ChCl/dicarboxylic acids and ChCl/lactic acid

In order to investigate the acidity of ChCl/dicarboxylic acids based DESs, ChCl/ethanedioic acid, ChCl/propanedioic acid and
ChCl/butanedioic acid were examined. The corresponding dP values of TMPO in ChCl/ethanedioic acid, ChCl/propanedioic acid
and ChCl/butanedioic acid were found to be dP 64.28, 53.20, and 51.84, respectively, indicating a notable upfield shift in the 31P
resonances (Fig. S3). As a result the acidity strength is: ChCl/ethanedioic acid> ChCl/propanedioic acid > ChCl/butanedioic
acid, which is in line with the rule that for dicarboxylic acids, where the short carbon chain presents stronger acidity [43].

Choline chlorideelactic acid based DES shows high solubility for lignin and could convert it into high-valuable products
[44]. The 31P NMR spectra of TMPO mixed with different molar ratios of ChCl/lactic are displayed in Fig. 4. The dP values
[Fig. 4(a)~(c)] gradually increase from dP 50.74 to dP 54.30 when increasing the ratio of lactic acid from ChCl/lactic¼ 1:1 to 1:5.
As described in section 3.4, in DESs of ChCl/lactic, the acidity mainly depends on the properties of lactic acid. That is, the
higher concentration of lactic acid, the stronger is the acidity of the DES.

Compared with ChCl/dicarboxylic acids based DESs (1:1, ChCl/ethanedioic acid, ChCl/propanedioic acid and ChCl/buta-
nedioic acid), ChCl/lactic (1:1) showed a relative weak acidity, which attribute to the fact that there is only one carboxyl group
in lactic acid and fewer hydrogen ions are ionized.

3.7. 1H-pyrrole NMR for basicity characterization of [Bmim]Ac and [Emim]Ac

As a functional ionic liquid, the acetic acid-based ionic liquid has wide application in catalytic synthesis, electrochemistry
and biology [13]. Herein, the basic strengths of [Bmim]Ac and [Emim]Ac were determined by means of the 1H-pyrrole NMR
approach (Fig. S4). It was observed that the 1H NMR signals of the pyrrole NeH resonance at dH 12.41 for [Bmim]Ac and at dH
12.54 for [Emim]Ac. Apparently, the strength of the basic sites in [Emim]Ac are stronger than in [Bmim]Ac, which is consistent
with the base strength previousmeasured by UVevis and Hammett functions [11,45]. In an imidazolium-based IL, the positive
charge density on the imidazole ring increases, with longer carbon chains. Consequently, the basicity of the imidazolium-
Fig. 3. 31P NMR spectra of TMPO mixed with different molar ratios of ChCl to EG: (a) 1:2, (b) 1:3, (c) 1:4. Condition: 0.11mol/L of TMPO (0.055mmol) in 0.5mL of
ChCl/EG at 298 K.
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Fig. 4. 31P NMR spectra of TMPO mixed with ChCl/lactic with different molar ratios: (a) 1:1, (b) 1:2, (c) 1:5. Condition: 0.11mol/L of TMPO (0.055mmol) in 0.5mL
of ChCl/lactic at 298 K.
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based IL decreases. At the same concentration of imidazolium-based ILs, the basicity gradually decreases as the carbon chain
increases [45].

3.8. 1H-pyrrole NMR for basicity characterization of choline amino acids ionic liquids

Choline amino acids ionic liquids, in which choline is the cation and basic amino acids the anions ([Ch][AA]), show a
positive effect on the biomass pretreatment [46e48]. Herein, the basic strength of [Ch][Lys] and [Ch][His] were characterized
by using the 1H-pyrrole NMR approach. 1H resonances with dH at dH 11.17 ([Ch][His]) and dH 11.58 ([Ch][Lys]) are displayed in
Fig. S5. The base strength of the above amino acid-based ILs follows the order: [Ch][Lys]> [Ch][His], which is in accordance
with the previous report [47].

4. Conclusion

The acidity and basicity of green solvents were characterized by 31P and 1H NMR spectroscopy using TMPO and pyrrole
probemolecules at 298 K. The higher dP and dH values represent stronger acid and base strength. By using 31P-TMPONMR, it is
found that there are several forms of Al3þ species and different acidic sites in chloroaluminate ionic liquids, when the molar
ratio of AlCl3/AlCl3-imidazolium ionic liquid is larger than 0.5. In addition, the 1H NMR chemical shift of the NeH group of
pyrroles mixed with ILs is a practical method to characterize the basicity of green solvents. For amino acid-based ILs, the
results show that the strength of the basic sites in [Ch][Lys] are stronger than in [Ch][His] as indicated by using the 1H-pyrrole
NMR approach. This work presents a reliable and efficient approach for characterization of acidity and basicity of green
solvents.
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