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Abstract—New one-dimensional metal-organic frameworks of magnesium [Mg(pQ)-2DMF], 1),
[Mg(pQ)-2DMAA], (II), and [Mg(pQ)-2(NMP)],, (III) (pQ is the 2,5-dihydroxy-3,6-di-tert-butyl-para-
benzoquinone dianion) are synthesized by the solvothermal method in different solvents (N, N-dimethylfor-
mamide (DMF), N,N-dimethylacetamide (DMAA), and N-methyl-2-pyrrolidone (NMP)). The crystal
structures of compounds I and III are determined by X-ray structure analysis (CIF files CCDC nos. 2058147
(I) and 2058148 (II)). The spectral characteristics and thermal stability of the synthesized metal—organic
frameworks are studied.
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INTRODUCTION

Metal-organic frameworks (MOF) represent a
new class of microporous materials built on metal cat-
ions or clusters linked by bridging ligands into one-
dimensional chains, two-dimensional layers, or three-
dimensional carcasses. The MOF are characterized by
a range of unique properties that provide their poten-
tial application in various spheres. Materials based on
MOF can be used as gas adsorbents [1, 2]; lumines-
cent [3, 4], electrochemical, or photophysical sensors
[5, 6]; and optical [7], electroconducting [8, 9], and
magnetic materials [10—14]. One of the promising
trends for the synthesis of the MOF with the unique
properties is the production of redox-active metal-
organic frameworks [8, 9, 15]. The physical and chem-
ical properties, crystal structures, and topology of the
MOF depend on the nature of metal ions and organic
ligands involved in their building. The anilate ligands
(2,5-dihydroxy-1,4-benzoquinone derivatives) con-
taining various substituents in positions 3 and 6 (H,
Cl, Br, I, CN, NO,, etc.) are used most frequently as
redox-active bridging ligands [8, 16—18]. Being bound
in a complex with the metal of this type compound,
they can exist in four different oxidation—reduction
states (Scheme 1). The dianion can be characterized
by the o-quinoid distribution of bond lengths and, cor-
respondingly, the type of binding with the complexing

agent in which negative charges are concentrated on
the adjacent oxygen atoms.

Among the group of anilate ligands, the coordina-
tion properties of 2,5-dihydroxy-3,6-di-fert-butyl-
para-quinone (H,pQ) [19] are studied rather poorly.
Only several articles reported on the synthesis of the
mononuclear  triphenylantimony(V)  derivatives
pQSbPh;CH;0H, and Et;NH[pQSbPh;Br] [20] and
on the binuclear tin, nickel, iron, and cobalt based on
this ligand [19, 21, 22] have been published to the
recent time. Nevertheless, the redox-active nature of
this dihydroxy-para-quinone made it possible to
demonstrate the perspective properties of the metal
complexes involving this quinone. For example, the
binuclear iron compounds are characterized by the
spin—spin transition in a range of ambient tempera-
tures [22], and the cobalt derivative exhibits the phe-
nomenon of induced electron transfer [21]. No
attempts to synthesize MOF with this anilate ligand
have been made up to recently. The first MOF con-
taining the H,pQ dianion as bridging ligands cova-
lently binding lanthanide ions into 2D cross-linked
structures were synthesized and characterized only in
2020 [23]. New linear magnesium MOF based on
H,pQ, namely, [Mg(pQ)-2DMF], (I), [Mg(pQ)
2DMAA], (II), and [Mg(pQ)-2(NMP)], (IIT), were
synthesized in this work.
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X=H, #-Bu, Cl, Br, I, CN, NO,

Scheme 1.

EXPERIMENTAL

IR spectra were recorded on an FSM-1201 FT-IR
spectrometer (suspensions in Nujol, KBr cells). Elec-
tronic absorption spectra (EAS) were recorded on a
Carl Zeiss Jena Specord M400 spectrometer (in
Nujol). Elemental analysis was carried out on an Ele-
mentar Vario El cube instrument. The studies by dif-
ferential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TG) of the compounds were car-
ried out on a Mettler Toledo TGA/DSC3+
instrument at 30—500°C in a nitrogen atmosphere
(crucible of polycrystalline alumina) with a heating
rate of 5°C/min. The following commercial reagents
were used: N,N'-dimethylformamide (DMF), N,N-
dimethylacetamide (DMAA), N-methyl-2-pyrroli-
done (NMP), and MgCl,-6H,0. Ligand H,pQ was
synthesized using a known procedure [19].

Synthesis of complexes I-III. A mixture of MgCl,:
6H,0 (0.04 mmol) and H,pQ (0.04 mmol) was dis-
solved in 5 mL of the corresponding solvent (DMF for
I, DMAA for II, and NMP for III), and the solution
was heated in a sealed ampule at 130°C for 24 h. The
formed bright colored crystals of complexes I—III
were collected on a Schott filter, washed with the pure
solvent, and dried in air.

MOF I: pink large needle-like crystals. The yield
was 82%.

For C20H32N206Mg
Anal. calcd., % C, 57.09 H, 7.67 N, 6.66
Found, % C, 56.96 H, 7.63 N, 6.15

IR (v, cm™"): 1688 s, 1668 s, 1608 w, 1541 s, 1480,
1442 s, 1420 m, 1361 w, 1259 m, 1198 m, 1110 s,
1065w, 1049 w, 970 m, 927 m, 902 s, 868 m, 801 w,
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790 m, 685 s, 627 m, 525 s. EAS (A, nm): 320,
340, 515.

MOF II: pink fine needle-like crystals. The yield
was 75%.

For C22H36N2O6Mg
Anal. calcd., % C, 58.87 H, 8.08 N, 6.24
Found, % C, 58.70 H, 8.13 N, 5.86

IR (v, cm™1): 1657 s, 1627 s, 1538 s, 1344 s, 1269 s,
1218 m, 1192 s, 1048 m, 1038 m, 1026 s, 970 m, 925 w,
904 s, 851 w, 803 w, 791 w, 748 m, 657 s, 627 m, 610 s,
596 m, 523 s, 505 m, 478 w. EAS (A, nm): 320,
345, 510.

MOF III: vinous fine needle-like crystals. The
yield was 78%. According to the elemental analysis
data, compound II contains 0.5 molecule of occluded
N-methyl-2-pyrrolidone based on one [Mg(pQ):
2(NMP)],, unit.

For Cy6 sHyg 5N, 506 sMg
Anal. calcd., % C, 60.93 H, 7.81 N, 6.70
Found, % C, 60.88 H, 7.83 N, 6.58

IR (v,cm™1): 1699 s, 1664 s, 1540's, 1344 s, 1309 m,
1262 m, 1222 w, 1199 m, 1176 m, 1117 s, 1207 w,
1052 m, 989 m, 972 m, 928 m, 902 s, 853 w, 792 m,
755 m, 657 s, 629 w, 564 w, 526 s, 472 m. EAS (A, nm):
310, 335, 490.

Quantum-chemical calculations were performed
using the Gaussian09 program package [24] by the
density functional theory (DFT) with the B3LYP
functional [25] and the standard 6-311+(d,p) basis set
for all atoms.
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X-ray structure analysis (XSA). The X-ray diffrac-
tion data for MOF I and IIT were obtained on the
Belok beamline at the Kurchatov specialized source of
synchrotron radiation of the Kurchatov Institute Rus-
sian Research Center (Moscow, Russia) in the ¢ scan
mode using a Rayonix SX165 CCD detector at 100 K
(A =0.79313 and 0.79312 A for I and III, respectively)
[26]. The primary indexing was performed, the unit
cell parameters were refined, the reflections were inte-
grated, and an absorption correction of reflection
intensities was applied using the XDS software [27].
The structures were solved by direct methods and
refined in the anisotropic approximation by full matrix
least squares for F? for all non-hydrogen atoms. Since
the fert-butyl group is disordered over two positions
(ratio of populations of atomic positions 0.882 : 0.118),
as well as coordinated N-methyl-2-pyrrolidone in the
structure of complex III (ratio of populations of
atomic positions 0.749 : 0.251), the SADI geometric
restraints were used in both cases in the refinement of
the model of minor components of the disordered
groups, and the FLAT restraints and the SIMU and
RIGU restraints for thermal shifts of atoms were used
for N-methyl-2-pyrrolidone only. In the case of com-
plex I, the hydrogen atoms were revealed from the
electron density map and refined in the isotropic
approximation. In the case of complex III, the hydro-
gen atoms were placed in the calculated positions and
refined by the riding model with U,(H) = 1.5U,,,;,(C)
for the hydrogen atoms of the methyl groups and
1.2U¢q1,(C) for other hydrogen atoms. The calcula-

t-Bu
HO 0 L/130°C
+ MgCly-6H,0
(0) OH

t-Bu

H,pQ L=DMF
DMAA
NMP

TROFIMOVA et al.

tions were performed using the SHELXTL software
[28] in the OLEX2 medium of structural data visual-
ization and processing [29].

The crystallographic data for compounds I and III
were deposited with the Cambridge Crystallographic
Data Centre (CIF files CCDC nos. 2058147 and
2058148, respectively; deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk/data_request/cif).

RESULTS AND DISCUSSION

Three linear magnesium MOF based on H,pQ
were synthesized by the solvothermal method in dif-
ferent solvents (DMF, DMAA, and NMP). The reac-
tion occurs in a sealed glass ampule on heating to
130°C for 24 h. As a result, the [Mg(pQ)-2DMF],, (I),
[Mg(pQ)-2DMAA], (II), and [Mg(pQ)-2(NMP)],
(IID) derivatives (pQ is the 2,5-dihydroxy-3,6-di-zert-
butyl-para-benzoquinone dianion) (Scheme 2) were
obtained. Vinous pink crystalline compounds I—III
are formed during the synthesis and further cooling in
the reaction mixture in the yields close to quantitative.
After washing on a filter with the same solvent that was
used in the synthesis and further drying in air, the syn-
thesized MOF were analytically pure. According to
the elemental and TG analyses data (see below), com-
plex III contains 0.5 pyrrolidone molecule per unit of
the polymeric chain. The synthesized compounds are
insoluble in water and organic solvents and resistant to
air oxygen and moisture.

[Mg(pQ)-2DME],, (I)
[Mg(pQ)-2DMAA], (II)
[Mg(pQ)-2NMP],, (III)

Scheme 2.

The structures of MOF I and III were determined
by XSA. The compositions and chemical purity of all
compounds were confirmed by IR spectroscopy and
TG and elemental analyses. The molecular structures
of compounds I and III are presented in Figs. 1 and 2.
The crystallographic data and X-ray diffraction exper-
imental parameters are given in Table 1. Selected bond
lengths are listed in Table 2.

According to the XSA data, MOF I and III repre-
sent one-dimensional polymers (Fig. 1). Compound I
crystallizes in the monoclinic symmetry group C2/c,
and derivative III crystallizes in the monoclinic sym-
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metry group P2,/c. The topology of the chain of both
derivatives is 2C1. The coordination environment of
each magnesium cation in compounds I and III is a
distorted octahedron containing four oxygen atoms of
two chelating pQ~2 ligands and two oxygen atoms of
the coordinated solvent molecules at the vertices
(Figs. 2, 3). The cis arrangement of the ligands in the
coordination sphere of the metal leads to the sigzag
structure of the polymeric chains. An analysis of the
crystal structures of complexes I and III by the con-
struction of the Hirshfeld surface using the Crystal

No.9 2021
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Fig. 1. Views of the linear structures of MOF I and III along the a axis.

Explorer 17.5 program package [30] revealed no signif-
icant intermolecular interactions between the chains.

In both MOF, the pQ?~ dianion has a similar struc-
ture and demonstrates two delocalized w-electron
anionic systems linked to each other by the ordinary
C(1)—C(3) and C(8)—C(10) bonds (for compound
III) through the middles of which the symmetry ele-
ment passes. In compound I, the C(1)—C(2) and
C(2)—C(3) bonds, as well as C(1)—0O(1) and C(3)—
O(2), are nearly equal, indicating a very high charge
delocalization over these moieties of the ligand. The
C(1)—C(2) and C(2)—C(3) bond lengths lie in the
range characteristic of classical aromatic carbon—car-
bon bonds. The C(1)—0O(1) and C(3)—0O(2) inter-
atomic distances are intermediate between the values
for double and ordinary oxygen—carbon bonds,
whereas they are much shorter than those observed in
the related magnesium o-semiquinone derivatives [31,

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 47

32]. Derivative III is characterized by a similar charge
delocalization in the organic ligand, but the bond
length averaging and, hence, delocalization are some-
what lower. For example, the O(1)—C(1) and O(6)—
C(10) bonds are slightly longer than the corresponding
0(2)—C(3) and O(5)—C(8) bonds, whereas the C(1)—
C(2) and C(8)—C(9) bonds in the quinoid ring are
slightly shorter than C(3)—C(2) and C(10)—C(9). This
electron density delocalization is characteristic of the
anilate ligands performing the bridging function in the
metal complexes. The above described bond length
distribution in the pQ?- dianionic fragment differs
cardinally from that observed for the mononuclear
triphenylantimony(V) complex [20] for which the dis-
tinctly pronounced o-quinoid type of alternation of
the C—C and C—O bond lengths in the redox-active
ligand was observed.
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o

Fig. 2. Structure of the repeated unit of MOF 1.

The Mg—O bonds with the anilate ligands are
nearly equalized ranging from 2.04 to 2.07 A, which
does not exceed the sum of covalent radii of the corre-
sponding elements (2.24 A) [33]. It is typical that the
coordination of the neutral donor ligands (DMF in I
and NMP in III) is characterized by the magnesium—
oxygen bond lengths comparable with Mg—O(pQ).
This indicates the formation of strong coordination
bonds, which, as shown by the TG analysis, decom-
pose at fairly high temperatures.

The thermal stability of MOF I—III was evaluated
by the TG and DSC methods (Fig. 4). According to
the data of these methods for MOF I, 1.5 DMF mole-
cules decoordinate from the metal atom in a tempera-
ture range of 120—220°C with a mass loss 0f 26%. The
further heating to 330°C results in the elimination of
the remained DMF (0.5 molecule) and transforma-
tion of the pQ?~ ligand with the detachment of two
isobutylene molecules due to the destruction of the

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 47

tert-butyl substituents with the total mass loss equal to
34%. The final decomposition of the polymer occurs
further. A similar behavior is observed on heating for
MOF I, and the distinction is that the decoordination
of only one DMAA molecule occurs in a temperature
range of 120—190°C with a mass loss of 20%. Heating
to 350°C results in the elimination of one more
DMAA molecule from the magnesium atom and in
the destruction of the organic ligand similarly to com-
pound I. The mass loss in the second step of the TG
curve for compound II is 44%. According to the TG
data, MOF III contains the occluded solvent, which is
removed from the sample in the temperature range
from 50 to 100°C (10% mass loss corresponds to
0.5 NMP molecule). The second step in the TG curve
(120—200°C, mass loss 19%) corresponds to the
removal of one coordinated NMP molecule and
destruction of the organic ligands similarly to com-
pounds I and II. The mass loss in the third step of the
TG curve is 38%.
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Table 1. Crystallographic data and experimental and structure refinement parameters for complexes I and III
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Value
Parameter
I I
T,K 100 K
Crystal system Monoclinic
Space group C2/c P2,/c
a, A 10.616(2) 12.8342(13)
b, A 16.897(3) 17.4410(10)
c, A 12.483(3) 12.4170(18)
B, deg 90.858(16) 114.699(10)
v, A3 2238.9(8) 2525.2(5)
Z 4
Pealc> &/Cm’ 1.248 1.244
u, mm~! 0.153 0.145
0/ min—Omax. deg 2.690—30.720 1.949—-30.962
Number of observed reflections 12290 38665
Number of independent reflections 2482 5748
Rint 0.0310 0.0778
S(F?) 1.085 1.045
R /wR, (I >20(1)) 0.0440/0.1183 0.0533/0.1399
R,/wR, (for all parameters) 0.0539/0.1271 0.0802/0.1569
Absorption coefficient 0.022(3) 0.0077(14)
AP max/APin: € A3 0.255/—0.478 0.393/-0.304

Coordination polymers I—III are insoluble in
water and organic solvents. Therefore, the EAS in the
UV-visible range of the studied magnesium MOF
were detected for suspensions in mineral oil and are
presented in Fig. 5. The spectra of all compounds
exhibit intense bands at 310—320 and 335—345 nm and
broad absorption bands in a longer-wavelength spec-
tral range at A = 500 nm (515 (I), 510 (II), and 490 nm
(III)). This character of the EAS was observed earlier
for the lanthanide 2D MOF based on this anilate
ligand [23].

The obtained spectral characteristics are in good
agreement with the quantum-chemical calculation
results performed at the B3LYP/6-311+(d,p) level.

The monomeric unit of compound I was chosen for
the calculations, representing in the experimental
geometry the doubly charged cation [(H,0),L,(Mg-
pQ)MgL,(H,0),]*" in which water molecules occupy
the positions of the oxygen atoms of the bridging ani-
late ligands. The frontier molecular orbitals in the
model dication (Fig. 6) are localized on the redox-
active ligand. The intraligand electron transfer highest
occupied molecular orbital (HOMO)—lowest unoccu-
pied molecular orbital (LUMO) determines the long-
wavelength absorption band (A = 515 nm) in the EAS
of compound I, and the difference in energies of the
frontier orbitals (2.9 eV) is well consistent with the
position of this broad absorption band observed in the

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol.47 No.9 2021
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Table 2. Selected bond lengths (A) in complexes I and 111

Bond (d, A) I 111
Mg(1)—O(1) 2.0426(11) 2.0514(14)
Mg(1)—0(2) 2.0646(12) 2.0694(15)
Mg(1)—0(3) 2.0578(12) 2.058(5)
Mg(1)-0(4) 2.072(3)
Mg(1)—0(5) 2.0458(14)
Mg(1)—O0(6) 2.0749(15)
o(1)—C(1) 1.2662(18) 1.270(2)
0(2)—C(3) 1.2635(18) 1.256(2)
0(5)—-C(8) 1.267(2)
0(6)—C(10) 1.261(2)
C(1)—C(2) 1.409(2) 1.392(3)
C(1)—C(3) 1.553(2) 1.555(2)
C(2)—C(3) 1.405(2) 1.411(2)
C(8)—C(9) 1.399(3)
C(8)—C(10) 1.552(2)
C(9)—C(10) 1.412(3)

Fig. 3. Structure of the repeated unit of MOF III.
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Fig. 5. Electronic absorption spectra of complexes I—II1.

experimental spectrum. It should be mentioned that
the bridging mode of pQ?~ anilate ligand binding to
the magnesium ions in compounds I-III is accompa-
nied by the approaching of the frontier orbitals by
~0.35 eV compared to the antimony(V) complex in
which this redox-active ligand exists in the o-quinoid
form. Taking into account that the frontier orbitals do
not involve the solvent molecules coordinated to mag-
nesium, we can assert that the conclusions made for
complex I would be valid for compounds IT and III.

Thus, one-dimensional magnesium MOF based
on the redox-active anilate ligand (2,5-dihydroxy-3,6-
di-fert-butyl-para-benzoquinone) were first synthe-
sized in this work. According to the TG data, the syn-
thesized compounds are characterized by high thermal
stability. The results of the spectral study and quan-
tum-chemical calculations indicate that the intense
color of the synthesized compounds is due to the
intraligand charge transfer.
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