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Abstract—Three new metal-organic frameworks based on scandium(III) cations and 2,5-thiophenedicar-
boxylic acid (H,Tdc) are synthesized: [Sc(Tdc)(OH)]-1.2DMF (I), [Sc(Tdc)(OH)]-2/3DMF (II), and
(Me,NH,)[Sc5(Tdc)4(OH),]-DMF (III) (DMF is N,N-dimethylformamide). The structures of the com-
pounds are determined by single-crystal X-ray structure analysis (CIF file CCDC nos. 2067819 (I), 2067820
(IT), and 2067821 (III)). The chemical and phase purity of compound I is proved by elemental analysis, ther-
mogravimetry, X-ray diffraction analysis, and IR spectroscopy.
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INTRODUCTION

Metal-organic frameworks (MOF) represent an
already known class of inorganic compounds consist-
ing of metal ions or clusters bound to each other by
bridging ligands with the formation of one- (1D), two-
(2D), or three-dimensional (3D) periodic structures
[1—3]. These compounds can retain porosity after the
removal of guest solvent molecules and can be used as
sorbents for the very broad range of applications [4—
6]. A significant part of applied problems, such as het-
erogeneous catalysis [7], decontamination of anthro-
pogenic wastes from harmful substances and heavy
and radioactive metals [8], selective recovery of metal
ions from natural sources [9], etc., requires a relatively
high hydrolysis stability of a porous material. Several
thousands of diverse MOF are known nowadays, but
the high hydrolytic stability is shown only for a
restricted scope of systems among which the frame-
works based on bridging carboxylate ligands and
highly charged cations of oxophilic metals, namely,
Sc(IIT), Cr(I1I), AI(IIT), Ti(IV), and Zr(IV), can be
distinguished [10—14]. Evidently, when the choice of
the metal is restricted, the use of organic bridging
ligands should become the main method for the vari-
ation of functional properties of porous MOF. It has

recently been shown that the inclusion of the thio-
phene-based heterocyclic fragments in the MOF
structure substantially enhances their sorption and
luminescence characteristics [15—18]. However, it
should be mentioned that the number of the known
MOF based on highly charged ions and containing
heterocyclic thiophene cycles is low, for example, only
two such MOF with the 2,5-thiophenedicarboxylate
anions are known for scandium(III) [19, 20]. There-
fore, the development of synthetic approaches to the
crystallization of new MOF based on the above listed
metal cations and carboxylate ligands with heterocy-
clic moieties is of doubtless scientific interest and per-
spective practical significance.

The syntheses and crystal structures of three new
MOF based on scandium(III) and 2,5-thiophenedi-
carboxylic acid (H,Tdc) are described in this work.

EXPERIMENTAL

The following initial substances were used as
received: scandium(IIl) trifluoromethanesulfonate
(DAIKhIM), 2,5-thiophenedicarboxylic acid (Sigma-
Aldrich), sodium hydroxide (Vekton), formic acid
(Reaktiv), N,N-dimethylformamide (Vekton), ace-
tone (Vekton), and acetonitrile (Kriokhrom, not lower
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than reagent grade). IR spectra were recorded in a
range of 4000—400 cm~' in KBr pellets on a
VERTEX 80 FT-IR spectrometer. Elemental analysis
was carried out on a Vario MICRO cube CHNS ana-
lyzer at the analytical laboratory of the Nikolaev Insti-
tute of Inorganic Chemistry (Siberian Branch, Rus-
sian Academy of Sciences). The powder X-ray diffrac-
tion data (PXRD) were obtained on a Shimadzu XRD
7000S powder diffractometer (CukK, radiation). Ther-
mogravimetric analysis (TG) was carried out in an Ar
atmosphere ona NETZSCH TG 209 F1 thermal ana-
lyzer with linear heating at a rate of 10°C/min.

Synthesis of [Sc(Tdc)(OH)]-1.2DMF (I). A 0.1 M
solution of scandium(III) trifluoromethanesulfonate
in DMF (0.25 mL), a 0.1 M solution of 2,5-thio-
phenedicarboxylic acid in DMF (0.25 mL), a 10# M
solution of NaOH in water (0.25 mL), and acetone
(0.25 mL) were sealed in a glass ampule and kept at
60°C for 5 days. The composition and structure of
transparent rhombic crystals of compound I were
determined by single-crystal X-ray diffraction
(SCXRD). The crystals were filtered off, washed with
DMF (3 X 1 mL), and dried in air. The yield was
6.1 mg (69%).

For Cyy sH3 5N, 505SS¢

Anal. calcd., % C, 36.0
Found, % C, 359

H, 4.2
H, 3.9

N, 6.0
N, 5.7

IR (v, cm™'): 3384 br.m v(O—H), 3080 w v(C—H),
2940 w v(C—H), 2854 w v(C—H), 1666 s v, (C=0),
1561 s y(C=C), 1529 s (C=C), 1380 s v{(C=0), 1244
w V(C—N), 1089 m v(C—N), 1035 w v(C—N), 772 s
8o0p(C—H), 678 m 6,,,(C—H), 504 w §,,,(C—H) (oop
means out-of-plane vibrations).

Synthesis of [Sc(Tdc)(OH)]-2/3DMF (II). A0.1 M
solution of scandium(III) trifluoromethanesulfonate
in DMF (0.25 mL), 0.1 M solution of 2,5-thio-
phenedicarboxylic acid in DMF (0.25 mL), a 102> M
solution of NaOH in water (0.25 mL), and acetonitrile
(0.25 mL) were sealed in a glass ampule and kept at
130°C for 2 days. The composition and structure of

transparent rhombic crystals of compound II were
determined by SCXRD.

Synthesis of (Me,NH,)[Sc;(Tdc),(OH),]-DMF
(IIT). A 0.1 M solution of scandium(III) trifluoro-
methanesulfonate in DMF (0.25 mL), a 0.1 M solu-
tion of 2,5-thiopenedicarboxylic acid in DMF
(0.25 mL), water (0.25 mL), acetonitrile (0.25 mL),
and formic acid (9.5 pL) were sealed in a glass ampule
and kept at 120°C for 2 days. The composition and
structure of transparent rhombic crystals of com-
pound III were determined by SCXRD.

SCXRD. The diffraction data for single crystals of
compounds I—III were obtained on an Agilent Xcali-
bur automated diffractometer equipped with an area
AtlasS2 detector (graphite monochromator, A(MoK,) =
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0.71073 A, o scan mode with an increment of 0.5°) at
130 K. Integration was performed, an absorption cor-
rection was applied, and unit cell parameters were
determined using the CrysAlisPro program package
[21]. The crystal structures were solved using the
SHELXT program [22] and refined by full-matrix
least squares in the anisotropic (except for hydrogen
atoms) approximation using the SHELXL program
[23]. The positions of the hydrogen atoms of the
organic ligands were calculated geometrically and
refined by the riding model. The guest composition of
compound I was determined using the PLA-
TON/SQUEEZE procedure [24] (1502 e~ in 7330 A%)
and elemental analysis data (C, H, N). The crystallo-
graphic data and details of diffraction experiments are
given in Table 1.

The full tables of interatomic distances and bond
angles, atomic coordinates, and atomic displacement
parameters were deposited with the Cambridge Crys-
tallographic Data Centre (CIF files CCDC nos.
2067819 (1), 2067820 (II), and 2067821 (III);
deposit@ccdc. cam.ac.uk or https://www.ccdc.
cam.ac.uk/structures) and also can be requested from
the authors.

RESULTS AND DISCUSSION

All compounds were synthesized under close con-
ditions (equimolar ratio Sc : H,Tdc, the same volume
and solvent composition with an accuracy to the
nature of the weakly coordinated additive: acetone
(synthesis of compound I) or acetonitrile (syntheses of
compounds II and III). The key distinctions are the
synthesis temperature and the presence of acidity
modulators. Compound [Sc(Tdc)(OH)]-1.2DMF (I)
crystallizes at low temperatures (40—70°C). At a
higher temperature (130°C), compound [Sc(Tdc)-
(OH)]-2/3DMF (II) is formed with the same stoichi-
ometry of the coordination framework as compound I
but with a different crystal structure. It was found
during the optimization of the synthesis conditions for
compound I that the addition of minor amounts of
NaOH (from 0.1 to 10% compared to the amount of
Sc(III) or H,Tdc) to the reaction mixture enhanced
the yield and crystallinity of the product. However,
pure compound I can also be obtained in the form of
orthorhombic crystals without these additives. When
higher concentrations of NaOH were used, an amor-
phous precipitate and a new phase with needle-like
crystals were formed, but attempts to determine their
composition and structure were unsuccessful. The
addition of formic acid (20-fold excess over Sc(III)
and H,Tdc) to the system results in the formation of
compound (Me,NH,)-[Sc;(Tdc),(OH),]-DMF (I1I)
at 120°C. Obviously, the acidic medium and high tem-
perature leads to the partial hydrolysis of N, N-dimeth-

ylformamide, and the formed Me,NH; cations are
incorporated into the structure of compound III
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Table 1. Crystallographic characteristics and details of diffraction experiments for compounds I—III

Value
Parameter
I 11 III
Empirical formula Co.6H11.4N1206.25S¢ CsH7,67N.6705.675Sc Ca9H35N»01954S¢;
Formula weight 319.82 280.83 968.63
Crystal system Orthorhombic Monoclinic Monoclinic
Space group Pbam R2/m P2,/c
a, A 21.9009(7) 11.6287(5) 10.8919(4)
b, A 25.7997(9) 14.8227(6) 18.9016(4)
c, A 22.4066(8) 19.7730(11) 19.2160(5)
a, deg 90 90 90
B, deg 90 106.885(5) 99.915(3)
Y, deg 90 90 90
v, A3 12660.6(8) 3261.3(3) 3897.0(2)
Z 32 12 4
Peale» &/cm’ 0.974 1.716 1.651
w, mm~! 0.588 0.878 0.802
F(000) 3712 1712 1968
Crystal size, mm 0.28 x 0.20 x 0.18 0.18 x 0.12 x 0.04 0.18 x 0.11 x 0.05
Scan range over 0, deg 3.29-28.38 3.31-28.84 3.29-28.94
Range of indices Akl —28<h <26, —14<h<12, —11<h<13,
—18<k<34, —19<k< 15, —25<k<23,
—29</<21 —18<1<25 —25</<18
Number of measured/ 36039/14159 8268/3726 19490/8521
independent reflections
Ry 0.0240 0.0760 0.0277
Number of reflections with 7> 26(/) 11426 3157 6544
GOOF 1.037 1.059 1.049
R indices (I > 26(1)) R, =0.0353, R, =0.0594, R, =0.0452,
wR, =0.0955 wR, = 0.1517 wR, = 0.1117
R indices (for all reflections) R, =0.0461, R, =0.0681, R, =0.0658,
wR, =0.0995 wR, = 0.1616 wR, =0.1234
Residual electron density (min/max), e/A3 —0.475/0.384 —1.099/0.803 —0.877/1.028

during its crystallization. The compositions and struc-
tures of all compounds were determined by single-
crystal XRD. These data for compound I were addi-
tionally confirmed by chemical, TG, and PXRD anal-
yses and IR spectroscopy. The low yield and impossi-
bility of scaling syntheses of compounds II and III did
not allow us to characterize them additionally.

According to SCXRD data, the structure of com-
pound I contains five crystallographically independent
scandium(I1I) cations, each of which exists in the octa-
hedral coordination environment of six oxygen atoms of
two hydroxyl OH™ groups and four carboxylate groups of
the Tdc* ligands occupying the bridging position
between two adjacent scandium(III) cations (Fig. 1a).
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The bridging OH~ and carboxylate groups bind the scan-
dium(III) cations into chains arranged along the crystal-
lographic axis b of the orthorhombic Pbam group
(sequence —Sc(1)—Sc(2)—Sc(3)—Sc(4)—Sc(5)—Sc(4)—
Sc(3)—Sc(2)—Sc(1)—). The Sc—O bond lengths are as
follows: Sc(1)-O 2.0321(13)—2.1471(13), Sc(2)—O
2.0462(13)—2.1322(13), Sc(3)—-0 2.0277(13)—
2.1228(13), Sc(4)—0O 2.0413—2.1404(13), and Sc(5)—O
2.0354(13)—2.1222(13) A. The bridging Tdc?~ ligands
link such chain motifs along the crystallographic axes a
and c to form the 3D MOF (Figs. 1b, 1¢). The channels
5 x 6 A in size occupied by the guest DMF molecules are
observed in the porous structure in the direction of the b
axis (Fig. 1c). After the guest solvent molecules were
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Fig. 1. (a) Coordination environment of scandium(I11) cations and (b, ¢) fragment of the crystal structure of compound I: in pro-
jection to planes (b) bc and (c) ac.

removed, the volume of the free space was 56.7%
(according the PLATON program estimation [24]).

Rhombic crystals of compound II contain two
crystallographically independent scandium(IIl) cat-
ions each, and each scandium(III) cation exists in the
octahedral coordination environment of six oxygen
atoms of two OH™ groups and four carboxylate groups
of the Tdc?~ ligands that occupy the bridging position
between two adjacent scandium(III) cations (Fig. 2a).
Two bridging OH~ and four carboxylate Tdc?>~ groups
bind two Sc(2) cations and one Sc(1) cation into com-
plicated double chains arranged along the crystallo-
graphic a axis (Fig. 2b). The linear sequence of cations
—Sc(2)—Sc(1)—Sc(2)—Sc(2)—Sc(1)—Sc(2)— linked
by the bridging carboxylate groups and W,-OH~™
ligands can be distinguished in each chain. The Sc(1)
and Sc(2) cations are bound through one OH™ ligand
and two RCOO™ groups, whereas the Sc(2) and Sc(2)
cations are linked through two RCOO™ groups. These
sequences are connected by additional lateral bridges
W,-OH™ that bind the adjacent Sc(2) cations along the
b direction to form the aforementioned double chains.
The Sc—O bond lengths are as follows: Sc(1)—O
2.068(2)—2.117(2) and Sc(2)—0 2.0700(19)—2.166(2)
A. When the crystal packing is formed, the double
bonds are linked through the bridging Tdc?~ ligands in

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 47

six directions perpendicular to the « axis to form trigo-
nal channels 4 x 3 A in size occupied by disordered
DMF molecules. According to the PLATON program
data [24], the estimated volume of the free space of the
channels is 31.8%.

Compounds I and II have an identical formula of
the coordination framework and are polymorphous
modifications. A comparison of their crystallization
conditions and structures shows a regularity often
observed for other MOF: a lower synthesis tempera-
ture results in looser structures compared to those
formed at higher temperatures, which lead, as a rule,
to the formation of more compact phases with lower
porosity [25—27]. Indeed, the low-temperature
phase I has the crystallographic density of the frame-
work p = 0.97 g/cm?® and the pore volume equal to
56.7%, whereas the high-temperature phase II has the
density p = 1.42 g/cm? and the pore volume equal to
31.8%.

The acidification of the reaction solution with for-
mic acid excess at the high temperature (120°C) favors
the hydrolysis of DMF to form the dimethylammo-

nium cation Me,NH;, which acts as a counterion for
the anionic framework of compound III. According to
the SCXRD data, the structure of compound III con-
tains three crystallographically independent scan-
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Fig. 2. Fragments of the (a) double chain of scandium(III) cations and (b) crystal structure of compound II: in projection to

plane bc. Guest solvent molecules are omitted.

dium(I1I) cations. The Sc(1) and Sc(3) cations exist in
the octahedral coordination environment of six oxy-
gen atoms of one bridging OH~ group and five carbox-
ylate groups of the Tdc?~ ligands, two of which occupy
the bridging positions between the Sc(1) and Sc(2) or
Sc(3) and Sc(2) cations (Fig. 3a). The Sc(2) cation
exists in the octahedral coordination environment of
six oxygen atoms of two bridging OH™~ groups and four
bridging carboxylate groups of the Tdc?~ ligands link-

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 47

ing the Sc(1) and Sc(2) cations as well as Sc(3) and
Sc(2) cations. The Sc(1), Sc(2), and Sc(3) cations
form a trinuclear secondary building unit
{Sc;(RCOO)4(OH),}. Using the carboxylate bridging
groups of the Tdc?~ ligands, these units are connected
to each other according to the head-to-head principle
to form the carboxylate chains (Fig. 3a). The chains
are linked to each other by the bridging Tdc?~ ligands
to form the MOF containing rhombus-like channels

No.9 2021
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Fig. 3. Fragments of the (a) chain of scandium(III) cations and (b) crystal structure of compound III. Guest solvent molecules

and dimethylammonium cations are omitted.

(Fig. 3b) 8 x 3 A in size occupied by the guest DMF
molecules and dimethylammonium cations. Accord-
ing to the PLATON program estimation [24], the vol-
ume of the free space is 25.5% after the removal of the
guest solvent molecules and dimethylammonium cat-
ions. The Sc—O bond lengths are as follows: Sc(1)—O
2.069(2)—2.137(2) A, Sc(2)—-0 2.0401(19)—
2.1040(19) A, and Sc(3)—0 2.0596(18)—2.158(2) A.

The synthesis procedure for compound I was opti-
mized for the preparation of representative amounts of
the product sufficient for characterization by PXRD,
elemental, and TG analyses and IR spectroscopy. As
can be seen from Fig. 4, the experimental PXRD pat-
tern is well consistent with that calculated from the
single-crystal SCXRD data, which proves the phase
purity of the sample. According to the TG curve, com-
pound I'loses 30% of the weight at temperatures below
310°C (Fig. 5), which corresponds to the loss of 1.4
guest DMF molecules. This result is well consistent
with the XSA and chemical analyses data. The MOF
irreversibly decomposes at the temperature higher
than 310°C.

The IR spectrum of compound I contains a broad
band at 772 cm™~! attributed to bending out-of-plane
vibrations of the C—H bond in the thiophene moiety

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 47

of the Tdc?~ ligand. The group of bands in the range
from 1035 to 1244 cm™! belongs to stretching vibra-
tions of the C—N bond in the guest DMF molecule.
The characteristic intense absorption bands of sym-
metric and asymmetric vibrations of the C=0 bond
are observed at 1380 and 1666 cm™!, respectively. The
intense bands in the range from 1529 to 1561 cm~! are
assigned to skeletal vibrations of the C=C bond in the
heterocycle of the Tdc?~ ligand. Several bands of vari-
ous intensity from 2854 to 3080 cm~! belong to
stretching vibrations of the C—H bond, and the broad
band at 3384 cm~! corresponds to stretching vibrations
of the O—H bond in the coordinated hydroxyl group
and in the guest water molecule.

It should be mentioned that only two MOF based
on scandium(III) and thiophene ligands, namely, 2,5-
thiophenedicarboxylate, are known [19, 20]. In 2011
Ibarra and coauthors synthesized the 3D MOF
[Sc(Tdc)(OH)]-2.6H,0 named NOTT-401 [19],
which resembles compounds I and II in chemical
composition but differs from them in structure:
NOTT-401 crystallizes in the tetragonal space
group /4,/amd and consists of the binuclear secondary
building units {Sc,(1,-OH)(RCOO),}. In 2020 Wang
and coauthors synthesized the 3D MOF
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Fig. 5. TG curve for compound I.

[Sc,(Tdc),(OH),]-4H,0O, whose structure resembles

that of MOF II. However, in this case, the OH~ groups
in the {Sc(OH),0,} octahedra are located in the frans
position, whereas in MOF II the OH™ groups occupy
the cis position, due to which the packing of the MOF
differs from that described earlier [20].

Thus, the results of this work substantially extend a
very restricted class of the MOF based on Sc(III) and
heterocyclic thiophene ligands, which can be used as
stable adsorbents and catalysts.
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