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Abstract—New lanthanide complexes with 4-(2,1,3-benzothiadiazol-4-ylamino)pent-3-en-2-onate (L–)
[Ln(L)3] are synthesized using two methods: by the reaction of Ln(N(SiMe3)2)3 with the protonated form of
the ligand LH (Ln = Sm, Gd) and by the reaction of LnCl3 (Ln = Eu) with LH in the presence of
KN(SiMe3)2 as a base. According to the X-ray diffraction data, the synthesized complexes [Ln(L)3] · 0.5Solv
(Solv = THF, C7H8) are isotypical (CIF files CCDC nos. 1826520, 1826521, and 1826522 for Sm, Eu, and
Gd, respectively). A specific feature of the structures is the disordering of the metal atom and one of the
ligands over two positions when the fragments of the ligands are arranged via the head-to-tail type occupying
the same volume of the space. This probably leads to failure in the crystal lattice. The photoluminescence
spectra of [Sm(L)3] · 0.5THF are recorded. A relationship between the coordination mode of the ligand and
the position of the long-wavelength band of the electron transitions in the complexes with the L– ligand is
revealed.
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INTRODUCTION
2,1,3-Benzothiadiazole (Btd) and its derivatives are

of interest as precursors and/or components of mate-
rials for organic light emitting diodes and other opto-
electronics: telecommunication systems, sensors,
solar energy converters, and others [1, 2]. Among
these objects, the most attention is presently given to
organic polymers based on Btd characterized by a
series of important properties necessary for the pro-
duction of luminescent functional materials: (1) they
exhibit electron-acceptor properties and can act as
electron buffers [3–6], (2) they are efficient f luoro-
phores [7–10], and (3) in the solid state they form
supramolecular structures due to sulfur–nitrogen
contacts and π–π interactions in the conjugated sys-
tems [11]. The coordination molecular complexes and
coordination polymers of d and f elements with the
functionalized Btd derivatives are of interest along
with the conjugated polymer systems. They make it
possible to eliminate some drawbacks of organic poly-
mers, for example, to enhance the operating stability
of light emitting diodes due to higher thermal, chemi-
cal, and photochemical resistance and to eliminate
restrictions to quantum efficiency.

The nontrivial luminescence properties have been
shown previously for some complexes with the Btd
derivatives acting as ligands [12–17]. However, the

compounds of both d and f metals with the Btd deriv-
atives as ligands are still poorly studied and, hence, it
is urgent to synthesize them, reveal their coordination
modes, and study the properties, first of all, lumines-
cence properties.

We have recently synthesized the Zn, Ag, and Cd
complexes with 4-amino-2,1,3-benzothiadiazoles
[18–21] and the lanthanide complexes with 4-oxy-
2,1,3-benzothiadiazolate (O-Btd)− [22, 23] character-
ized by interesting photophysical properties. For
example, (O-Btd)− was found to exhibit the properties
of a ligand-antenna in the Er and Yb complexes: they
are characterized by intense luminescence in the IR
range [22, 23]. In addition, we synthesized a new rep-
resentative of the class of functionalized benzothiadi-
azoles, 4-(2,1,3-benzothiadiazol-4-ylamino)pent-3-
en-2-one (LH, Scheme 1), manifesting an intense
emission and a high quantum yield [18]. The readily
deprotonated ketoimine group makes LH to be a pro-
spective chelating ligand toward d and f metals. We
earlier reported the synthesis and study of the struc-
ture and properties of the [Zn(L)2] complex [18].

This work is aimed at developing the coordination
chemistry of this ligand, i.e., elaborating the synthesis
methods and X-ray diffraction analysis of the samar-
ium, europium, and gadolinium complexes with L–.
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Scheme 1.

EXPERIMENTAL
Commercially available anhydrous LnCl3 (Ln =

Sm, Eu, Gd) were used as received. Lanthanide
amides Ln(N(SiMe3)2)3 (Ln = Sm, Gd) [24] and keto-
imine LH [18] were synthesized using known proce-
dures. The solvents were dehydrated by reflux and dis-
tillation over sodium under argon, degassed by multi-
ple evacuating, and stored over a potassium–sodium
alloy from where they were loaded to a reaction f lask
by condensation in vacuo. The complexes were syn-
thesized and isolated in evacuated vessels without an
inert gas. The samples for physicochemical analyses
were prepared in an argon glove box to prevent hydro-
lysis. Elemental analyses for C, H, N, and S were car-
ried out on a Euro EA 3000 instrument. Somewhat
overestimated carbon and hydrogen contents in the
[Gd(L)3] · 0.5C7H8 complex are related, most likely, to
the incomplete removal of the solvent from the solid
sample. The luminescence spectra of the solid samples
were recorded on a Horiba Jobin Yvon Fluorolog 3
fluorescence spectrophotometer at 298 K (gap 5 ×
5 nm, excitation wavelength 380 nm for LH and
450 nm for [Sm(L)3] · 0.5THF). The intensities of the
radiation source and spectral response were corrected
using standard correction curves. The spectra of the
solid substances were recorded for powdered samples
placed between two nonfluorescent quartz glasses.

X-ray diffraction analyses of compounds [Ln(L)3] ·
0.5Solv were carried out on a Bruker APEX DUO dif-
fractometer (МоКα radiation, λ = 0.71073 Å, graphite
monochromator) at 150 K. The reflection intensities
were measured using ϕ and ω scan modes for narrow
(0.5°) frames. An absorption correction was applied
using the SADABS program [25]. The structures were
solved by a direct method and refined by full-matrix
least squares in the anisotropic (for non-hydrogen
atoms) approximation using the SHELXTL program
package [26, 27] and OLEX2 graphical interface [28].

Hydrogen atoms were localized geometrically and
refined by the riding model. The Ln atoms and one

ligand are disordered over two positions with the gen-
eral refined site occupancy from 92 : 8 to 84 : 16%. The
C, N, and O atoms of the fragments with lower site
occupancies were refined in the isotropic approxima-
tion with restraints to some bond lengths (DFIX),
angular distances (DANG), and deviations of atoms
from the plane of the C6 ring (FLAT). The disordering
over two positions with a fixed site occupancy of 50 :
50% was refined for the atoms of the solvate THF and
acetone molecules lying near the inversion center. The
phenyl ring of toluene was refined as a rigid fragment
(the DFIX restraint was imposed on the C–CH3 bond
length). The corresponding restraints were also
imposed on the bond lengths and angular distances of
the THF molecules. The crystallographic data are
presented in Table 1.

The X-ray diffraction data for the structures of
[Ln(L)3] · 0.5Solv (Ln = Sm, Eu, Gd) were deposited
with the Cambridge Crystallographic Data Centre
(CIF files CCDC nos. 1826520–1826522; deposit@
ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk/
data_request/cif) and are available from the authors.

Synthesis of [Sm(L)3] · 0.5THF. Tetrahydrofuran
(∼10 mL) was condensed onto a mixture of solid LH
(0.045 g, 0.193 mmol) and Sm(N(SiMe3)2)3 (0.040 g,
0.0633 mmol) cooled with liquid nitrogen. The
obtained red solution was stirred for 24 h at room tem-
perature and then concentrated to a volume of ∼2 mL.
Red crystals of the product that formed were filtered
off and dried in vacuo. The yield was 0.010 g (20%).

Synthesis of [Gd(L)3] · 0.5C7H8. Toluene (∼10 mL)
was condensed onto a mixture of solid
Gd(N(SiMe3)2)3 (0.050 g, 0.078 mmol) and LH
(0.056 g, 0.24 mmol) cooled with liquid nitrogen. The
reaction mixture was stirred at 50°С for 3 days. A dark
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Found, % C, 47.7 H, 4.0 N, 14.0 S, 10.0
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Table 1. Crystallographic data and structure refinement results for the [Ln(L)3] · 0.5Solv complexes

Parameter Value

Empirical formula C35H34N9O3.5S3Sm C35H34N9O3.5S3Eu C36.5H34N9O3S3Gd

FW 883.24 884.85 900.16

Crystal system Monoclinic Monoclinic Monoclinic

Space group P21/c P21/c P21/c

a, Å 15.2112(5) 15.2112(5) 15.2112(5)

b, Å 14.7836(5) 14.7836(5) 14.7836(5)

c, Å 19.0856(5) 19.0856(5) 19.0856(5)

β, deg 121.666(2) 121.666(2) 121.666(2)

V, Å3 3652.9(2) 3652.9(2) 3652.9(2)

Z 4 4 4

ρcalcd, g/cm3 1.606 1.609 1.637

μ, mm–1 1.830 1.939 2.038

F(000) 1780.0 1784.0 1808.0

Crystal size, mm 0.35 × 0.23 × 0.10 0.30 × 0.12 × 0.08 0.20 × 0.10 × 0.08

Range of data collection over 2θ, deg 3.726–57.398 3.146–51.364 3.146–51.364

Ranges of h, k, l –20 ≤ h ≤ 20,

–19 ≤ k ≤ 19,

–22 ≤ l ≤ 25

–18 ≤ h ≤ 18,

–18 ≤ k ≤ 17,

–23 ≤ l ≤ 20

–18 ≤ h ≤ 18,

–17 ≤ k ≤ 18,

–23 ≤ l ≤ 23

Number of measured reflections 36586 25645 36976

Number of independent reflections 

(Rint)

9424 (0.0246) 6938 (0.0226) 6936 (0.0404)

Rσ 0.0203 0.0194 0.0313

Number of refined parameters 536 536 572

Number of restraints 24 27 18

GOOF for F 2 1.383 1.215 1.036

R factor (I > 2σ(I)) R1 = 0.0469,

wR2 = 0.1042

R1 = 0.0294,

wR2 = 0.0617

R1 = 0.0270,

wR2 = 0.0550

R factor (all data) R1 = 0.0484,

wR2 = 0.1046

R1 = 0.0315,

wR2 = 0.0624

R1 = 0.0360,

wR2 = 0.0572

Δρmax/Δρmin, e Å–3 1.59/–1.13 0.94/–0.63 0.70/–0.40
red solution was filtered and evaporated to dryness.
The obtained oily residue was washed with hexane to
obtain a powdered product, which was dried in vacuo.
The yield was 0.043 g (60%). The crystals suitable for
X-ray diffraction analysis were obtained by the evapo-
ration of a solution of the complex in a toluene–THF
(1 : 1) mixture.

Reaction of EuCl3 with LH and KN(SiMe3)2. Tetra-

hydrofuran (∼10 mL) was condensed onto a mixture
of solid LH (0.068 g, 0.29 mmol), KN(SiMe3)2

For C33H30N9O3S3Gd ∙ 0.5C7H8

Anal. calcd., % C, 48.7 H, 3.8 N, 14.0 S, 10.7

Found, % C, 49.8 H, 4.6 N, 13.6 S, 10.6
RUSSIAN JOURNAL OF C
(0.057 g, 0.028 mmol), and EuCl3 (0.026 g,

0.10 mmol) cooled with liquid nitrogen. The obtained
red solution with a whitish precipitate was stirred at
50°C for 3 days. The solution was filtered and concen-
trated to 1 mL, which was accompanied by the forma-
tion of a minor amount of suitable for X-ray diffrac-
tion analysis red crystals of compound [Eu(L)3] ·

0.5THF.

RESULTS AND DISCUSSION

The reaction of silylated amides Ln(N(SiMe3)2)3

with LH (Scheme 1) was chosen for the synthesis of
the Sm(III) and Gd(III) complexes with 4-(2,1,3-

benzothiadiazol-4-ylamino)pent-3-en-2-onate (L–).
OORDINATION CHEMISTRY  Vol. 45  No. 1  2019
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This is a fairly popular approach based on an acid-base
type interaction. The proton transfer from “strong”

acid LH to the coordinated anion (N(SiMe3)2)
−, elim-

ination of “weak” acid HN(SiMe3)2, and coordination

of L− to the lanthanide cation occur as a result of the
reaction. The reactions of Ln(N(SiMe3)2)3 with LH

afforded compounds [Ln(L)3] isolated as crystalline

phases of [Sm(L)3] · 0.5THF and [Gd(L)3] · 0.5C7H8

in 20 and 60% yields, respectively.

For unknown cause, the reproduction of the yield
of Eu(N(SiMe3)2)3 synthesized using the standard

procedure from EuCl3 and LiN(SiMe3)2 is unstable.

Sometimes the yield does not exceed 10% [24]. To
avoid this stage, another variant was used for the syn-
thesis of the Eu(III) complex: the reaction of EuCl3

with LH in the presence of KN(SiMe3)2 as a strong

base (Scheme 1). However, the yield of this reaction
was very low: only several crystals of the target product
[Eu(L)3] · 0.5THF were isolated upon concentrating

the mother liquor.

The structures of all complexes were determined by
X-ray diffraction analysis of single crystals. All com-
pounds obtained are isotypical. The structures differ
by different molecules of the solvate solvent: THF in
the case of the Sm and Eu complexes and toluene for
Gd. As compared to the [Zn(L)2] complex [18], the

ligand in [Ln(L)3] · 0.5Solv is bound to the metal via

another mode: the N atom of the heterocycle is
involved in the coordination along with the N and

O atoms of the ketoiminate moiety (Fig. 1a). Thus, L–

is a tridentate ligand in these compounds. The coordi-
nation number of the central atom is 9, and the nearest
environment of Ln can be described by a three-capped
trigonal prism with three additional vertices above the
lateral faces (Fig. 1b) or by a square one-capped anti-
prism with one additional vertex above the base
(Fig. 1c).

The Ln–N and Ln–O bond lengths vary in wide
ranges of 2.58–2.77 and 2.28–2.36 Å, respectively,
which is characteristic of the lanthanide complexes
(see further for an analysis of the bond lengths per-
formed only for the fragments with the entire and for
disordered atoms highest site occupancies). No rela-
tionships are observed between the Ln–N bond length
and type of the nitrogen atom (thiadiazole moiety or
imino group); i.e., the arrangement of the ligands rel-
ative to the central atoms is caused, to a considerable
extent, by steric factors. Since Sm, Eu, and Gd have
close ion radii, no significant differences are observed
between the Ln–N and Ln–O bond lengths. Unlike
the [ZnL2] complex with the planar structure of the

metallocycle, the Ln atoms in [Ln(L)3] · 0.5Solv sub-

stantially deviate from the plane of the ketoiminate
fragment (by 0.8 Å on the average). It is most likely
that the distortion is related to different denticities of
the ligand (bidentate in the Zn complex and tridentate
in the Ln complexes). A specific feature of the studied
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
compounds is the disordering of the Ln atom and one
of three ligands over two positions (Fig. 2). Their
refined site occupancy ranges from 92 : 8 to 84 : 16%
in different crystals. The distance between the disor-
dered Ln atoms does not exceed 0.62 Å. The corre-
sponding coordinated heterocycles in the ligand also
have close positions in pairs, but the O atom of one
disordered fragment is localized near the N atom of
the heterocycle of another fragment; i.e., these frag-
ments are arranged according to the “head-to-tail”
type (Fig. 2). In spite of this arrangement, the disor-
dered fragments occupy almost identical volumes of
the space, which results in failure of the molecular
packing of the complexes. This disordering phenome-
non was found for all samples of single crystals of the
complexes.

Thus, on the one hand, the thiadiazole moieties in
the complexes are rather close to the central atoms,
which is important for an efficient transfer of the exci-
tation energy from the ligand to the lanthanide ions
[29]. On the other hand, the color of the [Ln(L)3] ·

0.5Solv complexes is bright red; i.e., the emission

band of the Sm3+ and Eu3+ ions is too close in energy
to the absorption band of the complexes and, as a con-
sequence, the energy transfer from the ligand to these
lanthanides followed by irradiation is poorly probable
[29]. Indeed, no characteristic lanthanide-centered
luminescence is observed in the emission spectrum of
[Sm(L)3] · 0.5THF, but only the broad band assigned

to the intraligand transitions is present (Fig. 3). The
maximum of this band at 625 nm is shifted to the long-
wavelength range compared to free LH (595 nm). It is
important that the [Zn(L)2] complex with the biden-

tate coordination mode of the ligand performed by the
atoms of the ketoiminate fragment only is yellow: the
position of the long-wavelength absorption band of
this compound is nearly identical with that of the ini-
tial LH [18]. It can be concluded that the bathochro-
mic shift of the long-wavelength band of the [Ln(L)3] ·

0.5Solv complexes is determined by the bond of the
metal with the N atom of the heterocycle, which is
absent from [Zn(L)2]. A similar phenomenon is

observed in a series of the Zn, Cd, and Ag complexes
with archetypal 4-amino-2,1,3-benzothiadiazole [18–
21]. When this ligand is coordinated via the monoden-
tate mode by the N atom of the amino group, the
absorption and emission band is shifted to the short-
wavelength range. When the ligand is coordinated via
the monodentate mode by the N atom of the hetero-
cycle or via the bridging mode, this band is shifted to
the long-wavelength range. This assumption is consis-
tent with both the experimental data and quantum
chemical calculation results [20].

To conclude, the new complexes with 4-(2,1,3-ben-
zothiadiazol-4-ylamino)pent-3-en-2-onate [Ln(L)3] ·

0.5Solv (Ln = Sm, Eu, Gd; Solv = THF, C7H8) were

synthesized in this work. Their structures were deter-
mined by X-ray diffraction analysis. The disordering
  Vol. 45  No. 1  2019



34

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 45  No. 1  2019

SUKHIKH et al.

Fig. 1. (a) Structure of compounds [Ln(L)3 ] · 0.5Solv for Ln = Sm as an example; ellipsoids are presented with 50% probability;
disordering, hydrogen atoms, and solvate molecules are omitted. (b, c) The nearest coordination environment of Ln. 
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Fig. 2. Scheme of disordering of the central atom and
ligand in compounds [Ln(L)3 ] · 0.5Solv for Ln = Sm as an
example.

Fig. 3. Normalized photoluminescence spectra of the solid
samples of LH and [Sm(L)3] · 0.5THF. 
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phenomenon due to close volumes of the ketoimine
and benzothiadiazole moieties was discovered in the
structures. The relationship between the coordination
mode of the ligand and the long-wavelength band
position in the electronic spectra of the complexes

with L– was found.
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