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ABSTRACT: The physicochemical properties of deep eutectic DESs formed by substituting Ur with Gu
solvents (DESs) depend on the combination of hydrogen bond )
acceptors and hydrogen bond donors used. The basicity of a DES ¢ +Gu ' +Gu .
significantly influences its performance in CO, chemical - " = } o
absorption, biomass and protein dissolution, and catalytic reactions. -m».i @ g
To the best of our knowledge, a strategy for fine-tuning the basicity =~ == -ur : -ur

of DESs has not yet been reported. Therefore, in this study, we
substituted the base urea (Ur) in reline, which is a 1:2 mixture of
choline chloride (ChCl) and Ur, with the superbase guanidine o N1
(Gu) to fine-tune its basicity. Binary (2Gu—ChCl) and ternary “N/ﬂ\w - . !
(Gu—Ur—ChCl) DESs were prepared, and their CO, absorption " rea
capacities were investigated at 313.2 K. The equimolar mixture (Un)
Gu—Ur—ChCl absorbed CO, gas up to the molar ratio [CO,]/

[ChCI] ~ 1.0. Therefore, the basicity of ChCl-based DES can be continuously varied by substituting more molecules of Ur with Gu.

Our strategy of combining functional and non-functional molecules with similar structures to vary the basicity of DESs has
potentially wide applications that utilize DESs in the future.
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Bl INTRODUCTION

Deep eutectic solvents (DESs) are prepared using hydrogen
bond acceptors (HBAs) and hydrogen bond donors
(HBDs).'™ A typical example is the unconventional liquid

In addition, they are cheaper and easier to obtain than APILs.
The physicochemical properties of DESs depend on the HBA
and HBD used. Acidic DESs are utilized for acid-catalyzed
reactions and biomass degradation.””” The acidity of DESs is

2Ur—ChCl formed by mixing the HBD solid urea (Ur, T,, =
406—407 K>°) with the HBA solid choline chloride (ChCl, T,,
= 5§75—578 K™°). This DES with a molar ratio of [Ur]/[ChCl]
=2 is called “reline”. The molecular structures of ChClI and Ur
are shown in Figure la,b, respectively. In general, DESs have
low volatility and are similar to aprotic ionic liquids (APILs).
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Figure 1. Molecular structures of (a) choline chloride (ChCl), (b)
urea (Ur), and (c) guanidine (Gu).
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expressed by HBDs such as carboxylic and sulfonic acids and
transition metal halides. Recently, an appropriate procedure for
measuring the acidity of DESs has been suggested.'” On the
other hand, basic DESs are widely used in applications such as
acid gas chemical absorption,"'™'* cellulose and protein
dissolution,">'® and base-catalyzed reactions.'”'® To prepare
such basic DESs, the basic HBAs carbonate salts,"”” amino-

2,15
> and hetero-

functionalized aminium and iminium halides,’
cyclic compounds,'*'® as well as the basic HBDs Ur and its
derivatives'*'>'”*° and amine compounds,'”'*'**" are used.
Reline (2Ur—ChCl) has weak basicity owing to Ur.*’ The
basic DES composed of monoethanolamine monohydrochlor-
ide (MEA-HCI) and ethylenediamine (EDA) in the molar
ratio [EDA]/[MEA-HCI] = 4 can absorb up to 39 wt % CO,
gas."” Fine-tuning the basicity of DESs is important for their
applications; however, basic compounds typically dissolve in

Received: February 2, 2023
Accepted: April 3, 2023
Published: April 12, 2023

https://doi.org/10.1021/acsomega.3c00706
ACS Omega 2023, 8, 14694—14698


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tatsuya+Umecky"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akihiro+Goto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naoki+Hayashi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kazuki+Eguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c00706&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00706?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00706?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00706?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00706?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00706?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/16?ref=pdf
https://pubs.acs.org/toc/acsodf/8/16?ref=pdf
https://pubs.acs.org/toc/acsodf/8/16?ref=pdf
https://pubs.acs.org/toc/acsodf/8/16?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00706?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00706?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00706?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00706?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c00706?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

conventional DESs.”” To the best of our knowledge, a strategy
for fine-tuning the basicity of DESs has not yet been reported.

In this study, we used guanidine (Gu, T,, = 323 K°) to fine-
tune the basicity of ChCl-based DESs. The structure of Gu is
shown in Figure 1c. Gu has a diamino group (NH,—C(=X)—
NH,) similar to that in Ur. The basicity of Gu is higher than
that of Ur owing to the presence of the imino group (=NH)
in the former. Moreover, the melting temperature of Gu is
lower than that of Ur. We prepared binary 2Gu—ChCl and
ternary Gu—Ur—ChCl DESs and acquired their differential
scanning calorimetry (DSC) thermograms and nuclear
magnetic resonance (NMR) spectra. Their basicities and
chemical solubilities in CO, were investigated.

B EXPERIMENTAL SECTION

Synthesis of Gu. A free base Gu was prepared from
guanidinium chloride (GuHCl, >99%, Sigma-Aldrich) accord-
ing to a previously reported method.” Briefly, metal Na (99%,
Sigma-Aldrich) was added to ethanol (anhydrous, >99.5%,
Fujifilm Wako Pure Chemical) and refluxed at 353 K, while N,
gas was passed through it to afford sodium ethoxide. An
equimolar amount of GuHCI was slowly added to the prepared
sodium ethoxide solution and then left overnight to separate
into solid and liquid phases. The supernatant liquid was
decanted to an eggplant flask, the ethanol solvent was removed
using a rotary evaporator for ~4 h, and the residue was
vacuum-dried for ~48 h to obtain solid Gu. Residual Na* and
CI” in solid Gu were not detected with fluorescence X-ray
spectrometry (Shimadzu, EDX-800HS2). The moisture
content of Gu determined by Karl Fisher titration was 0.35
wt %, which corresponds to a molar ratio of [H,0]/[Gu]
0.012.

Anal. Caled for C;HNj: C, 20.33; H, 8.53; N, 71.14. Found:
C: 19.85; H: 8.53, N: 70.70.

Preparation of DESs with Gu. Ur (99%, Fujifilm Wako
Pure Chemical) was dried at room temperature for >24 h
under reduced pressure before use. ChCl (>98.0%, Tokyo
Kasei) was recrystallized twice with ethanol and dried at 310 K
for >4 h under reduced pressure. To prevent contact with
moisture, the DES components were mixed at the desired
molar ratio in a glove box saturated with N, gas. Homogeneous
liquids were obtained by stirring the solid mixtures at 313.2 K
for >1 h. Photographs of the prepared binary 2Gu—ChCl and
ternary Gu—Ur—ChCl DESs as well as reline (2Ur—ChCl) are
shown in Figure 2.

DSC Thermogram Measurement. The thermal behaviors
of the DESs and their raw materials were examined using DSC
(Seiko Instruments, DSC-220CU). A few milligrams of each
sample were sealed in an aluminum pan. The DSC
thermograms were acquired at a heating/cooling rate of 5 K
min~" in the temperature range of 223—373 K. The baselines
of the thermograms were corrected using OriginPro 2023
software (OriginLab).

NMR Spectra Measurement. The prepared DESs (~1
cm®) were transferred into outer NMR tubes (Shigemi, PS-
001-7) with an outer diameter of 5 mm, whereas the reference
standards were transferred into inner NMR tubes (Shigemi,
PN-001) with an outer diameter of 3 mm. The following
reference standards were used: 0.75 wt % sodium 3-
(trimethylsilyl)propionic-2,2,3,3-d, in D,O (99.9 atom %-D,
Sigma-Aldrich) for 'H and *C NMR, neat CD;NO, (99 atom
%-D, Sigma-Aldrich) for 1SN NMR, and 0.10 mol dm™ NaCl
(Fujifilm Wako Pure Chemical, Guaranteed Reagent) in D,0
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Figure 2. Photographs of the prepared binary 2Gu—ChCl and ternary
Gu—Ur—ChCl DESs as well as reline (2Ur—ChCl).

(99.9 atom %-D, Sigma-Aldrich) for **Cl NMR. The double
tubes were placed in an NMR spectrometer (Agilent, NMR
400 MHz system) for >30 min, and the 'H, *C, N, and *Cl
NMR spectra were recorded at 313.2 K. The chemical shift
data were corrected using the volumetric magnetic suscepti-
bilities of the DESs determined by the external double-
reference method.”* Hexamethyldisiloxane (>99.5%, NMR
grade, Sigma-Aldrich) was used as the external double-
reference standard.

CO, Chemical Solubility Measurement. The DESs (2.0
cm®) were transferred into test tubes using a micropipette
(Gilson, Pipetman P-1000). The test tube was purged with N,
gas for >30 min at a flow rate of 10 cm® min™. CO,
absorption in DESs was conducted using high-purity CO,
gas (>99.995%, Taiyo Nippon Sanso) at 313.2 + 0.5 K and a
flow rate of 10 cm® min™". The equilibrium mass (m,,,) of CO,
absorbed in the DESs was determined by subtracting the mass
(mg,) owing to the replacement of N, with CO, in the gas
phase in the test tube from the apparent increased mass (m
Maps = M m

app) :

app — Mgast

B RESULTS AND DISCUSSION

Figure 3 shows the DSC thermograms of 2Gu—ChCl, Gu—
Ur—ChC], reline, and their raw materials. Figure S1 shows the
DSC thermograms of mixtures at different ([Gu]+[Ur])/
[ChCl] ratios. Latent heat transfer of pure Ur in the measured
temperature range is not likely because of its high melting
temperature.”® For pure ChCl, we observed a thermal change
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Figure 3. DSC thermograms of 2Gu—ChCl, Gu—Ur—ChCl, and
reline and their raw materials.
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at 351 K, which is consistent with g)revious reports of a solid—
solid transition at 351—352 K.*>*° The DSC thermogram of
pure Gu shows an endothermic peak and a solid—liquid
transition beginning at 325 K. Reline exhibited a transition
from the supercooled state to a liquid state with increasing
temperature, attributed to consecutive crystallization and
melting, which is consistent with a previous report.”” However,
no latent heat transfer was observed for 2Gu—ChCl and Gu—
Ur—ChCl in the temperature range of 223—373 K, suggesting
that these DESs were maintained in the fluid state. This
indicates that the substitution of Gu for Ur in reline lowered
the melting temperatures of the resultant DESs. All Gu-
containing mixtures exhibit high fluidity, and as shown in
Figure S1, no thermal change is observed in the measured
temperature range. Therefore, Gu is considered to be an
excellent HBD candidate for DES formation.

Figures S2—SS show the 'H, C, "N, and **Cl NMR
spectra of DESs, respectively, measured using the external
reference method.”* The corrected 'H, *C, and N NMR
chemical shifts (5,) as a function of the [Gu]/([Gu]+[Ur])
molar ratio are shown in Figures S6—S8, respectively. The
corrected **Cl NMR chemical shifts, shown in Figure 4, are

60} |
ssf ® 1
s6 | 1
saf 1
saf 1

50 F 1

33Cl chemical shift (8,,,) / ppm

48t 1

46t 1

0 0?2 0f4 0f6 0f8 1
molar ratio ([Gu]/([Gu]+[Ur]))

Figure 4. Corrected 35C1I NMR chemical shifts in the prepared DESs
as a function of the [Gu]/([Gu]+[Ur]) molar ratio.

larger than that of the external reference (0.10 mol dm™ NaCl
in D,0). This suggests that the hydrogen-bonding of Cl™ ions
with Gu, Ur, and the hydroxy groups of ChCl in the DESs is
weaker than that with D,O molecules. The upfield shift of the
33Cl peak suggests an increase in the electron density of Cl~
owing to the substitution of Gu for Ur, which weakens the
hydrogen-bonding of CI” with the other moieties in the DESs.
The CI” ion in reline interacts with the amino groups of Ur
and the hydroxy group of the (2-hydroxyethyl)-
trimethylammonium (Ch*) cation.”®”” Therefore, as the Ur
molecules are replaced by Gu molecules, the hydrogen-
bonding of Gu with Ur and Ch* in the DES strengthens,
thereby weakening the hydrogen-bonding of Cl™ with the
other moieties in the DES. This complex hydrogen-bonding
also explains the lowered melting temperatures of the Gu-
substituted binary and ternary DESs.

To evaluate the basicity of the prepared DESs, the CO,
absorption capacity of the prepared DESs was measured at
313.2 K. Figure 5a shows the m,,, of the DES solutions as a
function of their exposure time (?S to CO,. A comparison of
five Gu-containing DESs with reline revealed that Gu plays a
significant role in the chemical absorption of CO,. Figure Sb
shows the relationship between the molar ratios of [CO,]/
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Figure 5. Relationship between (a) apparent increased mass (mapp) of
the DES solutions and exposure time (t) to CO, and (b) molar ratios
of [CO,]/[ChCl] and [Gu]/[ChCl]. The molar ratio ([Gu]+[Ur])/
[ChCl] was maintained constant at 2. The dotted line in (b)
represents the stoichiometric ratio [CO,]/[Gu] = 1.

[ChCl] and [Gu]/[ChCl] when CO, reaches dissolution
equilibrium in the DESs; the dotted line represents the
stoichiometric ratio [CO,]/[Gu] = 1. The error bars in Figure
Sb represent the deviation determined from three absorption
experiments. The errors of [CO,]/[Gu] are less than +0.03.
Table 1 summarizes the [CO,]/[Gu] molar ratios, densities

Table 1. Experimental Densities (9), Gu Concentrations
(Cgu), and [CO,]/[Gu] Molar Ratios of the Prepared DESs

Gu/Ur” p/g em™* Cgu/mol dm™ [CO,]/[Gu]
1:0 1.1644 (0.0005) 9.03 033
31 1.1757 (0.0001) 6.83 0.58
11 1.1961 (0.0001) 462 0.95
1:3 1.2136 (0.0001) 234 0.95
1.7 1.2204 (0.0003) 118 0.95
0:1 1.2216 (0.0002) 0

“The molar ratio ([Gu]+[Ur])/[ChCl] was maintained constant at 2.
“The values of p were determined from three replicate measurements
with a densimeter (DSAS000, Anton-Paar).

(p), and Gu concentrations (Cg,) in the DESs before CO,
absorption. The amount of CO, absorbed depended on Cg,.
Increasing Cg, in ternary Gu—Ur—ChCl DES up to 4.62 mol
dm™ increases the amount of CO, absorbed while maintaining
the molar ratio [CO,]/[Gu] at ~1; however, a further increase
in Cg, lowered the amount of CO, absorbed. The molar ratios
of CO, absorbed to the superbase of 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) and 1,5-diazabicyclo[4.3.0]non-S-ene in
reline have been reported to be more than ~1.* The
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maximum mass ratio of CO, to the prepared DESs was 16 wt
% for Gu—Ur—ChCl These values are less than those
previously reported for the DESs. For example, a CO, mass
ratio of 39 wt % has been achieved for 4EDA-MEA-HC],
which, to the best of our knowledge, is the highest chemical
solubility of CO, among pure DESs."> One of the possible
causes of the lower mass ratio of CO, to DESs is the lower
Cgo The estimated p of 4EDA-MEA-HCl is ~1 g cm™°
which implies that the EDA molarity is more than 12 mol
dm™.

Figure 6 shows the '*C NMR spectra of Gu—Ur—ChCl DES
at [Gu]/[Ur] = 1 before and after CO, absorption. Figure S10

after

before

D e B B N B
170 160 150 70 60 50

é‘obs / ppm

Figure 6. 3C NMR spectra of the Gu—Ur—ChCl DES before and
after CO, absorption.

shows the "*C NMR spectra of the Gu—Ur—ChCl DES with
[Gu]/[Ur] = 1/7, Gu, and DBU in (2-hydroxyethyl)-
trimethylammonium bis(trifluoromethylsulfonyl)amide
(ChTf,N) APIL, and DBU in 1-butanol (1BuOH) before
and after CO, absorption. DBU and alcohol react with CO, to
form a pair of a protonated DBU cation and a carbonate anion,
which is termed a “switchable solvent”.’" In the spectrum of
DBU-1BuOH after CO, absorption, the ,,, *C peak at 161
ppm is attributed to the carbonate group (—OCO,”) formed
from CO, and alcohol. Similar carbonate products form in the
ChTf,N APIL solutions containing DBU or Gu. In the
spectrum of the ChTE,N solution after CO, absorption, the
Oobs at 159 ppm is attributed to the carbonate group of 2-
(trimethylammonio)ethyl carbonate (N(CH,);—CH,—CH,—
0CO,~, Ch*CO,") formed from CO, and Ch*. The upfield
Oobs peaks at 61 and 68 ppm, indicated by the arrows in Figure
S10, are attributed to the ethylene group (—CH,CH,—) of
Ch*CO,". The three &, peaks at 61, 68, and 159 ppm in the
spectrum of Gu—Ur—ChCl DES (Figure 6) are attributed to
Ch*CO,™ formed from the reaction of CO, with Gu and Ch*
as follows: Gu + Ch* + CO, - GuH" + Ch*CO,". This
reaction is confirmed by ., = 161 ppm observed in the
spectra of Gu—Ur—ChCl DESs and Gu-ChTf,N solution
(Figures 6 and S10, respectively). However, the products for
the Gu—Ur—ChCl DES and Gu—ChTf,N APIL solutions are
different; GuH" and Ch*CO,™ are the products for the Gu—
ChTf,N APIL solution, whereas GuH*, Ch*CO,~, and an
unknown compound with a peak at d,,, = 162 ppm are the
products for the Gu—Ur—ChCl DES. This indicates that
reaction mechanisms other than carbonate formation occurred
in the Gu—Ur—ChCl DES. In addition, the CO, absorption
mechanism is different in the Gu—Ur—ChCl DES and Gu—
ChTf,N APIL solutions owing to the presence of Ur and CI~

in the former and TE,N™ in the latter. These reaction
mechanisms are yet to be determined.

B CONCLUSIONS

In this study, we fine-tuned the basicity of binary and ternary
Gu-containing DESs. The DESs were prepared from Gu, Ur,
and ChCl using a simple, previously reported method. The Gu-
containing DESs exhibited lower melting temperatures than
that of reline. In addition, these prepared DESs were liquids at
223—-373 K and can chemically absorb CO, gas. The amount
of CO, absorbed increased with increasing Cg, up to 4.62 mol
dm™3, following which it decreased. The DES comprising an
equimolar mixture of Gu and Ur (Gu—Ur—ChCl) demon-
strated the optimal mixing ratio in CO, absorption. This
suggests that the basicity of DESs can be fine-tuned by
substituting a non-functional molecule with an analogous
functional molecule. We believe that this strategy can be
applied to the preparation of DESs in which not only basicity
but also other physicochemical properties, for example,
eutectic temperature and viscosity, can be fine-tuned.
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