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ABSTRACT: Metal—organic frameworks (MOFs) provide an
ideal platform for ion exchange due to their high porosity and
structural designability; however, developing MOFs that have the
essential characteristics for ion exchange remains a challenge.
These crucial features include fast kinetics, selectivity, and stability.
We present two anionic isomers, DGIST-2 (2D) and DGIST-3
(3D), comprising distinctly arranged S-(1,8-naphthalimido)-
isophthalate ligands and In®' cations. Interestingly, in protic
solvents, DGIST-2 transforms into a hydrolytically stable
crystalline phase, DGIST-2". DGIST-2’ and DGIST-3 exhibit
rapid Cs" adsorption kinetics, as well as high Cs* affinity in the
presence of competing cations. The mechanism for rapid and
selective sorption is explored based on the results of single-crystal
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X-ray diffraction analysis of Cs*-incorporated DGIST-3. In Cs*-containing solutions, the loosely incorporated dimethylammonium
countercation of the anionic framework is replaced by Cs*, which is held in the hydrophobic cavity by supramolecular ion—ion and

cation—z interactions.

B INTRODUCTION

Metal—organic frameworks (MOFs) comprise organic linkers
and metal nodes connected by coordination bonds and have
high porosities and versatile structures. Thus, numerous
applications of MOFs, including adsorption, separation, and
chemical sensing, have been reported in the last two
decades."™® However, the development of MOFs as ion
exchange sorbents is challenging owing to the difficulty in
preparing chemically stable ionic MOF systems.”~ "' Nonethe-
less, MOFs have high potential in this regard because of the
following advantages: (i) high porosities and large surface areas
that yield high sorption capacities,'"® (i) an essentially
infinite number of possible designs and tunable architectures
that facilitate the introduction of binding sites for specific
host—guest interactions,"* "¢ and (iii) high crystallinity that
enables precise structural analysis (via X-ray crystallography)
and, thus, an in-depth understanding of the structure—property
relationships. Crucially, structural analysis after ion adsorption
can elucidate the sorption behavior and its associated
mechanism.'” ™'

134/137Cs is a hazardous pollutant generated in the nuclear
fuel cycle. Because of its similar chemical behavior to Na* or
K*, Cs* can obstruct Na*/K" channels and accumulate in plant
and animal tissues.”” Consequently, Cs* easily enters the
human body through the food chain, posing the risk of
damaging the liver, kidneys, and the central nervous system.>®
Thus, it is important to capture radioactive Cs®. Various
conventional techniques such as coagulation—flocculation—
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settling,** liquid extraction,”® and ion exchange®®*” have been
developed for this task. The ion exchange method is the most
common approach because of its low cost, ease of operation,
and low production of secondary waste.””*” To date, several
ion exchange materials and related compounds such as
polymer resins,>”?! zeolites,>>*® vanadosilicate,®* metal
chalcogenides,”®**™** ammonium phosphomolybdate—polya-
crylonitrile (AMP—PAN),***" crystalline silicotitanate (CST,
IONSIV),*' ™ and hexacyanoferrates (Cstreat and Prussian
blue)**** have been developed.

However, studies that can establish the relationship between
the adsorption properties and the structures of the ion
exchangers have been rare.*”*” This can be attributed to the
slow adsorption kinetics®* and the difficulties faced during
structural analysis after Cs* adsorption.”™*>*®**  Although
several attempts for the removal of Cs* via ion exchange using
MOFs have been reported, the lack of a driving force for Cs*
adsorption and the high solvation energy of Cs* retard the Cs*
removal from solution.”” ™" The slow sorption kinetics are
problematic for column operation because the target ions
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cannot be removed sufficiently rapidly under the conditions of
fast flow rates, thus requiring large bed volumes.*” In addition,
some MOFs collapse upon exposure to water.* Strategies to
achieve hydrolytic stability include the use of high-oxidation-
state metal ions to increase coordination bond inertness and
the introduction of bulk hydrophobic groups, such as long alkyl
chains, on the organic linkers.>*™> However, for the former
approach, sufficiently large single crystals required for
structural analysis are usually difficult to obtain due to the
poor reversibility of the coordination bonds. Meanwhile, the
latter approach reduces the accessible pore volume, resulting in
low surface area and functionality, thereby reducing the
adsorption capacity.

In this study, we prepared an anionic In**-based MOF,
[Me,NH,][In(L),]-S, (L*~ = 5-(1,8-naphthalimido)-isophtha-
late and S = pore-filling solvents), incorporating a multifunc-
tional organic ligand. The hydrophobic nature of L*~ can
impart hydrolytic stability to the resulting MOF; it also creates
hydrophobic cavities for the selective sorption of soft Cs*. The
electron-rich naphthyl group enables a cation—7z interaction
with Cs*. The cooperative supramolecular interactions
including ion—ion and cation—7 interactions facilitate rapid
Cs" uptake. Although a few MOFs constructed from L*~ have
been reported to date,"”°' a combination of L?~ and In** has
not been reported, and adsorption-related applications have
not been demonstrated.

B EXPERIMENTAL SECTION

Materials. Strontium chloride hexahydrate (SrCl,-6H,0, 99%)
was purchased from Sigma-Aldrich. 1,8-Naphthalic anhydride (97%),
S-aminoisophthalic acid (95%), indium nitrate hydrate (In(NO;)-
xH,0, 99.99%), magnesium nitrate hexahydrate (Mg(NO;),-6H,0,
99.99%), N,N-dimethylformamide (DMF, 99.8%), nitric acid (HNO,,
99.999%), tetrafluoroboric acid (HBF,, 50%), and calcium acetate
hydrate (Ca(COOCH;),'H,0, 99%) were purchased from Alfa
Aesar. Cesium chloride (CsCl, 99%) was purchased from Tokyo
Chemical Industry. Methyl alcohol (methanol, 99.99%) was
purchased from B&J. Anhydrous potassium carbonate (K,CO;,
99.5%), sodium chloride (NaCl, 99%), dimethyl sulfoxide (DMSO,
99.5%), anhydrous ethyl alcohol (ethanol, 99.9%), and sodium
hydroxide beads (NaOH, 98%) were purchased from Daejung
Chemicals. All commercial chemicals were used without further
purification.

Characterization. A proton nuclear magnetic resonance (‘H
NMR) spectrum was measured on an AVANCE III 400 Fourier
transform NMR spectrometer (Bruker). Chemical shifts are reported
in ppm downfield from DMSO-dy (6 = 2.50). Field emission scanning
electron microscopy (FE-SEM) and electron dispersive X-ray (EDX)
images were collected using an $-4800 (Hitachi Ltd.). Single-crystal
X-ray diffractometry (SXRD) was performed using a D8 Venture from
Bruker and synchrotron radiation at the Pohang Accelerator
Laboratory Beamline. Powder X-ray diffraction (PXRD) data were
obtained with an Empyrean X-ray diffractometer (Panalytical).
Contact angle measurement data were measured with a DCA-200A
(Surface Electro-Optics). Distilled water was obtained from a Milli-Q_
Advantage A10. Inductively coupled plasma-mass spectrometry (ICP-
MS) data were obtained with an iCAP Q ICP-MS (Thermo
Scientific). Fourier transform-infrared (FT-IR) spectra were collected
with a Nicolet Continuum infrared microscope (Thermo Scientific) in
attenuated total reflectance (ATR) mode. Thermogravimetric analysis
(TGA) data were obtained with an Auto Q500 (TA Instruments)
with a heating rate of 2 °C/min to 300 and 10 °C/min to 800 °C.
Elemental analysis (EA) was performed on a Vario MICRI Cube
(Elementar).

Synthesis of H,L. H,L was synthesized according to a previously
reported procedure with slight modifications.®® 1,8-Naphthalic
anhydride (6.129 g, 30.0 mmol) and S-aminoisophthalic acid (6.865
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g, 36.0 mmol) were added to DMF (360 mL) under inert conditions.
The solution was heated under reflux and stirred overnight. The
mixture then was cooled in the ice bath, and the resulting precipitate
was filtered and washed with DMF several times. The cream colored
product was placed in a flask, and a solution of methanol (150 mL)
containing triethylamine (7.6 mL, 54.7 mmol) was added to the flask.
The solution was stirred for 1 h. Then, insoluble impurities were
removed by filtration, and the remaining homogeneous brown
solution was acidified with 3 M HCl (100 mL). The precipitate
was collected and washed with water and methanol. The neutralized
white solid was dried in vacuo (23.1 mmol, 8.3 g, and yield 77.0%).

Synthesis of DGIST-2. A solid mixture of H,L (1000 mg, 2.77
mmol) and In(NO;);-xH,0 (222.2 mg, 0.74 mmol) was dissolved in
a mixture of DMF/DMSO (1.0:1.0 v/v, 400 mL) in a S00 mL lab
bottle before water (20 mL) was added to the solution. The lab bottle
was capped and heated at 120 °C for 3 days, after which time,
colorless polyhedral crystals of DGIST-2 ([Me,NH,][In(L),]-S,)
were obtained (0.499 g and 76.8% yield based on In).

Syntheses of DGIST-3-S, DGIST-3-M, and DGIST-3-L. A solid
mixture of H,L (1000 mg, 2.77 mmol) and In(NO;);xH,0 (222.2
mg, 0.74 mmol) was dispersed in DMF (400 mL) in a 500 mL lab
bottle before varying amounts of water were added. To obtain
DGIST-3-S and DGIST-3-M, water (30 and 23 mL, respectively) was
added to the dispersion. To obtain DGIST-3-L, water (23 mL) and
HBF, (2 mL) were added to the turbid solution. The lab bottle was
capped and heated at 100 °C for 3 days, after which time, colorless
polyhedral crystals of DGIST-3 ([Me,NH,][In(L),]-S,) were
obtained (0.523 g and 80.5% yield for DGIST-3-S, 0.566 g and
87.0% yield for DGIST-3-M, and 0.495 g and 76.2% yield for DGIST-
3-L—the yields were calculated based on In).

Cs*@DGIST-3 Single Crystals. A solid mixture of H,L (10.0 mg,
0.03 mmol) and In(NO;);-«H,0 (4.4 mg, 0.02 mmol) was dissolved
in a mixture of DMF/DMSO (1.0:1.0 v/v, 4 mL) in a vial, and then
0.23 mL of water was added to the mixture. The vial was capped and
heated at 80 °C. After S days, single crystals of mixed phases of
DGIST-2 and DGIST-3 were obtained. The resultant crystals were
washed with fresh DMF and methanol several times and then stored
in a S0 mM CsCl solution in methanol for 1 day (11.6 mg and 90.0%
yield based on In).

Mass Calibration of Adsorbents. The air-dried powders used
for Cs* adsorption contained residual solvents. To accurately measure
the adsorption capacity, the exact adsorbent mass without any residual
solvent is required. Concentrated HNO; was added to dissolve the
air-dried MOF powder. The dissolved solution was diluted with a 0.1
wt % aqueous HNOj; solution to obtain the concentration required
for ICP-MS. Further, ICP-MS revealed the concentration of In** in
the diluted solution. The exact adsorbent mass was calculated using
eqs 1 and 2

_ concn of In®* (ppm) X totalamounts of diluted soln (g) y

¥ 10°
tom 10°
(1)
formula weight of an MOF (879.5 g/mol) 3+
M= X In”"
atomic weight of In (114.8 g/mol) (2)

where In** is the amount of In** (mg), and M is the amount of
activated adsorbent (mg).
Theoretical lon Exchange Capacity. Theoretical ion exchange
. : . .
capacity was calculated according to a previously reported equation:

atomic weight of cesium

formula weight of a MOF

LoF = 1329
879.5

10°

q(theoretical) =

=15L1mgg"' (3)

Cs* Adsorption Kinetics Test for DGIST-2'>methanol in
Methanolic Solutions. The as-synthesized DGIST-2 crystals were
washed several times with DMF and exchanged with methanol to
prepare DGIST-2'Dmethanol. Wet DGIST-2'Dmethanol crystals
(adsorbent mass = 82.8 mg) were placed in a 250 mL lab bottle,

https://doi.org/10.1021/acs.inorgchem.1c03025
Inorg. Chem. 2022, 61, 1918—1927


pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

and pure methanol was added until the total weight of the solutions
was approximately 20 g. Then, 80 g of a methanolic CsCl solution
(144.4 ppm) was added, and the mixture was stirred magnetically.
Aliquots (2 mL) were obtained at different contact times (1, S, 15, 60,
and 180 min). The obtained Cs*@DGIST-2' Dmethanol crystals were
immediately washed several times with fresh methanol, and
concentrated HNO; was added to dissolve Cs*@DGIST-2'Dmeth-
anol. The dissolved solutions were diluted with 0.1 wt % aqueous
HNO; solutions to obtain the concentration required for ICP-MS
measurement. The exchange capacities (g, mg g™') of DGIST-
2’Dmethanol were calculated using eqs 1-5

_ concnof Cs* (ppm) X totalamounts ofdissolved soln (g) y

G, = o 10’
)

Cst
Y )

where Cs*,, and In*, are the amounts of adsorbed Cs* (mg) and In**
(mg), respectively, and M is the amount of adsorbent, viz., DGIST-2’
(g), at different contact times.

Cs* Adsorption Kinetics Tests for DGIST-3-S, DGIST-3-M,
and DGIST-3-L in Methanolic Solutions. The as-synthesized
DGIST-3-S, DGIST-3-M, and DGIST-3-L crystals were washed
several times with DMF and dried in air for 12 h. Then, air-dried
DGIST-3-S, DGIST-3-M, and DGIST-3-L crystals (adsorbent mass =
94.4 mg) were placed in sealed 250 mL lab bottles, and pure
methanol was added until the total weight of the solutions reached
approximately 20 g. To these solutions, 80 g of methanolic CsClI
solutions (~170 ppm) was added, and the mixtures were stirred
magnetically. Aliquots (2 mL) were extracted at different contact
times (1, S, 1S5, 60, and 180 min). The extracted solutions were
filtered through a 0.20-pm DISMIC filter and diluted with 0.1 wt %
aqueous HNOj solutions to obtain the concentration required for
ICP-MS measurement. The kinetic curves were plotted as a function
of contact time. The exchange capacities (g, mg g_l) of DGIST-3-S,
DGIST-3-M, and DGIST-3-L were calculated using eq 6

(CO - Ct)Ms

m

(6)
where Cy and C, (ppm) are the initial and equilibrium concentrations
of Cs*, respectively, m (mg) is the mass of the sorbent, and M; (g) is
the mass of the solution.

Cs* Adsorption Kinetics Tests for DGIST-2'D>water in
Aqueous Solutions. The as-synthesized DGIST-2 crystals were
washed with DMF and ethanol several times and dried in air for 12 h.
Dried DGIST-2'Dethanol powders were placed in sealed 250 mL lab
bottles, and pure water was added until the total weight of the
solutions reached approximately 20 g. Then, 80 g of an aqueous CsCl
solution (146.6 ppm) was added, and the mixture was stirred
magnetically. Aliquots (2 mL) were extracted at different contact
times (1, 5, 15, and 60 min), and the extracted solutions were filtered
through a 0.20-ym DISMIC filter and diluted with 0.1 wt % aqueous
HNO; solutions to obtain the concentration required for ICP-MS
measurement. The kinetic curves were plotted as a function of contact
time. The exchange capacities (g, mg g”') of DGIST-2'Dwater were
calculated using eq 6.

Pseudo Kinetic Models. The data obtained from the kinetics
experiments were fitted by two pseudo-first-order and pseudo-second-
order kinetic models, which are described in eqs 7 and 8, respectively.

In(q, - ¢,) = In(q,) — kit (7)

(8)

Here, t is the adsorption time (min), g, and g, are the amounts of
adsorbed Cs* (mg g™') at equilibrium and at time ¢, respectively, and
k; (min™") and k, (g mg™" min™') are the pseudo-first-order and
pseudo-second-order rate constants of adsorption, respectively.
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Cs* Adsorption Isotherm Tests for DGIST-2'>methanol and
DGIST-3-S in Methanolic Solutions. Different amounts of CsCl
were dissolved in methanol to perform batch experiments. The air-
dried DGIST-2 and DGIST-3-S powders (adsorbent mass = 11.8 mg)
were added to a glass vial containing 10 mL of a Cs* solution
(adsorbent dosage = 1.18 g L™"), and the mixtures were stirred for 5 h
at room temperature. During this process, air-dried DGIST-2 was
completely transformed into Cs*@DGIST-2'Dmethanol. The re-
sultant solutions were centrifuged to isolate Cs*@DGIST-2'Dmeth-
anol and Cs*@DGIST-3-S. The isolated powders were washed several
times with fresh methanol and were dried under vacuum.
Concentrated HNO; was added to the dried powders, and the
dissolved solutions were diluted with 0.1 wt % aqueous HNO,
solutions. The amounts of In and Cs in the solutions were determined
by ICP-MS experiments. The amount of adsorbed Cs* (g, mg g™")
was calculated according to eqs 1—S. All the experiments were
performed at room temperature and repeated three times to confirm
the reproducibility of the data. The Langmuir and Langmuir—
Freundlich models are described in eqs 9 and 10, respectively.

G

1= )
bC,

=4

™1+ (bC) (10)

Here, q (mg g™') and q,, (mg g™") are the amounts of Cs* adsorbed at
C. and the maximum Cs' adsorption capacity, respectively, b (L
mg ") is the Langmuir constant related to the free energy of the
exchange, and 7 is a constant characterizing the system heterogeneity.

Cs* Adsorption Isotherm Tests for DGIST-2’ in Aqueous
Solutions. Different amounts of CsCl were dissolved in water to
perform batch experiments. Air-dried DGIST-2'Dethanol powders
(adsorbent mass = 11.8 mg) were added to a glass vial containing 10
mL of a Cs* solution (adsorbent dosage = 1.18 g L™'), and the
mixtures were stirred for S h at room temperature. During this
process, air-dried DGIST-2 was completely transformed into Cs*@
DGIST-2'Dwater. The resultant solutions were centrifuged to isolate
Cs*@DGIST-2'Dwater. The isolated powders were washed several
times with fresh methanol and dried under vacuum. Concentrated
HNO; was added to the dried powders, and the dissolved solutions
were diluted with 0.1 wt % aqueous HNOj solutions. The amounts of
In and Cs in the solutions were determined by ICP-MS experiments.
The amount of adsorbed Cs* (g, mg g™") was calculated according to
eqs 2—S5. All the experiments were performed at room temperature
and repeated three times to confirm the reproducibility of the data.

Cs* Adsorption Selectivity Tests. Approximately 1 ppm
solutions of Cs* (0.00596 mmol) and a mixture of 10 times molar
excesses of Na*, K*, Mg®*, Ca**, and Sr’" in methanol (10 mL) were
added to air-dried DGIST-2 and DGIST-3-S crystals (adsorbent =
11.8 mg) in a 20 mL vial followed by stirring for S h at room
temperature. During this process, air-dried DGIST-2 was completely
transformed into Cs*@DGIST-2'Dmethanol. The resulting solutions
were filtered through a 0.20-ym DISMIC filter and diluted with 0.1 wt
% aqueous HNO; solutions to obtain the concentration required for
ICP-MS measurement. The entire process was performed three times
to confirm the reproducibility of the data. ICP-MS data were recorded
to determine the Cs* removal efficiencies (%) as follows

IC, — C,l
uxloz
Co (11)

where Cyis the concentration of Cs” after 5 h, and Cj is the initial
concentration of Cs* in methanol.

Cs™ removal efficiency (%) =

B RESULTS AND DISCUSSION

Structures of DGIST-2 and DGIST-3. Two anionic MOF
isomers of [Me,NH,][In(L),]-S,, having 2D and 3D
architectures, denoted as DGIST-2 and DGIST-3, respectively,
were obtained from the solvothermal reaction of H,L and

https://doi.org/10.1021/acs.inorgchem.1c03025
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Figure 1. (a) Layered structure of DGIST-2 and its hydrophobic nature. (Inset) C—H--O hydrogen bonds between neighboring layers. (b)
Coordination bond angles of In(COO),™ nodes and dihedral angles of L*~ in DGIST-2. (c) View of the 3D crystal structure of DGIST-3. (Inset)
3D coordination environment of DGIST-3. (d) Coordination bond angles of In(COQ),™ nodes and a dihedral angle of L*~ in DGIST-3. Green, In;
yellow, O; gray, C; blue, N; and white, H. Hydrogen atoms are omitted for clarity.

In(NO;);. The structures of DGIST-2 and DGIST-3 were
determined by SXRD and were shown to contain a
mononuclear node (In(COO0),”), in which In** was
coordinated to four carboxylates derived from four L*~ ligands
(Figures la and lc). Furthermore, exchangeable [Me,NH,]*
ions (from hydrolyzed DMF) were incorporated into the
anionic frameworks, [In(L),]”, to achieve charge balancing.

In DGIST-2 (monoclinic, I2/a space group), the building
units are connected to form 2D square grid networks, and the
naphthalimide moieties of L*~ along the c-axis show positional
disorder. The distance between the O (OS5Y) of the imide
group and H (H14Y) of the naphthyl group from another
sheet is approximately 3.28 A, suggesting 3D network
formation via C—H--O hydrogen bonds (Figure la). In
DGIST-3 (orthorhombic, Fdd2 space group), the nodes and
L*" form a 3D structure (Figure 1c). The structures of DGIST-
2 and DGIST-3 differ in terms of the coordination angles of
the In(COO),” node. The C—In—C angles in DGIST-2 are
97.9°, 100.1°, and 134.0°, whereas those in DGIST-3 are
94.3° 114.8°, and 119.8° (Figures 1b and 1d). The PXRD
patterns of as-synthesized DGIST-2 and DGIST-3 match the
simulated patterns obtained from the single-crystal structures,
confirming the phase purity (Figures 2a and 2e).

Structural Transformation and Stability. Interestingly,
when DGIST-2, immersed in DMF, was solvent-exchanged
with ethanol, it was transformed into a new phase within § min
(Figure 2a). Similar transformations to this new phase were
also observed in other polar protic solvents such as methanol
and water (Figure 2b). Although the structure of DGIST-2 was
lost upon drying, air-dried DGIST-2 regenerated into the new
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phase within S min in ethanol (Figure S9). The DGIST-2
phase obtained after immersion in water, ethanol, or methanol
for S h is labeled as DGIST-2'Dwater, DGIST-2' Dethanol, and
DGIST-2'Dmethanol, respectively. Although a complete
SXRD analysis was not possible owing to the deteriorated
crystallinity, DGIST-2'Dethanol was preserved in relatively
good condition. Hence, the 2D layered structure of DGIST-
2'Dethanol was elucidated based on the diffraction peaks.
Importantly, the distance between the 2D layers reduced from
14.8 to 13.4 A during this phase transition, as evidenced by the
PXRD analysis. The peak at 26 = 6.0°, corresponding to the
(004) reflection plane, shifted to a higher angle (20 = 6.6°).

DGIST-2'Dwater was moderately stable in aqueous
solutions across a pH range of 3—11 over 3 days (Figure
2d). However, after immersion in water for 2 h, the
morphology of DGIST-3 changed, whereupon its crystallinity
was lost (Figure 2e). Contact angle measurements of the
DGIST-2'Dethanol and DGIST-3 powders were conducted
using the Washburn method.®? Intriguingly, despite the
presence of In(COO),” sites, the advancing water contact
angles were 81.4° and 76.8° for DGIST-2'Dethanol and
DGIST-3, respectively, higher than the values recorded for
typical MOFs.”>~% This difference in the water contact angles
of the two MOFs can be attributed to the different functional
groups on the crystal surfaces; that of DGIST-3 is mainly
terminated by hydrophilic carboxylic acid or carboxylate
groups of HL™ and formate (Figure 1c), while that of
DGIST-2 is terminated by hydrophobic naphthyl moieties
(Figure 1a), which confer hydrolytic stability. In addition, in
the phase transition of DGIST-2, the accessibility of the
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Figure 2. PXRD patterns of (a) DGIST-2 simulated, as-synthesized, soaked in DMF, after soaking in ethanol for 5, 120, and 300 min, air-dried, and
after Cs* adsorption in water and methanol; (b) DGIST-2 simulated, as-synthesized, soaked in DMF, DGIST-2'Dethanol, DGIST-2' Dmethanol,
and DGIST-2'Dwater; (c) DGIST-2 simulated, as-synthesized, soaked in DMF, air-dried, and air-dried after soaking in methanol for S, 180, and
300 min; (d) DGIST-2 simulated, as-synthesized, and after exposure to pH 2—12 solutions for 3 days; and (e) DGIST-3-S simulated, as-
synthesized, soaked in DMF, air-dried, and after exposure to ethanol, methanol, and water.

In(COO),” sites is hindered by the naphthyl moieties due to
the shorter interlayer distance, which further inhibits the
approach of the water molecules. In fact, some In®" clusters,
such as trinuclear In,(u3-0)(CO0)**®” or [In(OH)-
(COO0),], chains,”*"" are known to be hydrolytically stable.
However, despite their facile synthesis and useful anionic
nature, the stability of eight-coordinate monomeric In**-based
MOFs is not guaranteed.”””’® Apart from those related to
interpenetrating isomers, studies regarding the stability differ-
ences arising from ligand and metal arrangements, as observed
in DGIST-2' and DGIST-3, have rarely been reported.”"””

Adsorption Kinetics Studies. The anionic nature of
DGIST-2 and DGIST-3 prompted us to conduct Cs* exchange
experiments. Because of its structural rigidity, air-dried
DGIST-3 powder was used to obtain adsorption isotherms
and kinetics (Figure 2e). Air-dried DGIST-2 was gradually
transformed into DGIST-2'Dmethanol upon immersion in
methanol (Figure 2c). Thus, the air-drying step should not
affect the adsorption capacity if sufficient contact time is
allowed for structural restoration. However, because kinetics
experiments require short contact times, completely trans-
formed DGIST-2'Dmethanol must be used; thus, DGIST-
2'Dmethanol soaked in methanol for at least 5 h was used in
such experiments.

The effects of the crystal size were investigated using
DGIST-3 crystals of three different sizes, namely 10—800 ym
(DGIST-3-L), 10—100 ym (DGIST-3-M), and $—30 um
(DGIST-3-S), which were synthesized by controlling the water
content and using HBF, (Figures S4 and S5). The amount of
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Cs" adsorbed as a function of the exposure time was
determined by inductively coupled plasma-mass spectrometry.
It was found that DGIST-3-S reached its maximum Cs* uptake
capacity within 1 min. This is the shortest period for which
reliable kinetic data can be obtained (Figure 3b and Table
S10). Interestingly, despite their large crystallites (<800 pm),
DGIST-2'Dmethanol and DGIST-3-L exhibited rapid Cs*
uptakes in methanolic solutions, reaching equilibrium within
15 min (Figures 3a and 3b and Tables S9 and S10). The Cs*
sorption kinetics of DGIST-2'Dmethanol and DGIST-3
showed the best fit with the pseudo-second-order kinetics
model, indicating that chemisorption is the rate-determining
step (Figures S12—S15, Tables S13 and $14).*® Chemical
adsorption is based on much stronger interactions than those
entailed in physical adsorption. The interactions in chemical
adsorption involve the sharing of electrons between the
adsorbate and adsorbent surface. Hence, most Cs* adsorbents
involving ion—ion interactions are mathematically fitted to a
pseudo-second-order kinetic model.*”*""** The slight increase
in the adsorption capacity of DGIST-3 with a decrease in the
particle size may be due to the relatively larger surface area to
volume ratios of the smaller particles.

Adsorption Isotherm Studies. Adsorption isotherms of
DGIST-2'Dmethanol and DGIST-3-S were fitted to the
Langmuir—Freundlich model (Figures 3d and 3e and Tables
S16 and S17), and the calculated maximum adsorption
capacities were 183 + 15 and 156 + 7 mg g™, respectively.
These values are similar to the theoretical capacity of 151.1 mg
g~". Thus, it can be inferred that the structural transformation
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Figure 3. Kinetics of Cs* exchange in methanolic solutions for (a) DGIST-2' Dmethanol (initial [Cs*] = 115 ppm and adsorbent dose = 0.66 gL™")
and (b) DGIST-3-S, DGIST-3-M, and DGIST-3-L (initial [Cs*] & 130 ppm and adsorbent dose = 0.75 g L™*). (c) Cs" adsorption kinetics in an
aqueous solution for DGIST-2'Dwater (initial [Cs*] = 117 ppm and adsorbent dose = 0.74 g L™'). Cs* adsorption isotherms in methanolic
solutions: (d) DGIST-2'Dmethanol and (e) DGIST-3-S (equilibrium concentrations in the range of 2—1244 ppm, adsorbent dose = 1.18 g L™/,
and contact time = S h). (f) Cs* adsorption isotherm of DGIST-2'Dwater (equilibrium concentration range = 15—3077 ppm, adsorbent dose =

1.18 g L™, and contact time = S h).

from DGIST-2 to DGIST-2'Dmethanol does not reduce the
sorption capacity, and the In(COO),” sites in DGIST-
2’Dmethanol remain available for cation adsorption. Energy-
dispersive X-ray mapping analysis of Cs*-containing DGIST-
2'Dmethanol and DGIST-3-M revealed that a substantial
amount of Cs (comparable to that of In) was uniformly
dispersed throughout the crystals (Figure S8). These sorption
capacities are higher than or comparable to those of Cstreat
(32 mg g'),"* AMP-PAN (81 mg g"),”” and CST (186 mg
g™1),* commercially available Cs* scavengers, that require
many minutes or even hours to attain their maximum
capacities.” For easy comparison, Table S18 lists the
adsorption performance characteristics of the various sorbents.

DGIST-2'Dwater is hydrolytically stable, enabling the
examination of its Cs* adsorption in water. Dried DGIST-
2'Dethanol was used to minimize the release of the organic
solvent molecules during Cs* exchange in water. Promisingly,
once DGIST-2 is transformed into DGIST-2'Dethanol, the air-
drying step does not significantly alter the structure (Figure
2a). Interestingly, the Cs* uptake in an aqueous solution was
faster than that in the methanolic solution. Most of the Cs*
uptake occurred in the first 1 min, and equilibrium was reached
within S min (Figure 3c and Table S19). In contrast to the
crystal surface of DGIST-2'Dmethanol, that of DGIST-
2'Dwater exhibited slight dimples, indicating the formation
of defects in the crystals, as shown in Figure S7. Compared
with a flat surface, such an indented surface with a large
exposed surface area enables Cs* to more rapidly transport to
the adsorption sites. It is worth noting that the defect
formation in the case of water did not induce leaching of the
ligand and In*". Compared to other reported MOF sorbents
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for Cs* (Table S18), the sorbents prepared in this study show
the fastest uptake kinetics. Although the maximum Cs*
sorption capacity in water was slightly reduced to 164 + 13
mg g~ ', this value is still comparable to the theoretical value
(Figure 3f and Table S21). The Langmuir constant, which
represents the adsorbate—adsorbent affinity, decreased from
0.0035 + 0.001 to 0.00055 L mg™" because the Cs* solvation
energy in water is higher than that in methanol (Tables S15
and S21). This result is consistent with the lower sorption
capacity (33 mg g~') obtained in the kinetics experiments.
Importantly, no released indium species were detected during
Cs" adsorption in water. To examine the effect of pH on the
adsorption capacities, adsorption isotherms were obtained at
pH 4 and 9 (Figure S19). The Cs* exchange experiments were
not performed in strongly acidic (pH 3) and basic (pH 10)
solutions because of the leaching of In** from DGIST-
2'Dwater in the presence of Cs*. The maximum capacities at
pH 4 and pH 9 were 60 + 3 and 86 + 16 mg g/, respectively.
These low capacities at pH 4 and pH 9, compared with those
at pH 7 (164 + 13 mg g'), were presumably because Cs* and
H;0" compete with each other at pH 4 and OH™ reduces the
interaction of Cs* with the MOF at pH 9.

Competing Cation Effects. To investigate the effects of
competing cations, Cs® adsorption experiments were con-
ducted with a 10 times molar excess of Na*, K¥, Mg**, Ca*,
and Sr**. The Cs* removal efficiencies of DGIST-2'Dmethanol
and DGIST-3 were 87.4% and 90.0%, respectively, slightly
lower than the 98.0% and 98.2% efliciencies, respectively, in
the absence of competing ions (Figure 4a and Table S24). The
Cs" selectivity can be attributed to the hydrophobic cavities in
DGIST-2'Dmethanol and DGIST-3 that preferentially ad-

https://doi.org/10.1021/acs.inorgchem.1c03025
Inorg. Chem. 2022, 61, 1918—1927


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03025/suppl_file/ic1c03025_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03025/suppl_file/ic1c03025_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03025/suppl_file/ic1c03025_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03025/suppl_file/ic1c03025_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03025/suppl_file/ic1c03025_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03025/suppl_file/ic1c03025_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03025/suppl_file/ic1c03025_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03025/suppl_file/ic1c03025_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03025/suppl_file/ic1c03025_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c03025/suppl_file/ic1c03025_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03025?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03025?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03025?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c03025?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c03025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

(@)
100+

(b)
98.0%
87.4%

98.2%
90.0%

=]
o
L

)—

)

. G

X .

<23
o
!

3
o
!

N
o
!

&

Cs* Removal efficiency (%)

0 B
DGIST-2' ODmethanol DGIST-3

x

-&

:*i

Ve P
X - [Me,NH,J* X e X

/.

a >
& o .
=== lon-ion interactions
Cation-m interaction

sj%

Figure 4. (a) Competing ion experiments for DGIST-2’ Dmethanol and DGIST-3. Red bars represent Cs* removal efficiency (%) in the presence of

Na*, K*, Mg*, Ca**, and Sr**. Blue bars show Cs* removal efficiency (%) without competing ions (initial [Cs*]

~1 ppm, adsorbent dose = 1.18 g

L', and contact time = 5 h). (b) Ball and stick representation of pristine DGIST-3 (on left side) and Cs*@DGIST-3 (on right side), with dotted
lines denoting ion—ion (dark green) and cation—7 (light green) interactions. Purple denotes Cs; green, In; yellow, O; gray, C; and blue, N.

Hydrogen atoms are omitted for clarity.

sorbed the relatively soft Cs* rather than the hard acidic
cations.*>** Furthermore, because the cavities are properly
sized, Cs*, which has lower solvation energy than the other
ions, accesses the cavities more easily than the other highly
solvated hard cations.®* For the same reason, divalent cations,
accompanied by an additional anion, cannot be accommodated
within the pores. Such selective affinity of the MOFs has not
been exploited in other ion exchange sorbents that typically
rely on ionic interactions.”"* ™

Adsorption Mechanism Studies. The Cs* adsorption
mechanism was investigated by comparing the structures of
DGIST-2, DGIST-3, and Cs*-containing DGIST-3 (denoted
as Cs*@DGIST-3) determined by SXRD. In DGIST-2 and
DGIST-3, the O—N distances (carboxylate to [Me,NH,]*)
range from 3.63 to 3.73 A and from 4.97 to 5.12 A,
respectively, which are longer than those of typical hydrogen
bonds (Tables S4 and S6),” suggesting that [Me,NH,]* ions
interact weakly with the frameworks.*” These [Me,NH,]" ions
play a key role in the rapid Cs" exchange. Furthermore, the
cavity is sufficiently large that complete Cs* desolvation is not
required, and thus, the sorption kinetics are not reduced. In
addition, the flexible In(COQ),” bonds and dangling naphthyl
functional groups of DGIST-2'Dmethanol and DGIST-3
facilitate structural changes to accommodate Cs" via multiple
supramolecular interactions, including ion—ion (Cs*-In-
(CO0),”) and cation—z interactions (Cs*—naphthalene)
(Figure 4b). The unit cell parameters of pristine DGIST-3
are a = 18.057(4) A, b = 20.023(4) A, and ¢ = 28.171(6) A,
while after Cs* adsorption, those for Cs*@DGIST-3 are a =
18.223(4) A, b 19.640(4) A, and ¢ = 27.903(6) A,
accompanied by a unit cell volume reduction (10185(4) to
9986(3) A%). In addition, the naphthyl—phenyl dihedral angle
in L* increased from 77.3° to 79.5°. As a result, the Cs—O3
and Cs—O2 bond lengths were 3.24 and 3.06 A (Table S7),
respectively, comparable to the Cs—O bond lengths found in
previously reported anionic MOFs for Cs* sorption.””*" The
distance between Cs" and the neighboring aryl ring centroid
was approximately 3.51 A. This implies that cation—z
interactions,”””! which were not observed between
[Me,NH,]* ions and the framework in pristine DGIST-3,
are involved in Cs" capture. Although cation—7 interactions
have been observed in diverse compounds, they are rarely
exploited in cation adsorbents.”>”?
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B CONCLUSION

2D (DGIST-2) and 3D (DGIST-3) anionic MOFs with
different arrangements of a naphthalimide-based ligand and
In** were synthesized and applied in the removal of Cs* from
solutions. The phase transition of DGIST-2 in ethanol,
methanol, and water resulted in the hydrolytic stability without
compositional changes; the hydrophobic nature of the
naphthyl group of the ligand, which is the major terminal
site of the 2D crystal, presumably inhibits the ingress of water
molecules. DGIST-3 exhibited a single-crystal-to-single-crystal
transformation during Cs* capture, and structural analysis
revealed multiple supramolecular interactions between the
adsorbed Cs* and the framework, including ion—ion and
cation—7z interactions that enable exceptionally rapid Cs*
sorption.
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