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Abstract—Compounds of three types, [LnL3(C2H5OH)] (Ln = Nd (I), Sm (II), Eu (III)), [LnL3(H2O)]
(Ln = Gd (IV), Tb (V)), and [DyL2(NO3)(C2H5OH)2] (VI), were obtained by reactions of lanthanide nitrate
with NaL (L– = 2,4-dichlorophenoxyacetate anion) in ethanol. The composition and structure of complexes
I–VI were investigated by elemental and thermogravimetric analysis, IR spectroscopy, and X-ray diffraction
(nos. 2311578 (I), 2311579 (II), 2311580 (III), 2311581 (IV), 2311582 (VI)). All compounds have a one-dimen-
sional polymer structure in which metal atoms are connected by bridging carboxylate groups. The π–π inter-
actions and intermolecular contacts between the chains give rise to a three-dimensional supramolecular
structure.
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INTRODUCTION
Coordination compounds based on trivalent rare

earth metal cations are of great interest, as they behave
as molecular magnets [1] and exhibit narrow-band
luminescence [2–5] and proton conductivity [6]. The
lanthanide metal-organic frameworks are widely used
in displays and lighting equipment [7–11], lumines-
cent thermometers [12], and fluorescence sensors, in
anti-counterfeiting and information storage [13–16].
The benefits manifested in these applications are envi-
ronmental friendliness, energy saving, high efficiency,
and long service life [17]. In the design of this type of
materials, the attention is focused on the organic
ligand, including not only its ability to form a cluster
[18], but also the ability to form intercluster bonds. An
example of such ligands is 2,4-dichlorophenoxyacetic
acid (HL), which tends to form π–π-supramolecular
interactions and a branched network of intermolecular
contacts [19]. Analysis of the crystal structures of f-ele-
ment 2,4-dichlorophenoxyacetates [20–24] and their
ability to form stacking interactions resulted in identi-
fication of a few compounds that have this type of
intermolecular contacts. In [23, 24], additional bipyr-
idine ligands were introduced to fabricate supramo-
lecular structures. In a systematic study of lanthanide
2,4-dichlorophenoxyacetates obtained from DMF, no
stacking interactions involving aromatic systems were
detected [25]. It is of interest to study the composition
and structure of lanthanide 2,4-dichlorophenoxyace-

tate salts prepared in less polar solvents, first of all
aqueous ethanol.

EXPERIMENTAL
Commercial reagent grade lanthanide nitrates,

2,4-dichlorophenoxyacetic acid (>99%), and ethanol
(96%) were used as received.

Synthesis of lanthanide salts of 2,4-dichlorophe-
noxyacetic acid (general procedure). The compounds
were obtained by the reaction of a specified lanthanide
nitrate (0.35 mmol) dissolved in 96% aqueous ethanol
(10 mL) with a solution of sodium 2,4-dichlorophe-
noxyacetate (1.05 mmol) in ethanol (40 mL). The
resulting solution was magnetically stirred with heat-
ing to 70°C for 30 min and left to cool down until a
crystalline solid formed. The crystals were collected
on a filter, washed with a small amount of ethanol, and
dried in air at room temperature. The product yield
was approximately 60% based on the lanthanide salt.

[NdL3(C2H5OH)] (I). IR (ν, cm–1): 3425, 1666,
1594, 1561, 1477, 1459, 1426, 1391, 1335, 1285, 1265,
1246, 1230, 1104, 1073, 1063, 1036, 940, 869, 838,
802, 769, 715, 698, 646, 603, 558, 466, 442, 407.

For C26H21O10Cl6Nd
Anal. calcd., % C, 36.72 H, 2.48
Found, % C, 36.37 H, 1.97
476
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[SmL3(C2H5OH)] (II). IR (ν, cm–1): 3353, 1652,
1571, 1476, 1449, 1424, 1390, 1334, 1287, 1263, 1233,
1105, 1075, 1045, 937, 869, 839, 800, 767, 717, 696,
647, 605, 557, 468, 441.

[EuL3(C2H5OH)] (III). IR (ν, cm–1): 3368, 1650,
1592, 1573, 1475, 1450, 1432, 1382, 1333, 1287, 1268,
1255, 1233, 1102, 1075, 1045, 937, 864, 839, 803, 715,
698, 663, 645, 603, 556, 462.

[GdL3(H2O)] (IV). IR (ν, cm–1): 3283, 1637, 1589,
1573, 1475, 1450, 1429, 1390, 1335, 1286, 1263, 1255,
1226, 1104, 1077, 1043, 926, 875, 838, 801, 716, 696,
647, 606, 556, 465, 439.

[TbL3(H2O)] (V). IR (ν, cm–1): 3293, 1650, 1584,
1554, 1475, 1451, 1430, 1417, 1391, 1334, 1286, 1264,
1252, 1227, 1154, 1104, 1078, 1044, 956, 942, 864,
838, 802, 766, 716, 647, 606, 556, 475, 440, 414.

[DyL2(NO3)(C2H5OH)2] (VI). IR (ν, cm–1): 3407,
1650, 1585, 1577, 1554, 1507, 1479, 1454, 1434, 1398,
1338, 1286, 1273, 1253, 1225, 1161, 1123, 1107, 1074,
1034, 1027, 927, 878, 839, 805, 793, 768, 741, 713, 646,
593, 577, 558, 470, 450, 416.

Elemental analysis was performed on a EURO-
Vestor 3000A automatic analyzer. IR spectra were
recorded on a Spectrum Two Fourier transform infra-
red spectrometer with an attenuated total internal
reflection attachment (Perkin Elmer). Thermogravi-
metric studies were performed on an STA 6000 simul-
taneous thermal analyzer in a nitrogen atmosphere at
a heating rate of 10°C/min.

For C26H21O10Cl6Sm
Anal. calcd., % C, 36.46 H, 2.47
Found, % C, 36.17 H, 2.71

For C26H21O10Cl6Eu
Anal. calcd., % C, 36.39 H, 2.47
Found, % C, 36.30 H, 2.63

For C24H17O10Cl6Gd
Anal. calcd., % C, 34.51 H, 2.05
Found, % C, 34.21 H, 2.28

For C24H17O10Cl6Tb
Anal. calcd., % C, 34.44; H, 2.05.
Found, % C, 34.46; H, 2.27.

For C20H22NO11Cl4Dy
Anal. calcd., % C, 31.74 H, 2.93 N, 1.85
Found, % C, 31.97 H, 2.67 N, 1.80
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X-ray diffraction study. The crystals suitable for
X-ray diffraction were picked from the main bulk of
the obtained product. The single crystal X-ray diffrac-
tion study was performed on Bruker Smart APEX II
(for I–III, V and VI) and Bruker D8 Venture (for IV)
diffractometers equipped by a CCD detector and a
monochromatic radiation source (MoKα, λ = 0.71073
Å, graphite monochromator) using standard proce-
dures [26]. Semiempirical absorption correction was
applied for all structures [27]. In structures I–IV,
residual electron density was present in the local envi-
ronment of lanthanide atoms, which can be caused by
imperfection of absorption corrections and small size
of needle-shaped crystals. The structures were solved
by the direct methods and refined in the full-matrix
anisotropic approximation for all non-hydrogen
atoms. The calculations were carried out using the
SHELX-2014/2015 [28] and Olex2 [29] programs.
The RIGU (for the O(4)–C(9)–C(10)–O(5) moiety
in II) and ISOR (for the O(8) atom in II and for the
O(7) atom in IV) restraints were used in the structure
solution. The hydrogen atoms were generated geomet-
rically and refined in the riding model. The position of
the H atom at the O atom of the ethanol molecule in
I–III and VI was fixed by the AFIX 43 constraints; the
H atom positions in the water molecule of V were fixed
by AFIX 7. The geometry of metal atom polyhedra was
determined using the SHAPE 2.1 program [30]. Crys-
tallographic parameters and structure refinement
details are given in Table 1.

The atom coordinates and thermal parameters and
the list of all reflections were deposited with the Cam-
bridge Crystallographic Data Centre (CCDC nos.
2311578 (I), 2311579 (II), 2311580 (III) 2311581 (IV),
2311582 (VI); deposit@ccdc.cam.ac.uk or http://
www.ccdc.cam.ac.uk/structures).

The isostructural nature of compounds V and IV
was determined by analysis of unit cell parameters for
single crystal.

RESULTS AND DISCUSSION

The thermogravimetric curve for samples I–III in
the temperature range from 90 to 140°C shows a 4–5%
decrease in the mass accompanied by an endotherm in
the DSC curve. This is in a reasonably good agreement
with the loss of one ethanol molecule (theoretically,
5.4%). The compounds are stable up to 185°C. For
complexes IV and V, the loss of 3% of mass takes place
in the temperature range of 120–155°C, which corre-
sponds to the loss of the inner-sphere water molecule.
The elimination of ethanol molecule present in com-
plex VI occurs in the temperature range of 30–80°C.
At higher temperature, slow mass loss takes place, with
no thermal stability range being present.

In the IR spectra of the studied carboxylates, the
coordination of the acid anion to a lanthanide cation
is accompanied by a low-frequency shift of the band
  Vol. 50  No. 7  2024
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Fig. 1. Centrosymmetric dimeric fragment of the polymer chain in III (different coordination modes of the carboxylate anion are
shown).
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H
C

Eu(1)

Eu(1)
that could be assigned to the asymmetric stretching
modes of the carboxylate anion (the range from 1594
to 1554 cm–1). The symmetric vibrations of the car-
boxylate anion occur in the 1477–1418 cm–1 range.
This is accompanied by splitting of each stretching
mode into two bands. The frequency difference Δν =
νas ‒ νs = 130‒170 cm–1 is typical of the chelating
function of the carboxylate anion. The absorption
bands for the asymmetric and rocking stretching
vibrations of the Ar‒O‒C group are in the
1287‒1225 cm–1 range. The series of bands in the
1107‒1034 cm–1 frequency range can be assigned to
the Ar‒O‒C stretching modes and the vibrational
modes of the chlorine‒carbon bonds in the benzene
ring (strong band in the 1073–1078 cm–1 range).
Numerous absorption bands in the 900‒760 cm–1

range are characteristic of in-plane and out-of-plane
bending vibrations of the carbon‒hydrogen bonds of
the benzene ring. The broad bands with absorption
maxima in the 3425–3293 cm–1 were assigned to the
stretching modes of the bound OH groups of ethanol
and water molecules.

The IR spectrum of sample VI does not show a very
strong absorption band in the 1400–1350 cm–1 range.
Meanwhile, there are new bands, not inherent in other
compounds, at 1507, 1273, 1027, and 793 cm–1, which
attest to the coordination of the nitrate anion to the
metal cation [31].

X-ray diffraction studies of the obtained samples
showed that all compounds were one-dimensional
polymers, which can be divided into three structural
groups. The first group includes isostructural metal-
organic frameworks of neodymium, samarium, and
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
europium. In each of them, one-dimensional polymer
consists of [Ln2L6(C2H5OH)2] dimeric repeating units
connected to one another (Fig. 1). The carboxylate
ligands exhibit two coordination modes, bridging
bidentate and chelating bridging tridentate modes.
Thus, the coordination mode of one carboxylate anion
differs from that in the neodymium aqua complex with
2,4-dichlorophenoxyacetate anion [21], in which it
performs the bidentate function. The ethanol mole-
cule completes the coordination number of the central
atom to nine. The coordination polyhedron corre-
sponds to a monocapped tetragonal antiprism.
Selected bond lengths in the coordination polyhedron
and distances between the central atoms in I–VI are
given in Table 2. The decrease in the distance between
metal cations is caused by the reduction of the ion
radius in the lanthanide series.

In the gadolinium IV and terbium V metal-organic
frameworks, the ninth site is occupied by a water mol-
ecule (Fig. 2). The tridentate chelating bridging func-
tion of two carboxylate anions is retained, while the
third anion performs a bidentate function. The geom-
etry of the coordination polymer corresponds to a
monocapped tetragonal antiprism. Despite the
decrease in the metal atom radii, the distance between
the central atoms increases. This is attributable to the
replacement of the bidentate bridging function by the
bidentate function for the third ligand.

The dysprosium compound VI differs drastically in
the composition from the above-described com-
pounds. The coordination polyhedron of the central
atom has a square antiprism geometry, with the coor-
dination number of the central atom being eight
(Fig. 3). Two carboxylate anions perform the bidentate
  Vol. 50  No. 7  2024
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Table 2. Selected bond lengths and distances between the central atoms (Å) in I–VI

Bond I II III IV VI

Ln–O(η,μ-O2CR) 2.413(5)–
2.578(5)

2.392(5)–
2.539(5)

2.386(3)–
2.526(3)

2.374(4)–
2.487(4)

Ln–O(η-O2CR/η-O2NO) 2.393(4),
2.464(4)

2.494(2)

Ln–O(μ-O2CR) 2.393(4), 
2.567(5)

2.357(5), 
2.553(5)

2.347(3), 
2.527(3)

2.254(2), 
2.3490(18)

Ln–O(C2H5OH/H2O) 2.481(5)/– 2.443(5)/– 2.433(3)/– –/2.438(5) 2.3882(19)/–

Ln…Ln 4.0419(10), 
4.1811(10)

4.0113(9), 
4.1522(9)

3.9996(5), 
4.1425(5)

4.064(4) 4.8905(6)
bridging function, and the nitrate anion is coordinated
in the bidentate mode. The other two sites in the coor-
dination polyhedron are occupied by ethanol mole-
cules. All this results in increase in the distance
between the dysprosium cations to 4.890 Å. The coor-
dination polymer has a linear zigzag shape.

A distinctive feature of the crystal structure of the
compounds is the presence of intrachain π…π interac-
tions (stacking) in I–III and interchain π…π contacts
in all compounds, resulting in the formation of a lay-
ered (for I–IV) or three-dimensional (for VI) supra-
molecular structure (Figs. 4–6). The stacking interac-
tion parameters are given in Table 3. The crystal lat-
tices of the compounds are additionally formed by the
RUSSIAN JOURNAL OF C

Fig. 2. Fragment of the polymer chain in IV (different
coordination modes of the carboxylate anion are shown).
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Gd(1)

Gd(1)
C–Cl…π contacts for I–III and C–H…π contacts for
VI (Table 4), and by hydrogen bonds: O–H…O in all
compounds, C–H…O in I–III and IV, and C–H…Cl
in I–III (Table 5).

Thus, we showed that the reaction of neodym-
ium(III), samarium(III), europium(III), gadolin-
ium(III), terbium(III), and dysprosium(III) nitrates
with the sodium salt of dichlorophenoxyacetic acid
(HL) in ethanol under identical conditions leads to
crystallization of 1D polymers, the composition and
structure of which is determined by the radius of the
metal ion: [LnL3(C2H5OH)] (Ln = Nd, Sm, Eu),
[LnL3(H2O)] (Ln = Gd, Tb) and [DyL2(NO3)-
(C2H5OH)2]. It was demonstrated for the prepared
OORDINATION CHEMISTRY  Vol. 50  No. 7  2024

Fig. 3. Fragment of the polymer chain in VI.
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Fig. 4. Fragment of the crystal packing in II (the carbon atoms of the benzene rings connected by π…π interactions are num-
bered).
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Fig. 5. Fragment of the crystal packing in IV (the carbon atoms of the benzene rings connected by π…π interactions are num-
bered).
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series of compounds how the decrease in the metal ion
radius in the series from neodymium(III) to dyspro-
sium(III) determines the change in the coordination
environment of the atom resulting from the competi-
tion of anions and neutral molecules. First, the two
ethanol molecules in I‒III are replaced by two smaller
water molecules in IV and V, and on going to IV, etha-
nol molecules are again in the metal coordination
sphere as a result of replacement of one carboxylate
anion by a nitrate anion, which increases the steric
accessibility of the coordination sites at the dyspro-
sium atom.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
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Fig. 6. Fragment of the crystal packing in VI (the carbon atoms of the benzene rings connected by π…π interactions are num-
bered).
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Table 3. Parameters of π…π interactions in the crystal structures of I–VI (Cgi is the benzene ring centroid; Cg–Perp is the
shortest distance from Cgi to the j plane of the neighboring ring, α is the angle between the Cgi–Cgj vector and the normal
to j plane, Shift is the distance between the Cgi and the perpendicular projection of Cgj to the i plane)

Cgi…Cgj contact (symmetry code) Cgi⋅⋅⋅Cgj, Å Cg–Perp, Å α, deg Shift, Å

I
Cg(C(3)–C(8))…Cg(C(11)–C(16))
(1 – x, 1 – y, 1 – z)

3.893(5) 3.376(4) 3.5(4) 1.804

Cg(C(19)–C(24))…Cg((19)–C(24))
(1 – x, 1 – y, –z)

3.905(5) 3.621(4) 0 1.463

II
Cg(C(3)–C(8))…Cg(C(11)–C(16))
(1 – x, 1 – y, 1 – z)

3.874(5) 3.355(3) 3.7(4) 1.760

Cg(C(19)–C(24))…Cg((19)–C(24))
(1 – x, 1 – y, 2 – z)

3.899(5) 3.599(3) 0 1.499

III
Cg(C(3)–C(8))…Cg(C(11)–C(16))
(1 – x, 1 – y, 1 – z)

3.865(3) 3.347(2) 3.6(2) 1.766

Cg(C(19)–C(24))…Cg((19)–C(24))
(1 – x, 1 – y, 2 – z)

3.898(3) 3.600(2) 0 1.496

IV
Cg(C(11)–C(16))…Cg(C(19)–C(24))
(–1 + x, y, 1 + z)

3.631(9) 3.571(2) 8.0(3) 0.236

VI
Cg(C(3)–C(8))…Cg(C(3)–C(8))
(1/2 – x, 3/2 – y, 1 – z)

3.7152(16) 3.3628(11) 0.02(13) 1.579
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Table 4. Parameters of Y‒X⋅⋅⋅π interactions in the crystal packing of I–VI (Cgi is the benzene ring centroid; X/Y⋅⋅⋅Cg is the
distance from the centroid to the atom, X–Perp is the shortest distance from X atom to the ring plane, γ is the angle between
the Cgi–X vector and the normal to the i plane, Y–X⋅⋅⋅Cg is angle)

Contact X⋅⋅⋅Cg, Å X–Perp, Å γ, deg Y–X⋅⋅⋅Cg, deg Y⋅⋅⋅Cg, Å

I
C–C(l2)…Cg(C(11)–C(16)) (2 – x, 1 – y, 1 – z) 3.718(4) 3.479 20.67 77.6(3) 3.752(9)
C–C(l4)…Cg(C(3)–C(8)) (1 – x, 1 – y, 1 – z) 3.757(4) 3.338 25.59 68.3(3) 3.507(10)
C–C(l4)…Cg(C(19)–C(24)) (x, 1 + y, z) 3.543(4) 3.499 9.07 113.2(3) 4.523(11)

II
C–C(l2)…Cg(C(11)–C(16)) (–x, 1 – y, 1 – z) 3.728(4) 3.479 21.05 76.7(3) 3.736(10)
C–C(l4)…Cg(C(3)–C(8)) (1 – x, 1 – y, 1 – z) 3.765(4) 3.362 26.76 67.4(3) 3.489(10)
C–C(l4)…Cg(C(19)–C(24)) (x, –1 + y, z) 3.514(4) 3.470 9.05 113.7(3) 4.513(10)

III
C–C(l2)…Cg(C(11)–C(16)) (–x, 1 – y, 1 – z) 3.742(2) 3.486 21.28 76.09(17) 3.730(5)
C–C(l4)…Cg(C(3)–C(8)) (1 – x, 1 – y, 1 – z) 3.770(2) 3.364 26.84 67.23(17) 3.488(5)
C–C(l4)…Cg(C(19)–C(24)) (x, –1 + y, z) 3.515(2) 3.468 9.33 112.78(18) 4.489(5)

IV
C(9)–H…Cg(C(3)–C(8)) (1 – x, 1 – y, 1 – z) 2.68 2.67 6.30 147 3.556(3)

Table 5. Parameters of H-bonds in the crystals of I–VI

D–H…A contact
Distance, Å

D–H–A angle, deg
D–Y D…A H…A

I
O(10)–H(10)…O(8) (1 + x, y, z) 0.95 1.89 2.824(7) 166
C(2)–H(2B)…O(5) (1 – x, 1 – y, 1 – z) 0.99 2.49 3.356(9) 147
C(16)–H(16)…Cl(6) (1 – x, 1 – y, –z) 0.95 2.83 3.691(9) 152
C(18)–H(18A)…Cl(6) (1 – x, 1 – y, –z) 0.99 2.81 3.608(8) 138
C(25)–H(25B)…O(7) 0.99 2.59 3.260(10) 125
C(26)–H(26B)…O(5) (1 – x, 1 – y, 1 – z) 0.98 2.43 3.231(11) 139

II
O(10)–H(10)…O(8) (–1 + x, y, z) 0.95 1.90 2.845(7) 171
C(2)–H(2A)…O(5) (1 – x, 1 – y, 1 – z) 0.99 2.48 3.350(10) 146
C(16)–H(16)…Cl(6) (1 – x, 1 – y, 2 – z) 0.95 2.80 3.664(9) 152
C(18)–H(18B)…Cl(6) (1 – x, 1 – y, 2 – z) 0.99 2.80 3.599(8) 138
C(25)–H(25A)…O(7) 0.99 2.55 3.207(10) 124
C(26)–H(26B)…O(5) (1 – x, 1 – y, 1 – z) 0.98 2.40 3.203(11) 139

III
O(10)–H(10)…O(8) (–1 + x, y, z) 0.95 1.89 2.829(4) 169
C(2)–H(2A)…O(5) (1 – x, 1 – y, 1 – z) 0.99 2.46 3.327(5) 146
C(16)–H(16)…Cl(6) (1 – x, 1 – y, 2 – z) 0.95 2.81 3.660(5) 150
C(18)–H(18B)…Cl(6) (1 – x, 1 – y, 2 – z) 0.99 2.81 3.602(4) 137
C(25)–H(25A)…O(7) 0.99 2.56 3.207(6) 123
C(26)–H(26A)…O(5) (1 – x, 1 – y, 1 – z) 0.98 2.38 3.192(6) 139

IV
O(10)–H(10A)…O(2) (x, 1/2 – y, –1/2 + z) 0.89 1.95 2.705(8) 142
O(10)–H(10B)…O(1) (x, 1/2 – y, 1/2 + z) 0.89 2.40 3.180(9) 147
C(10)–H(10C)…O(5) (x, 1/2 – y, 1/2 + z) 0.97 2.59 3.001(8) 106
C(18)–H(18A)…O(8) (x, 1/2 – y, –1/2 + z) 0.97 2.57 3.050(9) 111

VI
O(6)–H(6)…O(4) (x, 1 – y, –1/2 + z) 0.84 2.04 2.844(3) 159
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