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Abstract: We prepared acetic acid derivatives using three different frameworks, calix[4]arene,
alkenyltrimethylol, and trihydroxytriphenylmethane, which differ in the number and size of their co-
ordination sites. We further investigated the extraction properties for aluminum group metal ions. All
three extraction reagents exhibited increased extraction compared with the corresponding monomeric
compounds, owing to structural effects. The extraction reaction and extraction equilibrium constants
were determined using a slope analysis. Their extraction abilities, separation efficiencies, and poten-
tial coordination modes are discussed using the extraction equilibrium constants, half-pH values,
and spectroscopic data. The calix[4]arene and trihydroxytriphenylmethane derivatives demonstrated
allosteric co-extraction of indium ions (In3+) with an unexpected stoichiometry of 1:2.

Keywords: metal separation; host compounds; frameworks; solvent extraction; spectroscopic study;
allosteric co-extraction

1. Introduction

The seminal discovery of crown ethers by Pedersen in 1967 [1] raised the curtain for
“host–guest chemistry” [2]. A series of crown ethers have been synthesized to investigate
host–guest complexation with alkali metal ions [3]. Subsequently, various macrocyclic
ionophores and frameworks, such as cryptands [4], spherand [5,6], and calixarenes [7],
were introduced, and several series of derivatives have been investigated for their alkali
metal coordination [8–13]. Most macrocyclic compounds form very stable metal ion com-
plexes, the stability of which depends on how well the cation fits into the cavity formed
by the donor atoms [14]. The size-discriminating effect is also the most comprehensible
example among the six proposed “structural effects” for host ionophores, like calixarene
derivatives [15–17], although there are some more requirements to employ them as ex-
traction reagents [18]. To investigate the size discrimination for a series of homologous
metal ions, a well-considered research strategy is required, and the data systematically
collected for ionophores of different sizes must be compared in order to contribute to future
molecular designs for more effective metal separation.

Our group has synthesized various extraction reagents based on different frame-
work types, namely calix[4]arenes [15,18,19], “trident” molecules as alkenyltrimethy-
lols [16,19–22], and 2,2′,2′ ′-trihydroxytriphenylmethane [23]. These frameworks provide
unique properties for the synthesis of their derivatives and for metal extraction (Table 1).
For the effective separation of metal ions with similar sizes or chemical properties, the
synergism of the functional group effect based on the HSAB theory [24] and the above-
mentioned structural effect of macrocyclic compounds should be considered [15,18]. Thus,
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judicious framework selection is critical for the precise adjustment of the functional groups
in order to enable high separation. The employment of assorted frameworks with various
properties and different sizes not only contributes to the optimal molecular design of
the extraction reagents for a particular separation system, but also expands the range of
applications for the separation.

Table 1. Properties of the frameworks.

Calix[4]arene (Cone) “Trident” Molecule Trihydroxytriphenylmethane

Modified group Active phenols Non-reactive alchohols Active phenols

Coordination site
(Site size)

small at lower rim
(2.0 Å at distal position)

Small and narrow
(1.7 Å between O to O)

Small and narrow
(less than 2.0 Å)

Inversion (Fixing) Probable (controllable) None (already 3-D controlled) None

Rigidity Rigid Relatively rigid Rigid

Polyfunctionality e.g., Tetradentate e.g., Tridentate e.g., Tridentate

Symmetry e.g., C2, C4 symmetry e.g., C3 symmetry e.g., C3 symmetry

Spectroscopic transparency UV absorptive UV Transparent UV absorptive

Lipophilicity Poor Poor High

Notably, the selection of target metal ions is also important for comparing the effect
of different frameworks on the extraction ability and separation efficiency. The trivalent
aluminum group metal ions of aluminum, gallium, and indium represent a suitable series
of metal ions owing to their congeneric ions. Gallium and indium are employed as raw
materials for the fabrication of various advanced materials; however, they do not exist as
primary ores and can only be obtained as by-products [25–29]. Their recovery has been
summarized in review articles [30,31]. Nishihama et al. reported a systematic extractive
separation of Ga3+ and In3+ by three types of organophosphorus compounds in kerosene
with different basicities, their extraction constants in chloride media, and a simulation of
their separation by a counter-current mixer-settler cascade with the most suitable extraction
reagent (D2EHPA) [32]. New extraction reagents, such as tris(2-hydroxybenzyl)amine [33],
aminophosphonic acid [34–36], aminocarboxylic acid [37], phenylphosphinic acid [38], and
thioglycolate [39], as well as receptors based on calix[5]arene [40] and calix[4]arene [41,42],
have been applied for the separation of Ga3+ and In3+. Furthermore, we recently investi-
gated Ga3+ extraction using secondary amido ligands [43].

In this study, we employed the acetic acid derivatives of three different frame-
works, namely a tetraacetic acid derivative of calix[4]arene, a triacetic acid derivative
of nonenyltrimetylol, and a triacetic acid derivative of 2,2′,2”-trihydroxytriphenylmethane,
to investigate the extraction and separation of trivalent aluminum group metal ions. A
comparison of the properties of the three frameworks employed to synthesize the extraction
reagents is presented in Table 1.

2. Experimental
2.1. Reagents

The chemical structures of the extraction reagents employed in this study are shown in
Figure 1. 25,26,27,28-Tetrakis(carboxymethoxy)-5,11,17,23-tetrakis(1,1,3,3-tetramethylbutyl)
calix[4]arene (1) and the corresponding monomer (4) [44], tris{3,5-dimethylpropyl-2-carboxy
methoxyphenyl}methane (3), and the corresponding monopodal compound (6) [23] were
synthesized in a manner similar to that reported previously. The purity of compounds
(1), (4), (3), and (6) was guaranteed by the elementary analysis described in references [44]
and [23].
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Figure 1. Chemical structures of extraction reagents (1)–(6).

1,1,1-Tris(carboxymethoxymethyl)-9-decene (2) was synthesized from 10-undecenal in
three steps, as follows: framework preparation [45], followed by esterification and then
hydrolysis with a base. The synthetic route to prepare the triacetic acid derivative of
nonenyltrimetylol (2) is shown in Scheme 1a. The corresponding monopodal compound
(5) was prepared in a single step from 10-undecen-1-ol, as depicted in Scheme 1b. The
obtained compounds were identified by infrared (IR) spectroscopy (Affinity 1, Shimadzu
Corporation, Kyoto, Japan) and nuclear magnetic resonance (NMR) spectroscopy (NMR
system 400, Varian 400 MHz, Fabreeka International, Inc., Stoughton, MA, USA), and
the purity was confirmed by thin-layer chromatography (TLC). All other chemicals were
purchased and used as received.
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2.1.1. 1,1,1-Tris(carboxymethoxymethyl)-9-decene (2)

1,1,1-Tris(hydroxymethyl)-9-decene, (7), was prepared using a previously published
procedure [44]. Triol 7 (3.00 g, 13.0 mmol) was added to dry THF (100 cm3) under nitrogen
flow. Lithium hydride (0.94 g, 118 mmol, 9.1 eq.) was added, and the mixture was stirred
for 30 min at room temperature. Ethyl bromoacetate (13.1 g, 77.9 mmol, 6.0 eq.) was added,
and the mixture was heated to 57 ◦C for 23 h. The reaction was monitored by TLC. After
cooling to room temperature, the excess lithium hydride was deactivated with ethanol, and
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the solvent was removed under reduced pressure. The desired compound was extracted
with chloroform (300 cm3) and washed with 200 cm3 of 1 M HCl (M = mol dm−3) and
distilled water (300 cm3). The organic solution was dried over anhydrous magnesium
sulfate, and the solvent was removed in vacuo to afford 9.36 g of a red-brown viscous
liquid as a crude product. A theoretical yield greater than 100% (147%) and the TLC, IR,
and 1H-NMR results indicate the presence of unreacted ethyl bromoacetate, which was
used in excess (6.0 eq.). However, in the NMR spectra, only a single resonance at 3.48 ppm
was observed, and was assigned to three methylene protons next to the branched carbon
atom. Thus, it was assumed that the desired triester, 8, was formed and the synthesis
proceeded without further purification of the intermediate product.

Crude 8 (9.36 g) was dissolved in THF (100 cm3) and distilled water (31.3 g, 1.74 mol),
and potassium hydroxide (9.75 g, 173 mmol) was added. The mixture was heated to 63 ◦C
for 23 h and then cooled down to room temperature. The solvent was removed under
reduced pressure, and the desired compound was extracted with chloroform (300 cm3)
and washed with 100 cm3 of 6 M HCl once and 200 cm3 distilled water twice. The organic
solution was dried over anhydrous magnesium sulfate. The solvent was removed in
vacuo, and a red-brown viscous liquid was obtained. Yield, 4.68 g (60%); TLC (SiO2,
chloroform:methanol = 9:1, Rf = 0.00–0.37); IR (ATR) disappeared peak νO-H 3373 cm−1

(br), νO-H (COOH) 3715–2417 cm−1 (br), νC=O (COOH) 1728 cm−1, νC-O 1120 cm−1, 1H-NMR
(400 MHz, CDCl3, TMS, 30 ◦C) δ 1.35 (12H, m, 2((CH2)6C), 2.03 (2H, q, CH2 = CHCH2),
3.52 (6H, s, C(CH2)3), 4.12 (6H, s, (OCH2COOH)3), 4.96 (2H, m, CH2 = CH), 5.80 (1H, m,
CH2 = CH), 8.99 (3H, s(br), (COOH)3), 13C-NMR (100 MHz, CDCl3, TMS, 30 ◦C) δ 23–43
((CH2)7C(CH2)3), 68 (C(CH2)3), 73 (OCH2COO), 114 (CH2 = CH), 139 (CH2 = CH), 175
(COOH). EA for C19H32O9, calcd C 56.42%, H 7.98%, N 0.00%, found C 56.57%, H 8.04%,
N 0.02%. The FT-IR, 1H-NMR, and 13C-NMR spectra of 6 are shown in Figures S1–S3.

2.1.2. 10-Undecenoxyacetic acid (5)

10-Undecen-1-ol 9 (1.00 g, 5.89 mmol) was dissolved in dry THF (60 cm3) under a
nitrogen atmosphere. The solution was put in a salt ice bath (−12 ± 2 ◦C) and sodium
hydride (0.475 g, 60% in oil, 11.9 mmol, 2.0 eq.) was added. The mixture was stirred
for 30 min before bromoacetic acid (3.33 g, 23.9 mmol, 4.1 eq.) was added. The reaction
mixture was diluted with 40 cm3 of dry THF and was stirred for 19.5 h at room temperature
followed by reflux for 19 h. The reaction progress was monitored by TLC. To enhance
the reaction yield, a defined excess of sodium hydride was added to the cooled reaction
mixture (ice bath), which was then refluxed for 23 and 21 h, respectively. In the first step,
10 eq. (2.38 g, 60% in oil, 59.6 mmol) sodium hydride was added and in the second step
20 eq. (4.575 g, 60% in oil, 119 mmol) was added. Although the reactant still remained, the
mixture was cooled to room temperature, and excess sodium hydride was deactivated with
ice water (150 cm3). Diethyl ether (60 cm3) was added to the mixture to extract the desired
compounds. The organic phase was washed with 35 cm3 of 6 M HCl and with 30 cm3 of
distilled water (three times). The aqueous phase was extracted twice with diethyl ether
(60 cm3), and the combined organic solution was dried over anhydrous sodium sulfate.
After filtration, the solvent was removed in vacuo and the crude compound was purified
by column chromatography (Sfär Silica HC D High Capacity Duo 20 µ 50 g, Isorela prime,
Biotage Japan, Tokyo) to obtain a viscous yellow liquid. Yield, 0.223 g (17.7%); TLC (SiO2,
chloroform:2-propanol = 19:1, Rf = 0.00–0.37); IR (neat), νO-H (COOH) 3500–2450 cm−1 (br),
νC-H 2922 cm−1, νC = O (COOH) 1732 cm−1, 1H-NMR (400 MHz, CDCl3, TMS, 30 ◦C) δ 1.32
(12H, m, 2((CH2)6C), 1.32 (12H, m, (CH2CH2O), 2.05 (2H, q, CH2 = CHCH2), 3.56 (2H, t,
CH2CH2O, 4.10 (2H, s, OCH2COOH), 4.96 (2H, m, CH2 = CH), 5.82 (1H, m, CH2 = CH),
13C-NMR (100 MHz, CDCl3, TMS, 30 ◦C) δ 26–34 ((CH2)8CH2O), 68 ((CH2)8CH2O), 72
(OCH2COOH), 114 (CH2 = CH), 139 (CH2 = CH), 174 (COOH). EA for C13H24O3, calcd C
68.38%, H 10.60%, N 0.00%, found C 69.33%, H 10.76%, N 0.11%. The FT-IR, 1H-NMR, and
13C-NMR spectra of 5 are shown in Figures S4–S6.
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2.2. Distribution Study

The extraction study was performed using an experimental procedure described
previously [23]. The organic phase was prepared by dissolving the extraction reagent
in chloroform to the desired concentration (5 mM for 1–3, 20 mM for 4, and 15 mM
for 5 and 6). The aqueous phase was prepared by dissolving each metal nitrate at a
concentration of 0.1 mM in 0.1 M HNO3 or 0.1 M HEPES (N-(2-hydroxyethyl)piperazin-
N′-(2-ethanesulfonic acid)). The two aqueous solutions were mixed arbitrarily to adjust
the pH values. Equal volumes (2 cm3) of both the organic and aqueous phases were
mixed and shaken (150 rpm) for an adequate time at 30 ◦C. After phase separation, the
pH values and metal concentrations were determined using a pH meter (HM-30R, TOA-
DKK, Tokyo, Japan) and inductively coupled plasma atomic emission spectrophotometry
(ICP-AES, ICPS-8100, Shimadzu Corporation, Kyoto, Japan), respectively. For experiments
on the effect of the pH and extraction reagent concentration, pH values between 1.58
and 4.11 and a concentration ranging from 1.0 to 30 mM were used. For comparison of
the extraction ability with the carboxylic acid type of commercially available extraction
reagent, neodecanoic acid, trade name Versatic acid 10 (VA10), was employed and the same
procedure was carried out, except for the reagent concentration of 150 mM.

For spectroscopic studies using IR and 1H-NMR spectra, the metal concentration was
adjusted to 12.5 mM. The remaining conditions were the same as those described above,
and deuterated chloroform was used. After phase separation, the organic phases containing
4–6 were investigated by IR and 1H-NMR spectroscopy. The extraction percentage (%E)
and distribution ratio (D) were calculated using Equations (1) and (2).

%E =
Ci − Ce

Ci
× 100 (1)

D =
Ci − Ce

Ce
(2)

where Ci and Ce represent the initial and equilibrium metal concentrations in the aqueous
phase, respectively.

3. Results and Discussion
3.1. Extraction Rate

The effect of shaking time on the extraction of Al3+, Ga3+, and In3+ was studied using
(1), (2), and (3); the results are depicted in Figure 2. The results demonstrate that the
extraction equilibrium for all three metal ions in 1–3 was achieved within 12 h, whereas
for the more hydrophilic 2, an overall faster extraction was observed and the equilibrium
was reached within 2 h. The relatively slow extraction speed was attributed to the slow
horizontal shaking (150 rpm). Furthermore, the rate of the metal extraction of the inner
sphere complex, which proceeded through ion exchange and coordination, among other
extraction modes, seemed to be related to the Eigen mechanism [46]. The rate of ligand
substitution was followed by a weak hydration, in the order of In3+ > Ga3+ > Al3+. Although
the same trend was not always followed, the results were generally consistent. The phase
separation after shaking was smooth and very immediate without any interruption of the
extraction operation.
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3.2. Structural Effect

To evaluate the structural effects, the extraction behavior of the aluminum group
metal ions of the calix[4]arene and tripodal extraction reagents 1–3 and the correspond-
ing monomer and monopods 4–6 was studied. The effect of the equilibrium pH on the
extraction is illustrated in Figure 3. All extraction reagents contained acetic acid; hence, all
acted by a proton/cation exchange mechanism, and the extraction of the three metal ions
increased with increasing the pH values. The reagent based on the calix[4]arene and tripo-
dal frameworks 1–3 clearly exhibited a “converging functional group effect” [15–17] and
extracted the metal ions at lower pH values than those for their corresponding monomer
and monopodal reagents 4–6. A comparison using extraction equilibrium constants was
not possible because of the different extraction reactions for 1–3 and 4–6. Nevertheless, the
reagents based on the calix[4]arene and tripodal frameworks 1–3 were roughly compared
with their corresponding monomer and monopodal reagents, 4–6, using the half pH value,
pH1/2, and the difference between the pH1/2 values of two metal ions, ∆pH1/2. The pH1/2
and ∆pH1/2 values are listed in Table 2. pH1/2 is the pH value at which 50% of the target
ion is extracted (for 2, the pH1/2 values of all ions were estimated by extrapolating the data
with a slope of 3 in Figure 4b.) A lower pH1/2 value represents a high extraction of the
reagent and preferable transfer of the metal ion into the organic phase. A larger ∆pH1/2
value represents the effective separation of the two metal ions. Thus, the pH1/2 is related
to the extraction ability and the ∆pH1/2 value to the separation efficiency. Although all
reagents exhibited selectivity in the order of In3+ > Ga3+ > Al3+, detailed discussion can be
provided using these values. The ∆pH1/2 values for three ions between 2 and 5 were much
larger than those between 1 and 4 and those between 3 and 6. The extraction pH ranges of
all aluminum group ions with 2 were much lower than those with 1 and 3, probably due
not only to the “converging functional group effect”, but also to the “size discrimination
effect” [15–17] or high polarity of the alkenyl trimethylol framework. The ∆pH1/2 values
for the three ions between 3 and 6 were larger than those between 1 and 4, possibly due to
the different coordinating geometries of calix[4]arene derivative 1 and tripodal derivative
3. The carboxylic acid type of the commercially available extraction reagent, VA10, was
also employed for obvious evidence of the powerful extraction ability of three reagents,
1–3. The effect of equilibrium pH on the extraction percentage of Al, Ga, and In with
VA10 is shown in Figure S7. The extraction ability of VA10 was extremely low owing to
the monodentate ligand without any ethereal oxygen atoms for chelation. Although the
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concentration of VA10 was adjusted to 150 mM (7.5, 10, and 10 times higher as amount of
carboxylic acid groups for 1, 2, and 3), the pH1/2 values of In, Ga, and Al were estimated to
3.5, 4.6, and higher than 4.6, respectively.
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Table 2. Half pH values (pH1/2) of aluminum group metal ions with 1–6, and difference in pH1/2.

Extractant
Half pH Values, pH1/2 ∆pH1/2 ∆pH1/2

Al Ga In Al Ga In Al-Ga Ga-In

1 3.58 2.92 2.60
0.29 0.30 0.52

0.66 0.32

4 3.87 3.22 3.12 0.65 0.10

2 2.41 1.89 1.85
>1.49 1.34 1.23

0.52 0.04

5 >3.90 3.23 3.08 >0.67 0.15

3 3.63 3.14 2.89
>0.22 0.64 0.86

0.49 0.25

6 >3.85 3.78 3.75 >0.07 0.03
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The ∆pH1/2 between Ga3+ and In3+ with 1 was larger than that with 4, which indicates
that the separation efficiency of 1 was higher than that of 4, which may be a result of its
coordination site being a better fit for In3+. In contrast, the ∆pH1/2 value between Ga3+ and
In3+ for 2 was smaller than that for 5, indicating a reduced separation efficiency for 2. This
observation may be as a result of a “negative structural effect” [16,47], and indicates that the
coordination site of 2 provides a better fit for Ga3+, or rather is sized somewhere between
the ideal sizes for Ga3+ and In3+. The ∆pH1/2 between Ga3+ and In3+ for 3 was larger than
that for 6, representing a higher separation efficiency of 3. Presumably, the coordination
site of 3 provided a suitable fit for In3+. Furthermore, the ∆pH1/2 value between Ga3+ and
In3+ for 1 (∆pH1/2,Ga−In = 0.32) was larger than that for 3 (∆pH1/2,Ga−In = 0.25), which
indicates that In3+ fitted better in the coordination site of 1 than that of 3, and thus, that the
coordination site of 1 was larger than that of 3. Because of the low and unstable extraction
with 4–6, these ligands were no longer considered in the present study.

3.3. Slope Analysis and Extraction Reactions

The stoichiometry for the extraction reaction between the three ions and 1–3 was
determined, and the influence of the equilibrium pH on the distribution ratio D is depicted
in Figure 4. Most of the determined data points in the log D−pHe diagram lie on the
straight lines with a slope of three, which corresponds to the charge of the aluminum
group metal ions. Thus, the results strongly suggest that the extraction reactions of all ions
are driven by an ion-exchange mechanism with the release of three protons from three
carboxyl groups. Note that slopes smaller than three were obtained for 2 for pH values
higher than 2 (Figure 4b). Reagent 2 possesses three acetic acid groups and can undergo
ion exchange with trivalent ions. Nonenyltrimethylol compounds have a single lipophilic
group; consequently, they easily leaked into the aqueous phase, particularly above their
pKa values when three cation-exchangeable groups were introduced. Although the pKa
values of 2 were not determined in this study, the amino derivative of nonenyltrimethylol
leaked in the low-pH region [16,21]. Significant changes in the slope for In3+ may be caused
by the powerful extraction ability of 2 and a mismatch between the coordination size of 2
and that of In3+. The latter may cause incomplete dehydration of In3+.

The dependency of the distribution ratios of the three metal ions on the extractant
concentration of 1–3 in the organic phase is illustrated in Figure 5. The plots obtained for
the extraction of the three ions with reagents 1–3 were linear with slopes of one, which
indicated that each of the three aluminum group metal ions complexed with the reagents
at a 1:1 ratio.
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Figure 5. Effect of the extraction reagent concentration on distribution ratio of Al (triangle), Ga
(square), and In (circle) with (a) 1, (b) 2, and (c) 3. (a) pHi = 2.84 for Al, 2.80 for Ga, and 2.45 for In;
(b) pHi = 2.75 for Al, 1.80 for Ga, and 1.77 for In; (c) pHi = 3.70 for Al, 2.98 for Ga, and 2.70 for In.
Metal ion = 0.1 mM; extractant = 1–30 mM; 0.1 M HNO3–0.1 M HEPES, 30 ◦C, 150 rpm.
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From the above results, the extraction equation for the aluminum group metal ions
with 1 is expressed by Equation (3)

M3+ + H4L � MLH + 3H+ : Kex1 (3)

where H4L represents the calix[4]arene derivative 1, and Kex1 is the extraction equilibrium
constant for the trivalent aluminum group metal ions with 1. The extraction equilibrium
constant is expressed by Equation (4).

Kex1 =
[MLH][H+]

3

[M3+][H4L]
= D

[H+]
3

[H4L]
(4)

The distribution ratio (D) is the metal concentration ratio in the organic and aqueous
phases, and is defined by Equation (5).

D =
[MLH]

[M3+]
(5)

From Equation (4), the relationship between D, pH, and the concentration of 1 is given
by Equation (6):

log D = 3pH + log[H4L] + logKex1 (6)

The results for the aluminum group metal ions extracted with 1 satisfy Equation (6),
and this relationship is represented by a straight line with slopes of three (Figure 4a) and
one (Figure 5a) under different conditions.

Similarly, the extraction equation for the aluminum group metal ions with 2 or 3 is
expressed by Equation (7).

M3+ + H3L � ML + 3H+ : Kex2 (7)

where H3L represents either tripodal extraction reagent 2 or 3, and Kex2 is the extraction
equilibrium constant for the aluminum group metal ions with 2 or 3. The extraction
equilibrium constant is given by Equation (8). The distribution ratio (D) is defined by
Equation (9), and the relationship between D, pH, and the concentration of 2 or 3 is given
by Equation (10):

Kex2 =
[ML][H+]

3

[M3+][H3L]
= D

[H+]
3

[H3L]
(8)

D =
[ML]
[M3+]

(9)

log D = 3pH + log[H3L] + logKex1 (10)

The results obtained for the aluminum group metal ions extracted with 2 or 3 satisfy
Equation (10), and show straight lines with a slope of three in the conditions represented
in Figure 4b,c, and with a slope of one for the conditions represented in Figure 5b,c. The
extraction equilibrium constants of all ions with 1–3, Kex1 and, Kex2, and separation factors,
ßGa/Al and ßIn/Ga, were estimated using Equations (6) and (10), together with Equation (11),
and are listed in Table 3. With reagent 2, extraction did not proceed precisely according
to Equation (7); however, the extraction equilibrium constants of all ions were estimated
using the data with a slope of three, similar to how the pH1/2 values were estimated in
Figure 4b. With 1 and 3, the pH1/2 and Kex values were also confirmed using Equations (6)
and (10), and Figure 4 shows plots with theoretical lines fitted.

β N
M
=

Dheavier ion
Dlighter ion

=
Kex, heavier ion

Kex, lighter ion
(11)
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Table 3. Extraction equilibrium constants of the aluminum group metal ions with 1–3, and separation
factors.

Extractant
Extraction Equilibrium Constants, Kex1 and Kex2 Separation Factors, ß

Al Ga In Ga/Al In/Ga

1 3.64 × 10−9 3.48 × 10−7 3.17 × 10−6 95.6 9.11

2 1.18 × 10−5 4.28 × 10−4 5.64 × 10−4 36.3 1.32

3 2.58 × 10−9 7.60 × 10−8 4.28 × 10−7 29.5 5.63

Reagents 1–3 exhibited the same reagent/metal ion stoichiometry (1:1), which allowed
for their Kex values to be compared directly. As described above, all reagents exhibited
selectivity in the order of In3+ > Ga3+ > Al3+, while 2 exhibited the highest extraction among
the ligands with specific structures. Reagent 1, based on the calix[4]arene framework,
exhibited the highest efficiency. As mentioned in the previous section, the ∆pH1/2 value
indicates that the coordination site of 1 is a good fit for In3+. A comparison of the separation
factors of 1 and 2 and those of 1 and 3 suggests that the coordination site of 1 may be
slightly larger than that of In3+. As explained, the coordination site of 2 is a good fit for
Ga3+, or rather, is sized somewhere between the ideal sizes for Ga3+ and In3+, while being
closer to the size of Ga3+. The coordination site of 3 is a suitable size for In3+, although it is
larger than necessary. Further investigations will be carried out in the near future.

3.4. Spectroscopic Studies on the Ga3+- and In3+-Loaded Reagents
1H-NMR and IR spectroscopic studies were performed to elucidate the donor atoms

of the reagents involved in the metal coordination and to shed light on the relationship
between the size of the coordination site and Ga3+ and In3+. The 1H-NMR and IR spectra
of the free reagents 1–3, and those after loading with defined increments of Ga3+ and In3+

are shown in Figures 6–11. The loading percentages were validated by determining the
metal ion concentrations in the aqueous phase before and after loading using ICP-AES
measurements. The loading percentage, %L is defined by Equation (12).

%L =
[extracted metal ion]
[extraction reagent]i

× 100 (12)

where [extraction reagent]i represents the initial concentration of the extraction reagent.
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The resonances of free 1–3 in the 1H-NMR spectra became sharper upon metal loading,
presumably causing complex formation and reduced flexibility of the molecules. Moreover,
only minor shifts were observed for the proton resonances of 1 after loading both Ga3+

and In3+ (Figures 6a and 7a). If the phenoxy oxygen atoms are involved in the complex
formation, the molecular motion should be significantly suppressed. Accordingly, shifts
representing the aryl protons (green triangles) would be expected, despite their distance
from the coordination site, as structural changes in the cone conformational calix[4]arene
caused by the metal uptake would lead to a change in the environment and a shielding
of these protons [48–51]. Thus, only the carboxylates of 1 are involved in the coordi-
nation of Ga3+ and In3+ without structural changes in the calix[4]arene. This may be
a result of a lack of consistency in the size of 1, even with a larger In3+. This observa-
tion supports the assumption that the coordination site of 1 is slightly larger than that
of In3+. Additional information was obtained from a detailed analysis of the IR spec-
tra. After loading 1 with Ga3+, the absorptions at approximately 1734 and 1396 cm−1

(attributed to carboxyl groups) were shifted to 1584 and 1409 cm−1 (Figure 6b), whereas
the absorption at approximately 1202 cm−1 (attributed to aromatic ether groups) did not
shift (Figure 6b). This may indicate that the coordination site of 1 is much larger than that
of In3+. Although the calix[4]arene derivative 1 accommodated a 200% In3+ loading, a
notable peak shift was not observed (Figure 7a). However, a significant shift was observed
from 1734 cm−1 to 1622 and 1583 cm−1 (Figure 7b). Remarkably, this shift appeared with
over 100% loading. The unexpected stoichiometry of 1:2 (1:In3+) is explained by “allosteric
coextraction” [51–53], which likely occurred during the second metal extraction step with
the surplus ion-exchangeable group, whose extraction ability was facilitated by the first
metal extraction.

While the 1H-NMR spectra of 2 revealed minor shifts in the proton resonances after
loading with Ga3+ and In3+ (Figures 8a and 9a), a detailed elucidation of the involved donor
atoms was not possible, although the metal coordination resulted in a detectable shift for the
proton resonances adjacent to the donor atoms [54]. However, in the IR spectra, significant
shifts from 1751 and 1726, and 1182 cm−1 to 1734, and 1220 cm−1 for Ga3+ loading were
observed (Figure 8b), whereas significant shifts from 1751 and 1726 cm−1 to 1736, and a
significantly increased peak at 1182 cm−1 for the In3+ loading were observed (Figure 9b).
These shifts indicate that both carboxylate and phenoxy oxygen atoms are involved in
the coordination of the metal ions. Presumably, the donor atoms in 2 offer suitably sized



Separations 2021, 8, 211 14 of 17

coordination sites for the coordination of both metal ions, which is reflected in their high
extraction. One possible reason for this is the solubility of the metal complexes. The peaks
of 2 decreased with an increase in loading. As listed in Table 1, the alkenyl trimethylol-type
tripodal compounds exhibit a high hydrophilicity because they possess three polar groups
with a single lipophilic nonenyl group, unlike the calix[4]arene derivative, which has four
polar groups and four lipophilic groups. The high hydrophilicity of 2 may have caused the
inconsistent pH dependency results for both Ga3+ and In3+, as shown in Figure 4b. Thus, 2
should be applied differently, possibly as an adsorbent. Compared with that of 1 and 2, a
clear peak shift was evident in both the 1H-NMR and IR spectra of 3 after loading with
Ga3+ and In3+ (Figure 10a,b and Figure 11a,b). In contrast with that of 1, the molecular
motion in 3 was rapid and the 2-aryl peak did not split. There was also a drastic peak
shift after metal-loading, while the peaks of the methylene protons split and the new peak
increased with the metal loading. Notably, while the methine proton was not shifted
by Ga-loading, it decreased and ultimately disappeared with In-loading. The IR spectra
showed that the carbonyl peak absorption at 1738 cm−1 decreased for both metal loadings,
and shifted to 1620 and 1589 cm−1 with In-loading. The ethereal peak at 1182 cm−1 also
decreased with both metal loadings. Tripodal 3 also exhibited an unexpected stoichiometry
of 1:2 (3:In3+). This can be explained by “allosteric coextraction”, because while 3 provides
only three acetic acid groups for neutralization of the In3+ charge, it also provides a very
active triphenylmethyl proton for the second In3+, which acts as carbon acid and has an
estimated pKa value of 30 [55–57]. While very weak, the acid has sufficient strength to
form a metal complex [58]. If the triphenylmethyl anion serves as a cation exchanger, 3
with a methine proton, three phenoxy oxygen atoms, and three acetic acid groups located
at the optimal position for metal chelation would generate allosteric extraction. When
the indium concentration increased, the chelate effect from two acetic acid groups and
a triphenylmethyl anion may be stronger than the converging effect of the three acetic
acid groups, which would contribute to this coextraction, and consequently facilitate the
allosteric coextraction. Notably, while the peak of this triphenylmethyl proton did not
disappeared after Ga3+ loading (Figure 10a), it disappeared after In3+ loading (Figure 11a).
We propose using carbon acid as an extremely weak acid for allosteric coextraction in
future research.

The proposed structures of Ga3+ and In3+ complexes with 1–3 are shown in Figure 12a–c.
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Three frameworks with different sized coordination sites and different extraction
properties can be suitably designed for proper use.

4. Conclusions

Acetic acid derivatives of three different frameworks, calix[4]arene, alkenyltrimethylol,
and tris(hydroxyphenyl)methane, with different numbers and sizes of their coordination
sites, were prepared and the extraction of Al3+, Ga3+, and In3+ was investigated. They
exhibited extremely high extraction capabilities compared with those of the corresponding
monomeric and monopodal derivatives, owing to the convergence effects of the functional
groups. The extraction reactions were determined using slope analysis, and the equilibrium
extraction constants and pH1/2 values for the aluminum group metal ions were determined.
The extraction abilities, separation efficiencies, and coordination sites of the reagents were
discussed using the obtained extraction data and the 1H-NMR and IR spectroscopic data.
For the extraction reagents with calix[4]arene and trihydroxytriphenylmethane frameworks,
an unexpected stoichiometry of 1:2 (reagent:In3+) was observed, which can be explained by
allosteric coextraction. Based on the conclusions drawn in this study, extraction reagents
can be tailored to selectively recover a target metal ion from a coexisting mixture of ions
using suitable framework with coordination sites and donor atoms of particular sizes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/separations8110211/s1, Figure S1: FT-IR spectra of 2.; Figure S2: 1H-NMR spectra of 2.; Figure
S3: 13C-NMR spectra of 2.; Figure S4: FT-IR spectra of 5.; Figure S5: 1H-NMR spectra of 5.; Figure S6:
13C-NMR spectra of 5.; Figure S7: Effect of equilibrium pH on extraction percentage of Al (triangle),
Ga (square), and In (circle) with carboxylic acid type of commercially available extraction reagent,
neodecanoic acid (trade name Versatic acid 10, 150 mM in CHCl3).
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