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Abstract—The reaction of NdCl; with 1,3-bis(1,3-dimethyl-1H-pyrazol-4-yl)propane-1,3-dione (HL)
and 1,10-phenanthroline (Phen) in the presence of a base afforded complex [Nd(L);Phen] (I). Unstable sol-
vate I - 2CH,Cl, was obtained from a solution of the complex in dichloromethane, and its structure was deter-
mined by X-ray diffraction analysis. The photophysical properties of the complex were studied. Possible
routes for the energy transfer in the course of photoluminescence were proposed.

DOI: 10.1134/S1070328414010060

INTRODUCTION

Complexes of some lanthanides, first of all, Nd, Er,
and Yb, have attracted increased researchers’ interest
in recent years due to their capability of luminescing in
the near-IR region (800—1600 nm) [1]. This range is
of considerable interest for the development of biolog-
ical markers since partially overlaps with the transpar-
ency window of biological tissues (760—1000 nm) [2],
whereas the longer-wavelength radiation (1550 nm) is
widely used in systems of optical fiber communica-
tion.

The luminescence of rare-earth element ions is
characterized by a set of narrow emission lines, whose
small width is caused by the physical nature of radia-
tion generation due to the f* — f transitions, which
allows one to produce on their basis sources of almost
monochromatic radiation.

At the same time, since transitions between like
atomic orbitals are forbidden (the Laporte rule), the
absorbability of the f* — f transitions is low, due to
which Ln?* ions have low molar absorption coeffi-
cients (¢ <10 mol~' L cm™") in inorganic matrices and
solutions of salts.

A basic difference between complexes of rare-earth
elements with organic ligands and inorganic analogs is
a system of vibrational singlet and triplet levels of the
ground and excited states in the organic ligand provid-
ing the absorption of the UV and visible radiation.
Under certain conditions, the energy can be trans-
ferred from the excited triplet level of the ligand to the
rare-earth element ion, due to which the sensitized
luminescence of the central ion (antenna effect) is
observed [3].

The efficiency of the energy transfer depends on
several factors, in particular, on the difference in ener-
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gies between the triplet level of the ligand and the res-
onance level of the rare-earth element ion. The main
problem appeared when searching for efficient sensi-
tizers for the Nd3* ion is a very low energy of the reso-
nance level *F; 5 (11698 cm~!, 1.45 eV), whereas this
value is higher for the most part of organic ligands.
Nevertheless, a fairly efficient sensitization of this ion
can often be attained by the rational selection of
ligands.

In this work, the synthesis of the neodymium complex
with 1,3-diketone of the pyrazole series, 1,3-bis(1,3-
dimethyl-1H-pyrazol-4-yl)propane-1,3-dione (HL)
and 1,10-phenanthroline (Phen) is described and its
spectral and luminescence properties are studied.

EXPERIMENTAL

Ligand HL was synthesized according to a known
procedure [4]. Neodymium oxide (99.9%) and sol-
vents (“for synthesis” grade) were purchased from
Aldrich (USA) and used as received.

Absorption spectra of solutions were recorded on a
PerkinElmer Lambda 55 spectrophotometer in cells
with an absorbing layer thickness of 1 cm. Lumines-
cence spectra were detected on a Horiba Jobin-Yvon
Fluorolog 3 instrument using a pulse xenon lamp for
excitation and on a Maya PRO instrument using semi-
conductor lasers radiating at the wavelengths 365 and
805 nm and having the same radiation power
(10 mW).

Synthesis of [Nd(L);Phen] (I). Neodymium oxide
Nd,0; (2.102 g) was dissolved in a minimum amount
of concentrated HCI (special purity grade), and the
solution was evaporated to a minimum volume in a
water bath and transferred to a 25-mL volumetric
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flask. The volume was brought to the mark with dis-
tilled water to obtain a 0.5 M solution of NdCl;.

Ligand HL (0.781 g, 3 mmol) and Phen (0.180 g,
1 mmol) were dissolved in ethanol (15 mL), and 1 M
NaOH (3 mL) and a solution of NdCl; (2 mL) were
consequently added dropwise with stirring. The green-
ish-blue solution that formed was filtered, stored at
60°C for 1 h, and left to stand at 24 h at room temper-
ature. Then the solvent was evaporated to dryness, and
the residue was extracted on heating with 30 mL
of a mixture of anhydrous ethanol with CH,CI, (1 :
5 vol/vol). The solution was filtered and left in an open
beaker at room temperature. After 24 h, precipitated
crystals were separated, washed with MeCN, and
dried in air at 45°C to a constant weight. The yield of
the blue-green finely crystalline powder was 0.36 g
(33%).

For C51H53N1406Nd
anal. calcd., %: C, 55.57; H,4.85; N, 17.79; Nd, 17.79.
Found, %: C,55.73; H,4.99; N, 17.81; Nd, 17.61.

X-ray diffraction analysis. Blue-green crystals of I -
2CH,Cl, (Ia) suitable for X-ray diffraction analysis
were obtained by the slow evaporation of a saturated
solution of complex I in dichloromethane. Reflection
intensities were measured on a Bruker APEX I CCD
diffractometer (m scan mode, 26 < 58°). The structure
was solved by a direct method and refined by the full-
matrix least-squares method for F? in the anisotropic—
isotropic approximations. All calculations were per-
formed using the SHELXTL PLUS 5 program pack-
age [5, 6].

An analysis of the difference Fourier syntheses
showed that the solvate molecules of dichloromethane
were disordered over several positions. Since we failed
to describe correctly the character of disordering by
the refinement, the contribution of the solvate mole-
cules to the structural scattering amplitudes was
excluded using the SQUEEZ program [7, 8]. The
positions of the H(C) hydrogen atoms were calculated
geometrically. All hydrogen atoms were refined in the
isotropic approximation by the riding model. The final
value of R factor for Ia was wR, = 0.0864 for all inde-
pendent reflections. The crystallographic data and
refinement parameters for compound Ia are given in
Table 1. Selected bond angles and bond lengths for
compound Ia are listed in Table 2.

The coordinates of atoms, bond lengths and bond
angles, and temperature parameters were deposited
with the Cambridge Crystallographic Data Centre
(no. 937136, deposit@ccdc.cam.ac.uk or http://
www.ccdc.cam.ac.uk).
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Table 1. Crystallographic data and experimental parame-
ters for complex Ia

Parameter Value

Empirical formula Cs53H5; N ,O4CI4Nd

Temperature, K 100(2)
Wavelength (MoK,,) 0.71073 A
Crystal system Monoclinic
Space group P2\ /n

a, A 11.950(5)
b, A 19.882(4)
¢, A 24.884(8)
B, deg 91.343(8)
v, A3 5910.56
z 4
Peatca- g/em’ 1.430
w(MoK,,), mm~! 1.118
Trin/ Trnax 0.783/0.833
F(000) 2596
O1min—Omax, deg 1.87-29.00
Number of collected reflections 69780

Number of independent reflections 15715 (0.0687)

(Riny)

Number of reflections with 7> 2c(/) 11438
Number of refined parameters 649

R(F) (I>2c(])) 0.0626
WR (F?) 0.1492
Goodness-of-fit 1.085

AP rax> APpmins» € A3 2.046, —2.240

RESULTS AND DISCUSSION

Compound Ia was synthesized according to the
following scheme:
2014
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Table 2. Seclected bond lengths and bond angles in com-
pound Ia

Bond d, A Bond d, A
Nd(1)—0(1) 2.363(3) || Nd(1)—0O(5) 2.384(3)
Nd(1)-0(2) 2.439(3) || Nd(1)—0(6) 2.420(3)
Nd(1)—0(3) 2.389(4) || Nd(1)—N(1) 2.662(4)
Nd(1)—0(4) 2.405(4) || Nd(1)—N(2) 2.698(4)

Angle o, deg Angle o, deg
O()NA(1)N(1) [150.3(1) || N()Nd(1)O@4) | 74.5(1)
O(IH)NA(1)O(2) | 71.7(1) || N(@)NA(1)O(5) | 76.4(1)
O(1)NA(1)N(2) | 148.6(1) || N(2)Nd(1)O(6) | 72.8(1)
O(1)Nd(1)O(3) | 87.2(1) || O(3)NdA(1)O(4) | 70.6(1)
O(1)Nd(1)O(4) | 85.9(1) || O(3)NA(1)O(5) |147.3(1)
O(1)NA(1)O(5) | 76.3(1) || O(3)Nd(1)O(6) |142.0(1)
O(1)Nd(1)O(6) | 111.8(1) || O(4)Nd(1)O(5) | 80.1(1)
N(I)NA(1)O(2) | 82.0(1) || O(4)Nd(1)O(6) | 140.1(1)
N(DNA(1)N(2) | 60.8(1) || O(5)Nd(1)O(6) | 70.7(1)
N(IH)NA(1)O(3) | 73.5(1) || Nd(1)O(1)C(14) | 138.6(3)
N(1)Nd(1)O4) [107.8(1) || Nd(I)N(1)C(2) |121.0(4)
N(1)NA(1)O(5) | 131.1(1) || Nd(I)N(1)C(13)| 119.7(3)
N(I)NA(1)O(6) | 74.7(1) || Nd(1)O(2)C(16) | 134.5(3)
O(2)NA(1)N(2) [137.3(1) || Nd(I)N®2)C(11)|122.0(3)
O()NA(1)O(3) | 77.5(1) || Nd(I)N®2)C(12)|118.0(3)
OQ)NA(1)O4) [141.7(1) || Nd(1)N®2)C(12)| 118.0(3)
O(2)NA(1)O(5) | 121.8(1) || Nd(1)O(3)C(27) | 138.3(3)
O()NA(1)O(6) | 77.98(9) || Nd(1)O(4)C(29) | 137.4(3)
N(2)Nd(1)O(3) [ 108.2(1) || Nd(1)O(5)C(40) | 135.4(3)

Ndcl,
NaOH
H,O/EtOH

The formation of the neutral complex is compli-
cated by the formation of basic salts, whose admixture

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY Vol. 40  No. 1

is removed by the filtration of the solution before crys-
tallization. Probably, a solvate is primarily formed
upon the evaporation of the solution in an EtOH—
CH,Cl, mixture; however, the solvate is completely
desolvated upon subsequent drying in vacuo.

Solvate Ia gradually decomposes at room tempera-
ture but is stable at 100 K, which makes it possible to
study its structure by X-ray diffraction analysis. The
molecular structure of compound Ia is shown in
Fig. 1.

The coordination polyhedron of the Nd atom is a
distorted tetragonal antiprism {NdN,O¢}, whose one
“cap” is formed by the O(1)—0(4) atoms and the sec-
ond cap is formed by the O(5), O(6), N(1), and N(2)
atoms. The average Nd—O bond lengths for both
“caps” are almost equal (2.399 and 2.402 A, respec-
tively). The average Nd—N bond length is 2.680 A. It
should be mentioned that the average Nd—O and
Nd—N bond lengths in complex Ia are comparable to
those in complexes of a similar structure with other
ligands. In particular, for complex [Nd(tta);(Bipy)],
the average Nd—O bond length is 2.453 A and Nd—N
is 2.706 A [9].

The pyrazole fragments are somewhat unfolded
relatively to the planar diketone fragment (the maxi-
mum torsion angle between the C(41)—C(40) and
C(43)—C(46) bonds is 32.5°), probably, due to the
general steric overloading of the molecule. Some bent
of the whole molecule is simultaneously observed (the
angle between the plane passing the C(39), C(40),
C(41), O(5), and O(6) atoms and the line passing
through the C(40) and C(42) atoms is 10.4°). Similar
distortions of the structure have previously been
described for the europium complexes [10].

Complex I is colored in blue-green and, hence,
absorbs in the visible spectral range. However, as men-
tioned above, the molar absorption coefficients in the
visible range are low and, therefore, solutions of com-
plex Iin MeCN (for 200—450 nm) and in DMSO (for
450—1100 nm) were used for recording the total spec-
trum in a range of 200—1100 nm. The solubility of the
complex in MeCN is insufficient to obtain the spectra
of an appropriate quality in the visible and near-IR
ranges. The absorption spectra are presented in Figs. 2
and 3.

A combination of two ligands provides the efficient
light absorption by the complex in the whole range
from 200 to 370 nm, and the molar absorption coeffi-
cient ¢ attains values of 5 x 10* mol~! L cm~".

The light absorption in the long-wavelength range
is caused by theNd>** ion only and consists of narrow
bands related to the transitions from the ground level
419/2 to higher energy levels. The molar absorption
coefficients do not exceed 60 mol~! L cm~' for the
most intense band at 583 nm.

The excitation spectrum of complex I in the crys-
talline state (A, = 1058 nm) is shown in Fig. 4. A
characteristic feature of this spectrum is the presence
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Fig. 1. Molecular structure of complex Ia. Thermal ellipsoids are presented with 50% probability.

of local maxima in the visible range (at 524 and
580 nm) coinciding with the corresponding lines in
the absorption spectrum of the complex.

Thus, it can be assumed that the NIR lumines-
cence of the complex can be excited by both UV and
visible light if the wavelength coincides with the
absorption maximum and the radiation power is suffi-
cient.

The luminescence spectrum of complex I excited
with a xenon lamp (A, = 360 nm) is shown in Fig. 5.
The line at 880 nm (*F;,, — *I; ) is strongest, and the
characteristic lines at 1058 and 1340 nm (*F;, —
*13,,) typical of the emission spectra of the Nd** [11]
are also observed.

The ratio of intensities of particular lines depends
on the environment of the central ion and does not
always coincide with that observed in the given case. In
particular, for complex [Nd(CF;COO);(Bipy)
(H,0);][12], the line at 1050 nm corresponding to the
*F;,,— *I,, , transition is the strongest line upon exci-
tation with the short-wavelength radiation.

The total energy diagram of levels of the Nd** ion
is very complicated; however, only some of them,
which are presented in the simplified diagram (Fig. 6),
are important for the explanation of processes that
occur in the course of the absorption and lumines-
cence of complex 1. After the absorption of the short-
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wavelength radiation, the energy is primarily trans-
ferred to the excited singlet levels (5| and higher-lying)
of the organic moiety of the complex, and then differ-
ent routes of the “unloading” of these levels occur.

In particular, the energy can be transferred to the
low-energy triplet levels of the ligand. Since the tran-
sition with the spin change (7, — ;) is forbidden by
the selection rules (although this forbiddance is par-
tially eliminated in the case of lanthanide complexes
due to the spin-orbital interaction), the nonradiative
energy loss is observed or the transition occurs to close
in energy levels of the Nd3* ion.

The Nd** ion has many energy levels [13], includ-
ing those close in energy to the triplet levels of the used
ligands (for example, Gy ,, *Gs/,, *G;/,, and others) to
which the energy can be transferred. However, the flu-
orescence can be emitted not from any but only from
the so-called resonance levels (in this case, *F; ;).

The value of triplet level T; for HL has been deter-
mined earlier (20023 cm™~!, 2.48 eV) [14], and that for
Phen is 22075 cm™! (2.74 eV) [15]. Thus, the energy
“gap” between the triplet and resonance levels is too
large (8325 cm™!, 1.03 eV and 10377 cm™!, 1.28 eV,
respectively), which excludes the direct energy trans-
fer. Nevertheless, a cascade mechanism of energy
transfer through a series of intermediate levels is possi-
ble. Evidently, nonradiative energy losses are possible

Vol. 40  No. 1 2014
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Fig. 2. Absorption spectra of (/) 1,10-phenanthroline,
(2) free ligand, and (3) complex I in acetonitrile in the
range from 200 to 400 nm; cppe, = 3 X 1072, cp=3x 1073,
and Ceomplex = 75 % 1075 mol/L.

at each step of the cascade, so that the total efficiency
of sensitization is very low.

A quite different excitation process takes place if
the wavelength of the exciting radiation exactly coin-
cides with one of absorption maxima of the Nd3* ion
itself. For this purpose, we used a laser with a wave-
length of 805 nm coinciding with one of the maxima of
the absorption spectrum (transition *f,,, — *Fs,, +
‘H, ,2)- In this case, the central ion can selectively be
excited, and the back energy transfer to the organic
moiety of the complex is impossible because of a high
difference in energies of the *F; , level and triplet levels
of the ligands. As a result, the characteristic emission

A
0.15r
0.10 -
), —Fss9 + *Hy )y
805
0.05 - l
| 1 | |

1
900 1000 1100
Wavelength, nm

700 800

Fig. 3. Absorption spectrum of a 2.1 x 103 M solution of
complex I in DMSO in the range from 450 to 1100 nm.
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Fig. 4. Excitation spectrum of complex I (A, = 1058 nm).

from the resonance *F;, level can be observed. In this
case, complex I behaves similarly to inert matrices
such as glasses or inorganic crystals dopped with
neodymium ions [16].

The fine structure of the spectrum also changes,
although the wavelength of the main line again corre-
sponds to the *F;,, — *I,, transition. To understand
this phenomenon, one should keep in mind that in the
real Nd3* ion each level is not discrete in energy but
represents a set of closely lying sublevels. For compar-
ison, the luminescence spectra of complex I obtained
under similar conditions using two lasers of the same

1, rel. units
6.0 x 106 -
880
4.0x10%F
2.0x 108}
1058

_dJ 1340

0 I T T T t |

700 900 1100 1300 1500 1700

800 1000~ 1200~ 1400 1600

Wavelength, nm

Fig. 5. Emission spectrum of complex I upon excitation
with a xenon lamp (Aqy. = 360 nm).
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Fig. 6. Possible routes for the energy transfer in complex 1.

power (10 mW, at 360 and 805 nm) are presented for
comparison in Fig. 7.

It should be mentioned that the luminescence
intensity is almost equal in both cases, i.e., the direct
excitation of the Nd3* ion is very efficient. Since semi-
conductor lasers with the necessary radiation wave-

1, rel. units
4
6.0 x 10 915
880
III
4.0 x 104 |'|'I
'| '-".I .
| I'._."
20x104F N |
1]
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2 f’4 \‘\._
ol — —
| | 1 1 1
850 900 950 1000 1050 1100

Wavelength, nm

Fig. 7. Emission spectrum of complex I upon laser excita-
tion with the wavelengths (7) 360 and (2) 805 nm.
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length, monochromaticity, and power are available,
their use makes it possible to propose an alternative
approach to the excitation of neodymium-based fluo-
rescent labels, excluding the necessity to search for
highly efficient sensitizing ligands.
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