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Abstract

Metal-containing ionic liquids (MCILs) composed of a cobalt(Il) Schiff base complex and ionic-
liquid-based axial ligands (ligand ILs) are potential O, absorbents. To determine the design criteria of
MCILs with both highly selective O, absorbability and low viscosity, the relationship between the
physicochemical properties and chemical structure of the MCILs was investigated. The measurement
of the amount of O, absorbed in MCILs with various ligand ILs indicated that O, reactivity is
determined by the electron density of the Co atom of the MCILs. The electron density of the Co atom
could be controlled by the o electron donation ability of the ligand ILs. Moreover, the viscosity of the
MCILs was strongly affected by the interaction among the MCIL molecules caused by the 7 electron
system. This interaction was weakened by the equatorially coordinating Schiff base and the ligand ILs
within the chemical structure. Therefore, to develop MCILs with both high O, reactivity and low
viscosity, suppression of the interaction caused by the m electron system without decreasing the

electron density of the Co atom is important.
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1. Introduction

O, separation from air is required in many industrial fields, such as medical[1], steel[2], and oxy-
fuel combustions[2—4]. The current process for large-scale production of O, from air is a cryogenic
method. Although almost 99% O> purity can be achieved by this process, it is complex and energy-
intensive[2,3]. Conversely, O, absorption is a relatively small-scale and low energy consumption
process, and has therefore attracted significant attention [2,5,6].

Recently, several metal-organic frameworks (MOFs) that can selectively absorb O, over N, were
developed as O, absorbents [7,8]. Some MOFs with coordinately unsaturated metals showed high O,
absorption and high O»/N; absorption selectivity[9—13]. In contrast, ionic liquids (ILs) are promising
as gas absorbent materials because of their negligible vapor pressure and the flexible design of their
chemical structures[14-20]. Because the chemical structures of ILs can be easily modified, the
physicochemical properties of ILs can be tuned for different applications [21-23]. For example, many
task-specific ILs (TSILs), having functional groups that react with specific gas molecules, were
developed as gas separation media[24,25,34,26-33]. Recently, we developed a novel metal-containing
ionic liquid (MCIL; a type of TSIL) composed of an oxygen-absorbing metal complex, Co(salen)
(salen= N, N’-bis(salicylidene)ethylenediamine) and an IL-based ligand (hereinafter denoted as ligand
IL) that axially coordinates to Co(salen) (Fig. 1)[35]. The developed MCIL showed comparable or
higher equilibrium absorption amounts of O, and O/N; absorption selectivity with respect to other O,
absorbents[36]. Thus, this MCIL is one of the O, absorbent candidates for the establishment of a highly

efficient O, absorption process.
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Fig. 1 (a) Chemical structure of Oj-absorbing MCILs developed in our previous work and (b)

schematic illustration of predicted mechanism of reaction between O, molecules and MCILs
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For the practical use of MCILs as O, absorbents, highly selective O, absorption and a high O,
absorption rate are desired. A high O, absorption rate contributes to the downsizing of the O
absorption equipment. Although the selective O, absorbability of the MCILs developed by our group
was satisfactory, the O, absorption rates were not so high. These low absorption rates were attributable
to the high viscosity of the MCILs (20000-80000 mPa s). Therefore, for the practical application of
the MCILs as O, absorbents, lower MCIL viscosity is desired.

The physicochemical properties of MCILs could be tuned by changing the chemical structures of
the O»-absorbing metal complex and the ligand ILs. The structure of the ligand ILs could be altered
by changing the chemical structures of the cation and the anion. One coordinates to the metal and the
other acts as a counter ion of the MCILs. Therefore, three parts of the MCILs, i.e. metal complex and
the cation and anion of the ligand ILs, can be varied. It was reported that the physicochemical
properties of MCILs could be controlled by the chemical structure of the MCIL counter ion [36,37].
However, the effects of the chemical structures of the metal complex and the ion which coordinates to
the Co atom on MCIL properties have not yet been investigated.

In this study, new MCILs composed of two types of metal complexes and several ligand ILs were
synthesized. The metal complexes used in this study were Co(salen) and Co(acacen) (acacen = N, N’-
bis(acetylacetone)ethylenediamine). The ligand ILs are shown in Fig. 2. The properties of the
synthesized MCILs that are most relevant to O, absorption, such as equilibrium absorption constants
of O, and N and viscosity, were investigated. From the results of O, and N, absorption equilibria, a
dominant factor of the O, reactivity of the MCIL and that determines the amount of absorbed N, into
the MCILs is revealed. In addition, based on the relationship between the chemical structure and
viscosity of the MCILs, we considered that the interactions significantly affect the viscosity of the

MCILs. Finally, guidelines for designing the optimal MCIL structure for O, absorption were proposed.
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Fig. 2 Chemical structures of metal complexes and ligand ILs used in this study.

2. Experimental
2.1 Synthesis of MCILs
2.1.1 Reagents

Co(salen) (salcomine, >95%), as an Oj-absorbing metal complex, was purchased from Tokyo
Chemical Industry Co. (Tokyo, Japan). Acetylacetone (>99.0%), ethylenediamine (99.0+%), and
cobalt(Il) acetate tetrahydrate (Co(CH3COO),-4H>0; >99.0%), used for the synthesis of Co(acacen),
were purchased from Tokyo Chemical Industry Co. (Tokyo, Japan), Wako Pure Chemicals Industry
Ltd. (Osaka, Japan), and Nacalai Tesque, Inc. (Kyoto, Japan), respectively. N-methylglycine (>98%),
1-imidazoleacetic acid (>98%), and pyridine-2-carboxylic acid (>99.0%), used for the synthesis of
[Psss14][N-mGly], [Psesia][imida], and [Pessi4][pyri], respectively, were purchased from Tokyo
Chemical Industry Co. (Tokyo, Japan). Trihexyltetradecylphosphonium bromide ([Psss14][Br], 95%)
was  purchased from  Sigma-Aldrich Co. (St. Louis, MO, USA). Lithium
bis(trifluoromethanesulfonyl)imide (LiTf:N, >98%), used for the synthesis of [NririrR2(mar3r3)][TT2N],
was purchased from Tokyo Chemical Industry Co. (Tokyo, Japan). 1,1,1-trimethylhydrazinium iodide
([N111a][1], 97%) was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). N,N-
dimethylethylenediamine (Nii2a), >98.0%), N,N-dimethyl-1,3-propanediamine (Niiza), >99.0%),
N,N-diethylethylenediamine (N22(2a), >98.0%), N,N-diethyl-1,3-diaminopropane (N2x3a), >99.0%),
and 1-bromopentane (>98.0%) used for the synthesis of [Ni15ma)][Br] and [Na2sma][Br] (n=2,3), and
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2-bromoethylamine ~ hydrobromide  (Br(CHz).NH>-HBr, = >98.0%),  3-bromopropylamine
hydrobromide (Br(CH,);NH,-HBr, >98.0%), and trimethylamine (2 mol dm™ in tetrahydrofuran) used
for the synthesis of [N111(ma)][Br] (n=2,3), were purchased from Tokyo Chemical Industry Co. (Tokyo,
Japan). 1,1-dimethylhydrazine (>98.0%), used for the synthesis of [Niis.][Br], was purchased from
Tokyo Chemical Industry Co. (Tokyo, Japan). Di-tert-butyl decarbonate ((Boc)>O; >95%) for boc
protection of amine was purchased from Tokyo Chemical Industry Co. (Tokyo, Japan).
Paraformaldehyde (>90%) and formic acid (98%) for the Eschweiler-Clarke reaction were purchased
from Tokyo Chemical Industry Co. (Tokyo, Japan) and Wako Pure Chemicals Industry Ltd. (Osaka,
Japan), respectively. Ethanol (99.5%), methanol (99.5%), acetonitrile (99.5%), tetrahydrofuran
(stabilizer free, 99.5%), hexane (96%), dichloromethane (99.5%), diethylether (99.5%) sodium
hydroxide (5 mol dm™ in aqueous solution), and 0.5 mol dm™ hydrochloric acid methanolic solution
were purchased from Wako Pure Chemicals Industry Ltd. (Osaka, Japan). The anion-exchange resin
(Amberlite IRN78, hydroxide form) used for the anion-exchange reaction of [Pessi4][Br] was

purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). All reagents were used as received.

2.1.2 Synthesis of MCILs

The ligand ILs were synthesized as follows. [Pess14][N-mGly], [Psss14][imida], and [Pess14][pyri]
were synthesized by neutralization according to a method reported elsewhere [38]. First, [Pses14][OH]
was synthesized by anion exchange of [Psss14][Br] using an anion-exchange resin. Then [Pese14][ V-
mGly], [Pessi4][imida], and [Pessi4][pyri] were synthesized by a neutralization reaction between
[Psss14][OH] and N-methylglycine, [Psss14][OH] and 1-imidazoleacetic acid, and [Pess14][OH] and
pyridine-2-carboxylic acid, respectively.

[NRirIR2a) [TT2N] were synthesized by the anion-exchange reaction between [Niiia][I] or
[Nriri1R2mar3R3)][Br] and LiTfoN. Except for commercially available [Nii1a][I], [Nrir1R2(maR3R3)][Br]
were synthesized. Before the synthesis of [Ni15ma)][Br], [N225(a)][Br], and [Ni11@ay][Br] (n = 2,3), the
amino group of Niima), N22(ma), and Br(CH2)nNH> (n=2,3) was protected by a boc group. [Ni15ma)][Br]
and [N22swmay][Br] (n = 2,3) were synthesized by reacting boc-protected Niima) or boc-protected Noo(na)
with 1-bromopentane, followed by deprotection of the boc group. [Niiima][Br] (n=2,3) were
synthesized by a reaction between boc-protected Br(CH2),NH> (n=2,3) and trimethylamine, followed
by boc deprotection. [Ni1s.][Br] was synthesized by the reaction between dimethylhydrazine and 1-
bromopentane. [N22s53a11)][Br] and [Ni150a11)][Br] were synthesized by dimethylation of [N22s:a)][Br]
and [Ni150a)][Br], respectively. For dimethylation, the Eschweiler-Clarke reaction with formaldehyde
and formic acid[39] was used. The details of the synthesis of all ligand ILs are described in the
Supporting information.

Acacen, used as the equatorial ligand of the Co(acacen)-type MCILs, was synthesized according

to a previously reported method[40]. A solution of ethylenediamine (50 mmol) dissolved in 10 cm® of
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ethanol was added dropwise to a solution of acetylacetone (100 mmol) in 30 cm? of ethanol. The
mixture was stirred for 5 h at 298 K. After 5 h, a white precipitate was obtained and collected by
filtration. The precipitate was then recrystallized using 20 cm? of ethanol. The Co(salen)-type MCILs
were synthesized according to our previous report[35]. A solution of ligand ILs (4.0 mmol) dissolved
in 5.0 cm? of ethanol was added dropwise into a suspension of Co(salen) (2.0 mmol) in 5.0 cm® of
ethanol. The mixture was stirred for 5 h at 303 K under a N, atmosphere. After 5 h, the unreacted
Co(salen) was removed by filtration. Then, ethanol was removed by N bubbling for 12 h. The absence
of ethanol in the obtained MCILs was confirmed by Fourier transform infrared (FT-IR) spectroscopy
(Supporting information).

The Co(acacen)-type MCILs were synthesized by the modification of a previously reported
procedure[41]. A solution of ligand ILs (4.0 mmol) dissolved in 5.0 cm® of ethanol was added to a
solution of Co(CH3CO0),-4H,0 (2.0 mmol) and acacen (2.0 mmol) dissolved in 5 cm® of ethanol.
The mixture was stirred for 5 h at 303 K under a N, atmosphere. After 5 h, the ethanol and acetic acid
were removed by N bubbling for 12 h. The absence of ethanol and acetic acid in the obtained MCILs

was confirmed by FT-IR measurement (Supporting information).

2.2 Measurement of density and viscosity of the MCILs

The densities of the MCILs were determined by measuring the weight of a known volume of MCIL.
A gas-tight syringe (No. 1725, Hamilton Co., Reno, NV) with a volume of 0.25 cm® was used for the
density measurement. A constant volume of the MCIL (0.15 cm®) was collected in the gas-tight syringe
and weighed at 303.0 K.

The viscosity of the MCILs after O, absorption was measured using a rheometer (MCR 501, Anton
Paar Co. Ltd.) with a cone plate (CP25-2, Anton Paar Co. Ltd.) at 303.0 K. Because the viscosity of
the MCILs showed the constant value for the shear rate below 100 s, the shear rate for the

measurement was set to 10 s

2.3 Measurement of equilibrium absorption amounts of O, and N in the MCILs

The amounts of O, and N» absorbed in the MCILs were measured by our previously reported
method[24]. The gas absorption apparatus was composed of stainless-steel tubes and reference and
sample cells. The temperature of the system was kept constant using a water bath (T-105B; Thomas
Kagaku Co., Ltd., Tokyo, Japan). The MCILs used for the gas absorption test were degassed in
advance to remove absorbed O, from the air. The MCIL/ethanol solution was prepared by adding 5
cm’ of ethanol, with O, removed by N, bubbling, to 1 g of the degassed MCILs under a N, atmosphere.

The reference and sample cells were degassed under vacuum for more than 1 h to remove air,
followed by charging with pure N, (about 100 kPa) to completely remove the considerable amount of

O, that remained in the apparatus. Subsequently, the sample cell filled with N, was sealed by closing
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the 2-way valve, detached, and weighed. The prepared MCIL/ethanol solution was loaded into the
sample cell through the septum using a syringe. Then the sample cell was reattached to the system.
The system was maintained at 333.0 K and vacuumed for 48 h to remove ethanol. The elimination of
ethanol from the MCIL was confirmed by the pressure change in the system, i.e. the ethanol was
deemed to be completely removed when the pressure no longer changed. Subsequently, N, was
charged into the system again (about 100 kPa), and the sample cell filled with N, was detached and
weighed in the same manner as described above. The weight of the MCIL loaded in the sample cell
was calculated by the weight difference of the sample cell before and after MCIL loading.

After attaching the MCIL-loaded sample cell to the system, the temperature was maintained at
303.0 K. Then, the system was fully evacuated to completely remove the charged N». After the
degasification of the system, the valve connecting the two cells was closed. The reference cell was
then pressurized to charge a known amount of O, or N». After the gas was charged, the MCIL was
constantly stirred using a stirrer throughout the experiment. Gas absorption was initiated by opening
the valve connecting the two cells to introduce the gas charged in the reference cell into the sample
cell. The pressure drop along with the gas absorption by the MCIL was measured using a digital
pressure gauge (Model AM-756 digital manometer, GE Sensing & Inspection Technologies Co., Ltd.).
The pressure was monitored until it became constant. It took about 150 h and 24 h to reach equilibrium
for O, and Ny, respectively. After equilibration was attained, the amount of gas absorbed in the MCIL

was determined from the initial and equilibrated pressures.

2.4 Determination of pK, of the ligand ILs

A 300 cm’ glass vial was used as a titration vessel. A solution of the ligand IL (200 cm?, 10 mmol)
in methanol (MeOH) was poured into the glass vial, and the temperature was maintained at 303.0 K
using a water bath (TBX182SA, ADVANTEC). The pH of the solution was measured by a pH meter
(pH meter: LAQUA F-74 electrode: 6377-10D, HORIBA, Ltd.) calibrated by aqueous standard
solutions (pH standard solutions (pH 7, pH 9), HORIBA Advanced Techno Co., Ltd.). Because the
pH meter was calibrated by an aqueous buffer, the pH value of the methanol solution measured by the
pH meter (pHobs) should be corrected. Based on the previous report[42], the actual pH value of the

methanol solution (pHwmeon) can be determined by the following equation;
PHmeon = PHops +2.24
The ligand IL/MeOH solution was titrated with 0.5 mol dm™ hydrochloric acid methanolic solution

in 1 cm? or 0.5 cm?® steps. Neutralization titration curves of each ligand IL were obtained by plotting

the pHmeon values against the titrated volume of the hydrochloric acid methanolic solution. The pK,



1 values of the ligand ILs were determined by analyzing the titration curves by the method described in
2 the Supporting information.
3
4
5 3. Results and Discussion
6 3.1 Equilibrium gas absorption
7  3.1.1 N, absorption
8 To achieve high O,/N, absorption selectivity, the amount of absorbed N in the MCILs should be
9  decreased. Therefore, we firstly investigated how the chemical structure of the MCILs affects N»
10 absorption by the MCILs. To investigate the relationship between the chemical structure of the MCILs
11 and the amount of absorbed N, the N; absorption of several MCILs were measured. Fig. 3 shows the
12 Nz absorption isotherms of each MCIL at 303.0 K. The amount of absorbed N in the MCILs increased
13 linearly with increasing N, pressure, i.e. N2 was physically absorbed in the MCILs according to
14 Henry’s law. The Henry’s constants of the MCILs (Hn2 (mol dm kPa™!)), determined from the slopes
15 shown in Fig. 3, are listed in Table 1.
16
a b
_0.25 @) _0.25 (b)
@ [ O: [Peeeral2[Co(salen)(N-mGly),] @ [ O: [Pegsral[Co(acacen)(N-mGly),]
E - /\: [Peesr4lo[Co(salen)(imida),] E - /\: [Peest4lo[Co(acacen)(imida),]
© 0.2 [D: PesublCo(salen)(pyri)] O 0.2 [ [PesablColacacen)(pyri)]
g - O: [Co(salen)(Nsa)][Tf2N] g - <1 [Co(acacen)(Nyssa)][TFN],
- - - P [Co(acacen)(Nazs(3a))2l[Tf2N]2
Z20.15 | o Z0.15 |
O 4 © L
[0} A I L
_e 2 _e -
s 0.1 ¢ , 5 0.1 F
D V5 @ D C
9 o)
@ ~ oy @ r
©0.05 e ©0.05 |
€ - T = -
8 P <A Liviiniin Lot Litiiiii Liviiiiig 8 N
g 0o g 0
< 0 100 200 300 400 500 < 0 100 200 300 400 500
17 Equilibrium pressure (kPa) Equilibrium pressure (kPa)

18  Fig. 3 N, absorption isotherms of (a) Co(salen)-type and (b) Co(acacen)-type MCILs with several
19  ligand ILs at 303.0 K. The data of [Pess14]2[ Co(salen)(N-mGly).] are previously reported in ref. 32
20

21

22

23

24

25



1 Table 1 Molecular weight, density, molar volume, and Hn» of each MCIL at 303.0 K.

Molecular

MCILs weight
(g mol™)

Density
(g-em™)

Molar volume

(cm*mol ™)

Haox1 04
(mol dm?3

kPa!)

[Pess14]2[ Co(salen)(N-mGly),] 1469.11
[Pess14]2[Co(salen)(imida),] 1545.17
[Pess14]2[Co(salen)(pyri)a] 1539.16
[Co(salen)(Ni1sa)2][TE2N]o 1150.01
[Pess14]2[Co(acacen)(N-mGly),] 1425.10
[Pess14]2[Co(acacen)(imida),] 1501.16
[Psss14]2[ Co(acacen)(pyri)z] 1495.15
[Co(acacen)(Ni1s5a)2][ TE2N] 1106.00
[Co(acacen)(N22s:3a)2][TH2N]2 1244.25

1.02
1.07
1.06
1.42
1.01
1.02
0.97
1.18
1.12

1440
1444
1452
809

1410
1471
1541
937

1110

3.14
3.07
3.02
1.94
3.15
3.18
3.21
2.18
2.79
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For general room-temperature ILs (RTILs), the effect of the chemical structure of the RTILs on
the amount of physically absorbed gas was investigated [43]. It was revealed that in the case of
physical absorption where no chemical reaction was occurred between the RTIL and the gas molecules,
a large free volume, which is related with the molar volume of RTILs, resulted in a large amount of
gas absorption[44,45]. Fig. 4 shows the relationship between Hn2 and the molar volumes of MCILs
calculated from the molecular weight and density of the MCILs (Table 1). The Hn2 of MCILs
increased with increasing MCIL molar volume. Furthermore, both Co(acacen)-type and Co(salen)-
type MCILs followed the same trend. This result indicated that the molar volume of MCILs is a critical
factor determining the amount of N» absorbed in the MCILs. In other words, other factors, such as the
compatibility of MCILs with Ny, had a small effect on the Anz. Therefore, to obtain low N, absorption
amount, the molar volume of the MCILs should be low[46]. Thus, the design of MCILs with low N3

absorption amount requires the use of small O,-absorbing metal complexes and small ligand ILs.
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MCILs.

3.1.2 O, absorption
In our previous research, it was clarified that the equilibrium relationship between the MCILs and

O, can be described by the following equations[36];

O2(gas) = O(MCIL), Ho>  (physical absorption) (1)
Co(EL)-L, + O>(MCIL) = Co(EL)-L-O> + L, K )
Co(EL)-L-O; + Co(EL)-L, = (Co(EL)-L),O, + L, K 3)

where Co(EL)-L; is the MCIL. Co(EL) is the Oz-absorbing complex (Co(acacen) and Co(salen)), and
L is the ligand IL. Hoz (mol dm™ kPa!) is Henry’s constant of the physical O, absorption in the MCIL.
K (-) and K> (-) are the absorption equilibrium constants for Egs. 2 and 3, respectively. It is clear from
Egs. 2 and 3, that large K; and K> lead to a large amount of absorbed O». The K; and K> of each MCIL
were determined by analyzing the O absorption isotherms of each MCIL obtained from the O»
absorption tests.

The O, absorption isotherms of the MCILs measured at 303.0 K are shown in Fig. 5. The lines in
Fig. 5 are the theoretical absorption isotherms calculated based on Eqs. 1-3. The determined
parameters, Ho», K1, and K>, are listed in Table 2. The K> values of all MCILs were very small. This
indicated that the synthesized MCILs hardly formed (Co(EL)-L),-O». In other words, the formation of
the Co(EL)-L-O, complex was dominant. Therefore, K; could be used to evaluate the O, reactivity of
the MCILs.

10
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ligand ILs at 303.0 K. The data of the [Pess14]2[ Co(salen)(N-mGly).] are those previously reported in
ref. 32

Table 2 Equilibrium constants of O, absorption in MCILs at 303.0 K.

MCILs Howr 107 & o

(mol dm~kPa") ) )
[Psss14]2[ Co(salen)(N-mGly),] 5 1200 <0.001
[Pess14]2[ Co(salen)(imida);] 5 50 <0.001
[Pess14]2[Co(salen)(pyri)2] 5 6.5 <0.001
[Co(salen)(Ni15a)2][TH2N]2 3.33 0.4 <0.001
[Psss14]2[Co(acacen)(N-mGly),] 5 12 <0.001
[Psss14]2[Co(acacen)(imida),] 5 7.5 <0.001
[Psss14]2[Co(acacen)(pyri):] 5 4.3 <0.001
[Co(acacen)(Ni11a)2][TE:N]2 3.33 0.025 <0.001
[Co(acacen)(Niisq.)2][TE2N]2 3.33 0.1 <0.001

As shown in Fig. 5 and Table 2, for both Co(acacen) and Co(salen)-type MCILs, the amount of
absorbed O; and K, increased with a change of ligand ILs in the order of [Pessi4][N-mGly] >
[Psssia][imida] > [Pess14][pyri] > [N11sa][Tf2N]. Carter et al. investigated the effect of the axial ligand
on the O, reactivity of solutions of the Co(acacen) complex with various axial ligands[47]. In their
report, they revealed that an axial ligand coordinating to Co(acacen) could enhance the electron density
of the Co atom, and the O, reactivity of Co(acacen) was increased mainly by ¢ electron donation from

the axial ligand. This means that the high electron donation ability of the axial ligand imparts high O
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absorbability to the Co(acacen) complex. The o electron donation from the axial ligand also enhances
the reactivity of the Co(salen) complex[48].

In MCILs, the ligand ILs axially coordinate to the Co atom. Therefore, the ¢ electron donation
ability of the ligand ILs could strongly affect the O, absorbability of both Co(acacen) and Co(salen)-
type MCILs. Because the pK, of the conjugate acid could be taken as a measure of the ¢ electron
donation ability of axial ligands[47,49], the pK, value of the ligand ILs could be used as an indicator
of their o electron donation ability.

Fig. 6 shows the relationship between log K of the MCILs and the pK, of the ligand ILs. As shown
in Fig. 6, the values of log K, of both Co(acacen)-type and Co(salen)-type MCILs increased with an
increase of ligand IL pK,. Therefore, it can be said that the pK, value related to the ¢ electron donation
ability of the ligand ILs strongly affects the O, reactivity of both types of MCILs. Thus, to synthesize
MCILs with high O, absorbability, highly electron donating ligand ILs should be used.

5 L @: Co(salen) type MCILs
__ 4 | O:Co(acacen) type MCILs
» 3
— L
O
2 2
g 1
50
X
o "1
o
2 F
I J N S S S S
0 5 10 15

pK, of ligand IL (-)
Fig. 6 Relationship between log K; of MCILs and pK, of ligand ILs measured by acid-base titration

test in methanol solution at 303.0 K.

In contrast, as shown in Fig. 6, comparison of the log K; of MCILs with the same ligand ILs shows
that the Co(salen)-type MCILs have larger K; values than those of the Co(acacen)-type MCILs. This
indicates that the O, reactivity of Co(acacen)-type MCILs was lower than that of Co(salen)-type
MCILs. It was reported that the O, reactivity of the Co(acacen) complex solution was higher than that
of the Co(salen) solution[50]. The result obtained showed the opposite trend. Crumblis et al. reported
that the O, absorbability of Co(acacen) was deactivated because of some catalytic reaction between
Co(acacen) and the organic ligand at room temperature[49]. Therefore, one possible reason to explain
the lower O, reactivity of Co(acacen)-type MCILs than that of Co(salen)-type MCILs might be the
deactivation of Co(acacen)-type MCILs at 303.0 K.
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3.2 Viscosity of MCILs

Since the interaction among MCIL molecules strongly affect the viscosity of MCILs, investigation
on this interaction was expected to shed light on the optimal chemical structure for MCILs with low
viscosity. To evaluate the intermolecular interaction, some report adopted the friccohesity that is a
ratio of the cohesive force and frictional force[51-53]. Friccohesity is calculated by ¢ = n/y, where n
and v are the viscosity and surface tension of the solution, respectively. However, the viscosity of the
MCILs used in this study were very high, the surface tension of the MCILs could not be measured.
Therefore, only the viscosity of the MCILs was adopted for the indicator of the interaction between
the MCIL molecules.

Fig. 7 shows the viscosities of the Co(acacen)-type and Co(salen)-type MCILs with different
ligand ILs ([Pess14][N-mGly], [Pessi4][imida], [Pessia][pyri], and [Niisa][Tf2N]). Comparing the
viscosity of MCILs with the same ligand ILs, the viscosity of Co(acacen)-type MCILs was lower than
that of Co(salen)-type MCILs. This difference could be attributed to the difference in chemical
structure of the equatorial ligands. The important difference in the chemical structures of acacen and
salen is the existence of an aromatic ring (Fig. 2): salen has an aromatic ring, while acacen does not.
The = electron system including an aromatic ring could cause intermolecular interactions such as
cation-m interaction, NH-n interaction, CH-n interaction, and n-m interaction (hereinafter, these
interactions are expressed as X-m interactions). It was reported that X-m interactions are important non-
covalent intermolecular forces and play a significant role in the building or conformation of
molecules[54,55]. It was also reported that X-m interactions govern the crystal structure of some metal
complexes, including Co(salen) and its derivatives[56—59]. Therefore, X-n interactions among the
MCIL molecules caused by the & electron system of equatorial ligands might affect the viscosity of
MCILs.

1000000

[1: Co(salen) type MCILs

100000 l: Co(acacen)type MCILs

10000 F
1000 |

100 F

Viscosity (mPa s)

10 |

NN & Q
©) R ‘(\\go \ b‘\\Q\\‘

\Q’vﬁ\
b € o @N«‘ﬁ‘

Ligand ILs of the MCILs
Fig. 7 Viscosities of both types of MCILs with several ligand ILs at 303.0 K
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It was known that the strength of intermolecular X-x interactions increases with an increase in the
extent of the w electron system[60]. Although the acacen ligand also has a & electron system, the salen
ligand, which has a wide 7m electron system because of the aromatic ring, causes stronger
intermolecular interactions among MCIL molecules than the acacen ligand. The higher density of
Co(salen)-type MCILs than that of Co(acacen)-type MCILs (Table 1) suggested that Co(salen)-type
MCIL molecules strongly interact with each other. Therefore, the higher viscosity of Co(salen)-type
MCILs could be caused by the stronger X-m interactions among Co(salen)-type MCIL molecules.

In contrast, the viscosities of both types of MCILs were changed by the types of ligand ILs
coordinating to the metal complexes. MCIL viscosity increased in the order of [Pegsi4][N-mGly] >
[Psss1a][imida] > [Pessi4][pyri] > [Ni1s5a][Tf2N]. As mentioned above, X-m interactions determine the
viscosity of MCILs. Therefore, the change in MCIL viscosity with different ligand ILs means that the
ligand ILs might affect the strength of X-m interactions among MCIL molecules. The ligand ILs could
affect the strength of X-m interactions by the following mechanism. The equatorial ligand withdraws
the electrons of the Co atom[47,56]. Therefore, the higher electron density of the Co atom increases
the electron density of the 7 electron system of the equatorial ligands. In general, the strength of the
X-m interactions increases with increasing « electron density[61,62]. The axially coordinating ligand
ILs could increase the electron density of the MCIL Co atom by ¢ electron donation. Therefore, the
electron density of the MCIL equatorial ligand increases with an increase in the ¢ electron donation
ability of the ligand ILs (Fig. S7).

According to this consideration, higher © electron density of equatorial ligands due to the high ¢
electron donation ability of ligand ILs might cause higher MCIL viscosity. In fact, as shown in Table
3, the viscosity of MCILs increases with an increase of pK, of the ligand ILs. Here, pK, is the indicator
of the ¢ electron donation ability of the ligand 1Ls[47,49]. Therefore, the above-mentioned speculation

can explain the trend of MCIL viscosity with different ligand ILs.

Table 3 pK, values of ligand ILs and corresponding MCIL viscosity.

MCILs pK, of ligand IL Viscosity of MCIL
) (mPa s)

[Psss1a]2[Co(salen)(N-mGly),] 11.4 83150

[Pess14]2[ Co(salen)(imida);] 8.5 28280

[Psss14]2[Co(salen)(pyri)z] 7.6 10720
[Co(salen)(Njisa)2][Tf2N]2 1.5 706

[Psss14]2[ Co(acacen)(N-mGly)] 11.4 31448

[Psss14]2[Co(acacen)(imida)] 8.5 12500
[Psss14]2[ Co(acacen)(pyri).] 7.6 5740
[Co(acacen)(Niis.)2][TE2N]2 1.5 229
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To obtain evidence to support this speculation, IR spectra of MCILs with different ligand ILs were
measured. Fig. 8(a) shows the IR spectra of neat Co(salen) and Co(salen)-type MCILs with different
ligand ILs. The peaks observed around 1450 cm™! for neat Co(salen) and each Co(salen)-type MCIL
were assigned to the aromatic C=C bond of Co(salen) (wW(C=C))[63]. As shown in Fig. 8(a), W(C=C)
of the MCILs were shifted to higher wavenumbers than that of the neat Co(salen) complex. The
wavenumber shift for each MCIL from the neat Co(salen) complex, Av(C=C) was plotted against the
pKa value of the ligand IL in Fig. 8(b). As shown in Fig. 8(b), Av(C=C) increased with an increase in
the pK, value of the ligand IL. The high vibration frequency of the aromatic C=C bond caused an
increase in the electron density of the C=C bond [64,65]. Therefore, it was confirmed that the =
electron density of the aromatic ring of Co(salen)-type MCILs increased with an increase in the pK,
value of the ligand ILs. Specifically, the high viscosity of Co(salen)-type MCILs having ligand ILs
with high pK, was caused by the high 7 electron density of the equatorial ligand due to strong ¢
electron donation from the ligand ILs. Unfortunately, for the Co(acacen)-type MCILs, the peak of
C=C vibration, which should be observed near 1570 cm™ [40], was overlapped by other peaks and
could not be assigned (Fig. S8). However, the © electron density of the equatorial ligand of Co(acacen)-
type MCILs might be increased with an increase in the pK; value of the ligand ILs because the acacen
ligand also withdraws electrons from the Co atom[47]. Therefore, the viscosity of Co(acacen)-type

MCILs might increase with an increase in the pK, of the ligand ILs.

(a) (b)

——: Co(salen) 10
""" : [Co(salen)(Ny55)][ ToNI,
- ==+ [Pegsrala[Co(salen)(pyri),]
; --=- 1 [Pegs14l2[Co(salen)(imida),] =
© —— 1 [Pegs1al[Co(salen)(N-mGly),] =
8 __,_/\/i\ =
% e -”"‘r\\\ (") 5 r
2 e I — O
2 S =t
Q |- Y <
< i ‘II~ .
_________ /\/_\Ik mimm e
// | \\ _______
—_—r =T 0....|....|....
1500 1450 1400 0 5 10 15
Wavenumber (cm-") pK, of ligand IL (-)

Fig. 8 (a) FT-IR spectra of each Co(salen)-type MCIL with different ligand ILs and neat Co(salen)
complex around 1450 cm™'. (b) Relationship between Av(C=C) and pK, of the ligand ILs measured by

the acid-base titration test.
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To confirm the effect of the pK, value of ligand ILs on the viscosity of Co(acacen)-type MCILs,
the relationship between the viscosity of Co(acacen)-type MCILs and the chemical structure of ligand
ILs was systematically investigated using MCILs having the form [Nririr2(ma)][Tf2N], with different
methylene groups as the ligand ILs. Here, “n” of [Nririr2(may][ Tf2N] means the number of methylene
groups, “a” denotes the amino group, and R; and R, denote alkyl chains (Fig. 2). The pK, of
[NRir1R2(na)][T2N] can be controlled by changing the number of methylene groups.

It should be noted that the number of methylene groups has another effect on the chemical structure
of [Co(acacen)(Nririr2(na))2][Tf2N]2. An increase in the number of methylene groups results in an
increase in the distance between the two cations of [Co(acacen)(Nririr2(ma))2][Tf2N]2. Shirota et al.
reported that the distance between the two cations of gemini-type ILs had little effect on the viscosity
of gemini-type ILs[66]. Therefore, it can be considered that a change in the distance between the two
cations of [Co(acacen)(Nririr2(ma))2][ Tf2N]> hardly affects the viscosity of MCILs. In other words, the
effect of the ligand IL pK, on the viscosity of Co(acacen)-type MCILs could be investigated by using
[Co(acacen)(Nririr2may)2][ Tf2N]2 with different methylene groups of the ligand ILs.

Fig. 9 shows the relationship between the pK, value of ligand ILs and the viscosities of several
[Co(acacen)(Nririr2(ma))2][Tf2N]2. The pK, of the ligand ILs and the viscosity of the MCILs used in
Fig. 9 are listed in Table S4 to associate each MCIL with its values. As expected, the viscosity of
[Co(acacen)(Ni11(ma))2][Tf2N]2, [Co(acacen)(Niiswmay)2][Tf2N]2, and [Co(acacen)(N22sma))2][TH2N]2
increased with an increase in the pK; value of the ligand ILs because of the increase in the electron
density of the equatorial ligand of Co(acacen)-type MCILs.

In conclusion, the interaction among MCIL molecules due to the 7 electron system would be the
dominant factor affecting the viscosity of both types of MCILs. It was demonstrated that the strength
of the interaction could be tuned by the m electron system of the equatorial ligands and the electron
donation ability of the ligand ILs. Therefore, to develop MCILs with low viscosity, it is effective to

use equatorial ligands with a small & electron systems and ligand ILs with low pK, values.
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Fig. 9 Relationship between the viscosity of Co(acacen)-type MCILs and pK, of the ligand ILs

measured by the acid-base titration test in a methanol solution at 303.0 K.

3.3 Design criteria of MCILs with high O, absorbability and low viscosity

As O absorbents, MCILs should have low N absorbability, high O, reactivity, and low viscosity.
For maximum N absorption by MCILs, their molar volume is a critical factor. Because the molar
volume of MCILs hardly affects their O, reactivity and viscosity (Figs. S11 and S12), N, absorbability
can be independently controlled, regardless of the O, reactivity and viscosity of the MCILs. Therefore,
it would be easy to design MCILs with low N absorbability and either high O, reactivity or low
viscosity.

In contrast, both O, reactivity and viscosity of the MCILs was affected by the pK, of the ligand
ILs. Because both O, absorbability and viscosity of the MCILs were increased with increasing ligand
IL pK,, as shown in Fig. 10, there was a trade-off relationship between the O, reactivity and viscosity
of the MCILs. Thus, a MCIL with both high O; reactivity and low viscosity cannot be developed by
only controlling the pK, of the ligand ILs. In this section, we consider the design criteria for MCILs
with both high O, reactivity and low viscosity.
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Fig. 10 Relationship between log Ko and viscosity of both Co(salen) and Co(acacen)-type MCILs

O, reactivity of MCILs is determined by the electron density of the Co atom of MCILs. The
electron density of the Co atom could be controlled by the pK, of the ligand ILs. In contrast, MCIL
viscosity was affected by the X-n interactions caused by the & electron system of the MCILs. The
strength of the X-m interactions among the MCIL molecules might be controlled by the chemical
structure of the m electron system and the X moiety, such as the introduction of the steric hindrance
effect and the decrease in the number of interaction sites. It is expected that the chemical structure of
the m electron system and X moiety could be designed without changing the pK; of the ligand ILs.
This means that the O, reactivity and viscosity of the MCILs might be controlled independently.

One possible alteration of the chemical structure of MCILs that weakens the X-r interactions is
methylation of the amine group in the ligand ILs. Because the NH moiety in the MCILs disappeared
by methylation of the amine group, the MCIL viscosity decreases because of the disappearance of the
NH-m moiety. In fact, as shown in Fig. 9, comparing the viscosity of the MCILs with similar ligand
IL pK, values, the viscosity of [Co(acacen)(Nii5@2a11))2][TH2N]> and [Co(acacen)(Na2sizai1))2][THN]»
without the NH moiety were lower those that of the MCILs with the NH moiety. This result
demonstrated that X-m interactions could be controlled by altering the chemical structure of the X
moiety.

The criterion for designing MCILs with both high O, reactivity and low viscosity is the suppression
of X-m interactions without decreasing the electron density of the Co atom. Fundamentally, the source
of X-m interactions was the 7 electron system of the equatorial ligand of MCILs. Therefore, optimizing
the chemical structure of the equatorial ligand, such as by decreasing the 7 electron system and
introducing steric hindrance to the © electron system[67], is important for further improvement of the
performance of MCILs as O, absorbents. Designing the equatorial ligand to decrease the viscosity of

MCILs while maintaining the O, absorbability is our next challenge.
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4. Conclusions

To propose the optimal design criteria of MCILs that can act as effective O, absorbents, the amount
of absorbed N, O, absorbability, and viscosity of the MCILs composed of Co(acacen) or Co(salen)
complexes and different ligand ILs were investigated. Based on the relationship between the chemical
structure of the MCILs and each property, the dominant factors that determine each property of the
MCILs were investigated.

The amount of N, absorbed in the MCILs was strongly affected by the molar volume of the MCILs.
The use of small ligand ILs and metal complexes is effective to decrease the amount of absorbed No.
In contrast, the O, absorbability of the MCILs showed good correlation with the pK, of the ligand ILs,
which indicated that the O, absorbability was strongly affected by the electron density of the Co atom
of the MCILs. The electron density of the Co atom could be enhanced by using ligand ILs with strong
electron donation ability. The X-x interactions (X: cation, NH, CH, and © system) due to the = electron
system of the equatorial ligands played an important role in determining the MCIL viscosity. The
decrease of this interaction brought about a decrease in viscosity.

Based on above-mentioned factors, it can be said that designing chemical structures of MCILs to
weaken the X-m interactions is quite important to develop MCILs with low N, absorbability, high O,
reactivity, and low viscosity. Decreasing the m electron system and introducing steric hindrance to the

© electron system might be effective to obtain the desired chemical structure of the equatorial ligand.
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