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Abstract

The synthesis, characterization and solid-state luminescence spectroscopy of mononuclear (f),
heterodinuclear (d-f) and heterotrinuclear (d-f~d) coordination compounds with the
compartmental ligand N,N’-bis(3-hydroxyl salicylidene)benzene-1,2-diamine (H,L) are reported.
The trivalent lanthanide ions Nd™, Sm™, Eu™, Gd"™, Tb™ and Dylll as single metal centres or in
combination with either Zn" or Ni" were coordinated. Compounds are characterised by
elemental analyses, IR, 1D and 2D solution 'H and >C NMR spectroscopy, measurements of
magnetic moments and solid state UV-Vis-NIR reflectance, luminescence and Raman
spectroscopies. Crystal structures of the dinuclear compounds [SmZn(O,NO);(L)(OH>)] -EtOH
and [DyZn(O,NO),(Cl)(L)(EtOH)]-3EtOH and for the trinuclear
[TbZn(L),(Cl),(OH,)](NO3)-EtOH are presented, where samarium(IIl) displays a coordination
number of ten, with a bicapped cubic geometry, while for the dysprosium compound a nine-
coordinated environment with a tricapped trigonal prismatic geometry is shown. Their crystals
belong to the triclinic system and P-1 space group. The coordination number for terbium(III) in
the trinuclear complex is nine, with a tricapped trigonal prismatic geometry, and its crystal
belongs to the monoclinic system, space group C2/c. For these three compounds, the zinc ion
stabilises a penta-coordinated environment with square pyramid geometry. All mononuclear and
dinuclear compounds are neutral, whereas the trinuclear complexes are ionic. Results of DFT
theoretical calculations for the ligand (H,L) are used to assign the ligand singlet and triplet
excited state energy levels. Luminescence studies of the neodymium compounds indicate that the

ligand is a sensitizer for the NIR emitters.

Keywords: Vibrational Spectroscopies, UV-Vis-NIR absorption, Luminescence, Compartmental

Schift-Base, d-f hybrid complexes.
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Introduction

Lanthanide ions doped in crystal lattices and molecular lanthanide compounds show a wide
variety of luminescence properties, and are a long-standing focus of research interest in the last
decades'™ partly due to their applications as phosphors and luminescent materials. More
recently, molecular and nanoscale lanthanide systems have been proposed as luminescent probes
both in biosciences as well as in materials science.*"'”

Near-infrared (NIR) emitting lanthanide ions such as Nd", Er'"" and Yb™ are of interest, as
shown by the significant increase in the number of publications due to their numerous potential
applications which range from biomolecular labelling in luminescent bioassays to functional

materials for optical telecommunication networks, "

and more recently as molecular
thermometers.'®

Nevertheless, f~f transitions are parity forbidden; therefore direct excitation into the 4f excited
levels rarely yields highly luminescent materials. To overcome this situation, sensitization of the
luminescence by energy transfer has been achieved, for example by coordinating the metal ion to
a chromophore.'” This chromophore, a good light harvester, may be an organic ligand or a
transition metal coordination compound and acts as an antenna.”**’

A variety of ligands have been employed as sensitizers, containing N or O donor atoms, such as
aromatic carboxylic acids, aromatic imines, 3-diketones, and many others.?*3°

The design of ligands that yields stable and substitution inert coordination compounds with
lanthanides and, at the same time, act as efficient antenna has seen a tremendous development
during the past two decades.” Among them, Schiff bases have been successfully employed as
ligands both for the d- and f-blocks metal ions; even more, if an adequate design is carried out,
compartmental ligands can be synthesised which may be able to coordinate two or more metal

31,32

ions. It is worth to mention that the utilization of this type of ligands as antenna groups for

lanthanides has also been reported.”>**
To devise chromophores which may work as efficient antennae for lanthanide ions is a
fundamental task. It is important to consider and achieve an optimum coupling between the

electronic excited states of the chromophore with the emissive levels of the lanthanide ion. For
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Eu" and Tb™ it has been reported that the ideal energy gap between the triplet state of the
chromophore and the emissive level of the lanthanide lies between 2000 and 4000 cm™.*
Sensitization of the luminescence of NIR-emitting Ln"" ions may involve the energy transfer
from both singlet and triplet excited states of the ligand to the emissive level of the metal ion,
particularly for the ions having several excited electronic levels above 30 000 cm™.*

Modern computational methods, combined with experimental spectroscopic properties of
lanthanides have aided scientists to design highly luminescent materials; particularly since the
understanding of the spectroscopic properties of these ions has advanced in the last decades.'
However, there is still a need to improve theoretical calculations to get quantitatively reliable
predictions of photophysical properties.

In this manuscript we report the synthesis of mononuclear, heterodinuclear (d-f) and
heterotrinuclear (d-f-d) coordination compounds containing Nd", Sm", Eu", Gd", Tb" and
Dy", and Zn" or Ni" with the Schiff base N,N’-bis(3-hydroxyl salicylidene)benzene-1,2-
diamine, their characterisation, including X-ray crystal structures of three heteronuclear

coordination compounds. We studied the solid-state luminescence of these compounds and their

Raman spectra. Results of DFT theoretical calculations for the ligand (H>L) are also presented.

Results and Discussion

Synthesis

The solid starting materials (o-phenylenediamine and 2,3-dihydroxybenzaldehyde) were mixed
and then the solvent was added giving a yellow solution by stirring the mixture. From this
solution a red crystalline precipitate is formed on heating, which corresponds to the Schiff base,
HL. It was obtained in high yield and as a pure product, characterized by elemental analysis, IR,
Raman, NMR spectroscopies. The Schiff base itself acts as sensitizer for the lanthanide ions.
Also, coordination compounds with d-block ions (Ni'" and Zn") were prepared to use them as
antenna groups for lanthanides. The reaction synthesis using either the nickel(II) chloride or
nitrate salts generated terracotta precipitates of the coordination compound /NiL] in high yield.
The antenna was obtained from an ethanolic hot solution of the ligand to which the metal salt

was added and this reaction mixture was stirred for an hour. The same synthetic method was
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carried out for the zinc(II) compound and the yields observed in this case were lower than those

for the corresponding nickel(Il) compounds.

Vibrational spectroscopy

IR and Raman spectra show characteristic frequencies in the region of the coordination site.
Some important IR absorptions of H>L were assigned to the vc-x stretching vibration at 1611 cm’
1, the strong vibration due to vo.y at 3467 cm and a weak absorption at 3053 cm’! due to VN-C-H
vibration, vc.o at 1272 cm™ and 8c.o.y at 1480 cm™.® The corresponding Raman frequencies are
similar; all frequencies are given in Table 1. Experimental and calculated (DFT) vibrational
spectra are given as ESI. Calculated spectra are in good agreement with experimental data. As an
example, the mode at 1611 cm™ (IR, Raman) involves the two C=N oscillators and has
antisymmetric C=N stretching character calculated for the IR frequency at 1660.8 cm™ and
symmetric C=N stretching character for the 1661.1 cm™ calculated Raman frequency.

In the IR spectra of the mononuclear [Ln(O,NO);(H,L)]-n(H,O) and the dinuclear complexes
[LnZn(O,NO),(Cl)(L)(OH,)] - nH,O the characteristic vibrations of the coordinating nitrate
groups (Cs,) at ca. 1484 cm™ (v1), 1300 cm™ (v4), 1045 cm™ (v;) and 812 cm™ (v3) were
observed; while the difference in the frequency positions of the nitrate vibrations between the
two strongest absorptions (v; and v4) is around 180 cm™, indicating that the NOs™ groups are
coordinating in a bidentate fashion.’’”* Additionally, it was observed that the characteristic
absorptions of H,L are shifted upon coordination to the metal ions. The vc-y stretching vibration
is observed between 1610 cm™ and 1618 cm’, the weak absorption due to vn.c.y vibration
appears between 3054 cm™ and 3064 cm’™, while that assigned to the vc.o vibration is observed
from 1247 cm” to 1263 cm™; indicating that the ligand is coordinated through the N,O,
tetragonal base to the transition metal ion and the four oxygen atoms, two of them from the
phenolato groups, and the remaining from the -OH groups arising from the Schiff base to the
lanthanide metal ion.

The IR spectra of the trinuclear complexes [LnNiy(L),(Cl)]CI(NO;3)-nH>O only showed the
characteristic vibrations of the free nitrate groups around 1380 cm™, 820 cm™ and 730 cm’,
while those due to the presence of the coordinated Schiff base were shifted from their position in

the uncoordinated ligand, see Table 1.



Dalton Transactions

Magnetic Moments of the coordination compounds

The effective magnetic moments of all coordination compounds were obtained by the Gouy
method and correspond to the expected values for the lanthanide(III) ions, see Table 1. It can
therefore be concluded that nickel(Il) does not contribute to the paramagnetism of the

complexes, therefore this ion is diamagnetic, with a square planar coordination geometry.

Electrical Conductivity
The conductivity measurements of 1 x 10° M DMF solutions of the trinuclear complexes
indicate that they are 1:2 electrolites. On the other hand, their IR spectra suggest that the nitrate

ion acts as counterion, therefore the second anion is likely a chloride ion.

NMR Spectra

The unequivocal assignment of the 'H and '*C NMR spectra was carried using the 2D HSQC
'H-"C and COSY 'H-'H experiments, see Experimental and ESI sections. It is worth to mention
that the proton attached to the oxygen atoms from the phenol group was not observed in the
spectra of the nickel(IT) or zinc(Il) compounds, indicating that the ligand lost two protons upon
coordination. All the proton signals were shifted in the spectra of the coordination compounds
compared to their position in the Schiff base. The signals for H-9 and H-10 appeared as a
multiplet in the spectrum of the ligand, while they were observed at two different chemical shifts
in the spectrum of either /NiL] or [ZnL(OH,)]. In a similar manner, the position of the C atoms
was shifted in the >C NMR spectra of the coordination compounds as compared with that of the
chromophore spectrum, the larger effect was observed for C-1, C-2 and C-7, neighbouring atoms
of the N,O, coordinating tetragonal base.

In all cases, the proposed molecular formulae are in accordance with the elemental analyses data
(see experimental section).

Crystal structures

The structures [DyZn(O.NO),(Cl)(L)(EtOH)]-3(EtOH) (15a), [SmZn(O>NO);(L)(OH>)]-EtOH
(16) and [ThZny(L),(Cl),(OH,)](NO3)-EtOH (23) were determined by X-ray diffraction, with
crystallographic parameters, data collection, and refinements summarized in Table 2. CCDC:

1409844 (15a), 1409843 (16) and 1409842 (23) Selected bond lengths and angles for the three

Page 6 of 39



Page 7 of 39

Dalton Transactions

compounds 15a, 16 and 23 are given in Tables 3, 4, 5, respectively. Perspective views of the
dinuclear compounds 15a and 16 and trinuclear Zn2/Tb 23 complex are given as Figs. 1-3.

The [DyZn(O.NO),(Cl)(L)(EtOH)]-3EtOH dinuclear Zn-Dy neutral complex 15a (Fig. 1)
consists of one Zn" ion bonded to the inner N, N’, O, O’ core of one of the Schiff-base ligands
with a slight distorted square pyramidal geometry similar to 16 and 23 compounds, this penta-

111 . .
metal ion 1is

coordinated metal atom has the axial site occupied by one chloride, the Dy
coordinated to four oxygen atoms from the Schiff base, two bidentate nitrates and one ethanol
molecule. Three crystallisation ethanol molecules, one of them disordered, are also present.

The geometry around the Zn" ion can be described as a perfect square-pyramidal geometry
with a © parameter of 0.002, where the zinc metal atom lays 0.55 A above the plane formed by
N10/N17/08/019. The Zn-Dy distance of 3.5003(8) A is consistent with the dinuclear complex
reported (3.490A)*° and shorter to the trinuclear analogue compounds (3.616A).*

The typical eight-coordination of the Dy

metal ion is observed in other analogue dinuclear and
trinuclear complexes.** Nine-coordinated mononuclear dysprosium(IIT) complexes where the
geometry around the metal ion is either pseudo-monocapped square antiprismatic, or a tricapped
trigonal prismatic conformation have also been reported. ***!

On the other hand, the [SmZn(O,NO);(L)(OH,)]-EtOH dinuclear Zn-Sm neutral complex 16
(Fig. 2) consists of one Zn" jon bonded to the inner N, N°, O, O’ core of one unit of the Schiff-
base ligand and to a fifth coordinated oxygen atom from a water molecule; while the ten-

. 111
coordinated Sm

ion is coordinated to four oxygen atoms of the Schiff-base ligand and six
oxygen atoms of three nitrate anions. One disordered crystallisation ethanol molecule is also
observed. The geometry around the Zn" ion can be described as slightly distorted square-
pyramid, where the T parameter is of 0.06 and the zinc metal atom lays 0.50 A above the plane
formed by N10/N17/08/019. The Zn-Sm distance of 3.5206(6) A is shorter to the reported of

111 . .
metal ion is also

3.594 A for analogue compounds.* The typical ten-coordination of the Sm
observed in similar compounds.** The molecular geometry of this compound is further stabilised
by intra and intermolecular hydrogen bond interactions. Intermolecular weak hydrogen bonds
are observed between the nitrate oxygen atom of one molecule and the coordinated water from
another molecule, and from the nitrate oxygen atoms and the disordered crystallisation ethanol

molecule. Intermolecular hydrogen bonds are formed between O1 and the nitrate group.
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In the trinuclear Zn2/Tb 23 cationic complex, the discrete molecule

[ThZny(L)2(Cl)2(OH,)] (NO3)-EtOH (Fig. 3) consists of the two Zn" ions bonded to the inner N,
N’, O, O’ cores of the Schiff-base ligands, each Zn'"has one chloride as the fifth ligand
occupying the axial site; while the Tb" ion is coordinated to four oxygen atoms from the two
Schiff-base ligands and one water molecule. The anion corresponds to one nitrate, disordered by
symmetry; it also contains one crystallisation ethanol molecule. The geometry around each Zn"
ion can be described as a slightly distorted square-pyramidal,” for which a t parameter of 0.03
was calculated; the zinc metal atom lies 0.467 A above the plane formed by N1/N2/02/03. The
Zn-Tb distance of 3.4972(4) A is similar to that observed for the Zn-Tb dinuclear analogue
compound, 3.485 A, but is shorter to that of the trinuclear Zn-Tb-Zn analogue of 3.561 A.** The
Tb" ion is between the two ZnL units. The Tb"" metal centre in the trinuclear complex is nine-
coordinated, surrounded by nine oxygen atoms; four from the phenolic groups, four hydroxyl
groups (all of them from two different ligands) and one of the water molecule.

Coordination geometry of the lanthanide ions in compounds 15a, 16 and 23 are displayed as

polyhedra in Fig. 4.

Powder diffraction

X-ray powder diffractograms of the dinuclear (10 — 15) and trinuclear (17 — 22) compounds
families of coordination compounds were obtained. It was observed that the diffractograms for
each family of complexes were very similar, indicating that within a family the compounds have
the same unit cell. It is worth to emphasise that X-ray crystal structures of the dinuclear (15a)
and trinuclear (23) compounds herein discussed contain crystallisation ethanol and that the
calculated X-ray powder patterns for them were different from those of the powder samples.
Elemental analyses of the powder samples indicate that the compounds contain crystallisation

water instead of ethanol (see experimental section). Selected diffractograms are included in ESI.

Absorption and luminescence spectra
The solution absorption spectrum of H>L in methanol (1 x 10™* M) shows two intense absorption
bands with maxima at 35088 cm™ (285 nm) n—>n*, a shoulder at 29940 cm™ (334 nm) n—n*

and a weak band at 21367 cm™ (468 nm) see Fig. 5, assigned to the S; to T transition,” which
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was confirmed by DFT calculations, see ESI for comparison experimental-calculated absorbance
spectra.

The solid-state diffuse reflectance spectra of all compounds show intense, broad absorptions in
the UV-region. The spectra of the chromophores and the lanthanide-based coordination
compounds show similar features, maxima are identical within experimental precision.
Luminescence is observed from H,L (1). The band maximum is at ca. 625 nm (ca. 16000 cm™)
when the sample was excited at 488 nm, in the orange spectral region. Fig. 5 shows a
comparison of absorption and luminescence spectra, confirming that the luminescence transition
corresponds to the lowest-energy absorption band: electronic origin at ca. 21400 cm™, Stokes
shift of 5367 cm™.

Luminescence bands with similar maxima and widths are observed for the mononuclear Sm',
Eu", Gd", Tb™ and Dy" compounds (Table 6), all spectra are shown in Fig. 6. It is noteworthy
that f-f transitions are hidden by more intense features. In absorption or diffuse reflectance, the
ligand spectrum with its onset at approximately 570 nm is more intense than f~f' bands, therefore
no f~f transitions at wavelengths shorter than 570 nm can be observed. And yet, diffuse
reflectance bands due to ff transitions at longer-wavelengths are observed for the Nd™ * (Fig.
7), Sm™ * and Dy""** compounds and the assignments are given in Table 6.

Nd™ compounds 4 and 10 show ff luminescence®’ (Fig. 8). Luminescence spectra for the
mononuclear 4 and dinuclear 10 compounds are shown in Fig. 9 at 80 K and room temperature;
comparison with diffuse reflectance, allows identifying the well resolved transitions, see Table 6.
The majority of the compounds prepared for this study show broad luminescence bands with
maximum wavelengths summarized in Table 6. The uncoordinated ligand in its protonated form
shows a similar broad luminescence band, illustrated in Fig. 5 in comparison to the absorption
spectrum in the region of the lowest energy transition. This figure shows a typical mirror image
relationship between absorption and luminescence bands®, with a Stokes shift of approximately
5400 cm™ separating the absorption maximum at 21400 cm™ from the luminescence maximum
at 16000 cm™'. Adding one half of the Stokes shift to the energy of the luminescence maximum
gives an estimate for the energy of the electronic origin, approximately 18700 cm™ or 535 nm,

corresponding very closely to the crossing point of the two spectra in Fig. 5. This comparison
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shows that f-f transitions are approximately 2000 cm™ lower in energy than the absorption
maximum should be observable and are possibly sensitized by the antenna.

DFT calculations help to elucidate the nature of this transition.”® It has been assigned in the
literature as a ligand centred © to * transition, and DFT calculations carried out for our ligand
confirm this assignment. Plots of the HOMO and LUMO orbitals are given as ESI. Calculated
UV-Vis absorption spectra are in very good agreement with the experimental solution absorption
spectrum, a comparison also given in the ESI. The band maximum for the transition to the
lowest-energy triplet excited state is calculated at 511 nm, in very good agreement with the
experimental band maximum, as indicated in Fig. 5.

The detailed comparison of absorption and luminescence allows us to clearly state that no f-f
luminescence transitions at wavelengths shorter than 600 nm should be observed, as Kasha’s
rule states that luminescence occurs from the lowest energy state, where the difference between
ligand T; and the emissive states of the lanthanides should be between 2500 and 3500 cm™.>'~?
This energy consideration explains the absence of f~f luminescence transitions for example, from
Eu""and Tb".

There are f~f transitions expected lower in energy than the ligand-centered band for several
compounds studied here. A comparison with Dieke’s diagram™ indicates that Nd"' luminescence

I

should be observable and that Sm™" and Dy"" have non-emitting excited states below the energy

threshold, therefore observable as absorption transitions. These transitions are listed for the Sm'""
and Dy" compounds in Table 6 and can be assigned by comparisons with literature spectra.*®*
In agreement with Dieke’s diagram, no luminescence transitions are observed for these
compounds.

The two Nd™ complexes, 4 and 10, show NIR luminescence transitions. Fig. 8 shows overview
spectra of solid samples at room temperature, clearly showing the 4F3/2 to 419/2 and 4F3/2 to 4111/2
band systems. Overall widths of the two bands are 38 and 25 nm, respectively; compared to the
published solution spectrum for a tetranuclear complex in solution which is of 76 nm.>* Our
detector sensitivity limit did not allow us to observe the *F3» to *113, band system expected at

wavelengths longer than 1300 nm. The two band systems observed clearly correspond to the

Nd" transitions and show resolved fine structure.

10
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Luminescence lifetime of 4 is (0.17 + 0.08) us, while that for the NdZn compound 10 is (0.06 £
0.02) ps. The dinuclear compound contains one coordination water molecule, which may cause a
decrease in the lifetime value. The lifetime for the trinuclear compound 17 is (0.00024 +
0.00004) us. Moreover, it is important to point out that the lifetime of the uncoordinated ligand
is (0.00031 £+ 0.000002) ps, while that of /ZnL(OH)] (3) is (0.00033 + 0.000002) us and for
[NiL] (2) is (0.00023 £ 0.00002) us. The transition that was monitored for the three
neodymium(IIl) compounds was *F3,— *Io/p. A manner to prove the antenna effect is to
measure the lifetime of the excited states of the chromophore in presence and in absence of the
acceptor, neodymium(III) in this case. It is therefore valid to propose that chromophores (1) and
(3) behave as antennae.

Lifetimes are for the mononuclear compound 4 and the dinuclear compound 10 are comparable
to that reported for a tetranuclear system in solution®* and a promising indication of an antenna
effect through ligand and zinc coordination compound.

Fig. 9 shows a detailed view of the *F3» to *Io)» luminescence band system and displays a
comparison to the diffuse reflectance spectrum, showing the corresponding bands in absorption.
The lower temperature spectra recorded at 80 K is well resolved and allows for a precise
determination of maxima, as listed in Table 6. The spectra in Fig. 8 allow us to indicate the split
of the 419/2 level, information not usually available form such spectra,48 and the resolution allows
us to distinguish between the different types of structures described here.

The luminescence spectra of the dinuclear and trinuclear compounds are displayed in Fig. 10 and
Fig. 11, respectively, where it can be observed that the luminescence maximum shows a red shift
with the nuclearity of the compounds from the mononuclear (ca. 630 nm) to the dinuclear (ca.

640 nm) and to the trinuclear (ca. 700 nm) compounds.

Conclusions

A novel one-pot two-step synthetic route for the preparation of d-f heteronuclear coordination
compounds is presented herein and it was possible to prepare mononuclear, dinuclear and
trinuclear lanthanide-based complexes. The ligand is deprotonated when the inner compartment

is occupied.

11
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The luminescent properties varied upon modifying the chromophore employed, either just the
organic ligand or a transition metal complex. From the three antennae employed in the present
study H,L (1), [ZnL(OH;)] (2) and /NiL] (3), the first two sensitize neodymium(III)
luminescence, even more the emission of the antenna was quenched; while the third one does not

act as antenna.

Experimental

All reagents were purchased from Aldrich and used as received. The Infrared spectra were
obtained using a Perkin-Elmer FTIR/FIR Spectrum 400 spectrometer. Elemental analyses were
obtained in CHNS Perkin Elmer 2400 equipment; using cysteine for calibration. Effective
magnetic moments of the compounds were determined in the solid state by the Gouy method,
using a Johnson Matthey Type MSB model Auto magnetic balance. UV-Vis spectra were
recorded on a Cary 6000i UV-Vis-NIR spectrophotometer. 'H and '*C NMR spectra were
recorded on a Varian Unity Inova spectrometer (400 and 75 MHz, respectively). Diffractograms
were obtained using a Bruker D2-Phaser. Luminescence and Raman spectra were measured
using an InVia spectrometer coupled to an imaging microscope (Leica) and argon ion lasers. The
excitation wavelength used was 488 nm for all luminescence measurements and 785 for the
Raman spectra. Temperature-dependent spectra were measured using a gas-flow microcryostat
Linkam system. Electrical conductivity was measured in OAKTON PC2700 meter.

Studies of the relaxation dynamics of the excited states of the ligand using Time-Correlated
Single Photon counting (TCSPC) were carried out. The sample was excited by a picosecond
pulse at 430 nm, provided by the second harmonic of a modelocked Ti:Sapph laser. The emitted
light was then filtered by a monochromator and detected using a silicon avalanche photodiode
(APD) synchronized with each repetition of the laser, one every 13 ns. By repeatedly counting
the time between a synchronization signal and a triggering event of the APD, a histrogram
representing the decay of the PL was constructed. The power was kept at 100 pW and focused
on a spot of ca. 300 um diametre to avoid bleaching and other unwanted effects. The lifetime of
the zinc(Il) and nickel(II) chromophores, as well as the three neodymium(III) coordination

compounds were obtained using a 400 nm femtosecond pulsed laser beam from a frequency

12



Page 13 of 39

Dalton Transactions

doubled Ti:Sapph multipass amplifier. The decay of the photoluminescence was recorded using

a gated intensified CCD.

Computational details of H,L

All the calculations were performed with the Gaussian 09 package (Gaussian Inc.)” using
methods as they are implemented in the software. Initially, a ground-state geometry optimization
was performed in the gas-phase on a single molecule starting from the crystal structure
geometric parameters (bond lengths, angles and dihedral angles)’® with the B3LYP exchange-
correlation functional®”® and the 6-311G(d,p) basis set. A frequency calculation was performed
at the same level of theory on the obtained optimized structure to yield the calculated IR and
Raman spectra presented with an arbitrary full-width-at-half-maximum (FWHM) of 4 cm™ for
the calculated transitions. The absence of imaginary frequencies in the latter calculation confirms
the global energy minimum nature of the calculated structure. Molecular orbitals were also
calculated for this optimized structure and were visualized with the 5.08 release of the
GaussView software (Gaussian Inc.)’> with an isovalue of 0.02 atomic units.

Furthermore, excitation energies were evaluated for the discussed ligand by mean of the time-
dependent density functional theory (TD-DFT)> with the aforementioned functional and basis
set. The calculation was carried out in solution (methanol) with a polarizable continuum model
(PCM)59 using the optimized structure in this media with the same optimization method
described earlier. The calculated absorption spectrum was then obtained by arbitrarily setting the

full-width-at-half-maximum (FWHM) of the calculated transitions to 2200 cm™.

X-ray crystallography

Crystals of /DyZn(O,NO),(Cl)(L)(EtOH)]-3EtOH (15a), [SmZn(O.NO)3(L)(OH,)]-EtOH (16)
and [ThZn,(L),(Cl),(OH>)] (NO;3)-EtOH (23)mounted on glass fibre were studied on an Oxford
Diffraction Gemini "A" diffractometer with a CCD area detector (Amokq = 0.71073 A,
monochromator: graphite) source equipped with a sealed tube X-ray source at 130 K. Unit cell

constants were determined with a set of 15/3 narrow frame/runs (1° in ®) scans. A data set

consisted of 464, 288 and 302 frames of intensity data collected for (15a), (16) and (23)

13
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respectively with a frame width of 1° in ®, a counting time of 12 s/frame, and a crystal-to-
detector distance of 55.00 mm. The double pass method of scanning was used to exclude any
noise. The collected frames were integrated by using an orientation matrix determined from the
narrow frame scans.

CrysAlisPro and CrysAlis RED software packages were used for data collection and data
integration.” Analysis of the integrated data did not reveal any decay. Final cell constants were
determined by a global refinement of 3986, 3635 and 12922 reflections (6 < 29 °) for (15a), (16)
and (23), respectively. Collected data were corrected for absorbance by using Analytical numeric
absorption correction using a multifaceted crystal model based on expressions upon the Laue
symmetry using equivalent reflections.’' Structure solution and refinement were carried out with
the program(s): SHELXS-2014; SHELXL-2014;%* for molecular graphics: Mercury program;®
and the software used to prepare material for publication: WinGX.**

Full-matrix least-squares refinement was carried out by minimizing (Fo’ - Fc’)?, and using the
SQUEEZE program.® All non-hydrogen atoms were refined anisotropically.

H atoms attached to O were located in a difference map and refined as riding on their parent
atoms, with O—H = 0.82-0.86 A and Uy, (H)=1.5 Uy(O). H atoms attached to C atoms were
placed in geometrically idealized positions and refined as riding on their parent atoms, with C—
H=0.95-0.99 A with Uy, (H) = 1.2U,,(C) for aromatic, methylene and methyne groups, and
Uiso (H) = 1.5 U.y(C) for methyl group. Crystal data and experimental details of the structures
determination are listed in Table 2.

Crystallographic data have been deposited at the Cambridge Crystallographic Data Centre as
supplementary material number CCDC 1409842-1409844. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK. E-

mail:deposit@ccdc.cam.ac.uk.

Synthesis of symmetrical Schiff base (antenna group)

N,N’-bis(3-hydroxyl salicylidene)benzene-1,2-diamine, (H,L). A mixture of o-
phenylendiamine (1.0814 g, 10 mmol) and 2,3-dihydroxybenzaldehyde (2.7624 g, 20 mmol) was
refluxed in ethanol (120 mL) during 6 hours, then a red precipitate was formed. The product was

isolated by filtration and washed with hot ethanol (3x10 mL) and finally dried under vacuum.
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H,L, 1. The product was isolated as a red solid. Yield: 88% (3.0534 g). Anal. calcd. (found) for
CaoH6N,04: %C 69.0 (68.9), %H: 4.6 (4.4), %N 8.0 (8.2). *C-RMN (400MHz, DMSO-d°®, 298
K). & (ppm): 118.8 (C-5), 119.2 (C-4), 119.6 (C-1), 120.0 (C-9), 122.8 (C-6), 127.8 (C-10),
142.2 (C-8), 145.7 (C-3), 149.5 (C-2), 164.8 (C-7). 'H-RMN (400 MHz, DMSO-d°, 298 K).
8 (ppm): 6.77-6.81 (2H, t, J= 7.8 Hz, H-5), 6.93-6.96 (2H, dd, J= 1.5,7.8Hz, H-4), 7.10-7.13
(2H, dd, J=1.5,7.8Hz, H-6), 7.38-7.45 (4H, m, H-10,H-9), 8.88 (2H, s, H-7), 9.26 (2H, s, OH-3),
12.91 (2H, s,OH-2).

Synthesis of the antenna groups containing transition metal ions

[Ni(L)], 2. This compound was obtained by dissolving 0.3484 g (Immol) of the ligand in hot
ethanol; then an ethanolic solution containing 1 mmol of the transition metal ion was added. The
reaction mixture was stirred for two hours at room temperature. The precipitate was filtered off,
washed with hot ethanol (3x10 mL) and vacuum dried for 24 h.

The reaction of 1 mmol of NiCl,-6H,0 or Ni(NO3)-6H,O with 1 mmol of the ligand yielded
[Ni(L)], 2. Yield 100% (0.4050 g). Anal. caled. (found) for Cy0H4N204Ni, %C 59.3 (59.8), %H
3.5(3.1), %N 6.9 (7.3). *C-RMN (400MHz, DMSO-d®, 298 K). & (ppm): 115.4 (C-5), 115.7 (C-
4),116.4 (C-9), 119.3 (C-1), 123.4 (C-6), 127.7 (C-10), 142.2 (C-8), 148.2 (C-3), 154.6 (C-2),
156.7 (C-7). "H-RMN (400 MHz, DMSO-d®, 298 K). & (ppm): 6.52-6.55 (2H, t, J= 7.5 Hz, H-5),
6.80-6.82 (2H, d, J= 7.0 Hz, H-4), 7.08-7.10 (2H, dd, J=1.5, 8.2 Hz, H-6), 7.33-7.35 (2H, m, H-
10), 8.13-8.18 (2H, m, H-9), 8.55 (2H, s, OH-3), 9.11 (2H, s, H-7).

The compound /Zn(L)(OH,)], 3 was similarly obtained using either ZnCl, or Zn(NO3)-6(H,0).
Yield 35% (0.1516 g). Anal. calcd. (found) for C,0H;sN>OsZn, %C 56.3 (55.9), %H 3.4 (3.8),
%N 6.9 (6.5). "C-RMN (400MHz, DMSO-d®, 298 K). & (ppm): 112.9 (C-5), 114.0 (C-4), 116.6
(C-9), 117.4(C-1), 125.2 (C-6), 127.4 (C-10), 139.2(C-8), 149.6(C-3), 160.3 (C-2), 162.8 (C-7).
"H-RMN (400 MHz, DMSO-d®, 298 K). 8 (ppm): 6.40-6.44 (2H, t, J= 7.5 Hz, H-5), 6.80-6.82
(2H, dd, J=1.6,7.3 Hz, H-4), 6.93-6.95 (2H, dd, J=1.6, 8.2 Hz, H-6), 7.337-7.4 (2H, m, H-10),
87.91-7.95 (2H, m, H-9), 8.07 (2H, s, OH-3), 9.05 (2H, s, H-7). The compound precipitated after
the addition of 50 mL of distilled ice-cold water.
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Synthesis of the mononuclear compounds

[Ln(O:NO)3(H,L)]-n(H,0), (Ln"'= Nd, 4; Sm, 5; Eu, 6; Gd, 7; Tb, 8 and Dy, 9). These
compounds were prepared using a similar method. A typical procedure is described for
compound 4. To a boiling ethanol solution of the ligand (0.3484 g, 1 mmol), a solution of
Nd(NO3);-:6H,0 (0.4384 g, 1 mmol) in ethanol was slowly added. The resulting solution was
stirred for 1 h at room temperature. The orange precipitate was collected, washed with hot
ethanol and vacuum dried for 24 h. Yield: 73% (0.5141 g). Anal. calcd. (found) for
C20H19N50145Nd, %C 34.0 (34.2), %H 2.7 (2.5), %N 9.9 (9.5). Compound 5. Yield: 67%
(0.4708 g). Anal. caled. (found) for Cy0H7N5O14Sm, %C 34.2 (33.9), %H 2.4 (2.6), %N 10.0
(10.0). Compound 6. Yield: 69% (0.5008 g). Anal. calcd. (found) for C20H20Ns0O;5Eu, %C 33.3
(33.4), %H 2.8 (2.5), %N 9.7 (9.2). Compound 7. Yield: 73% (0.5302 g). Anal. calcd. (found)
for C20H20N5015Gd, %C 33.0 (33.4), %H 2.8 (2.6), %N 9.6 (9.4). Compound 8. Yield 33%
(0.2497 g). Anal. calced. (found) for Cy9H23Ns50165Tb, %C 31.8 (31.8), %H 3.1 (2.6), %N 9.3
(9.1). Compound 9. Yield: 70% (0.5157 g). Anal. calcd. (found) for C,0H,1Ns5O;55Dy, %C 32.4
(32.4), %H 2.9 (2.7), %N 9.4 (9.3). In all cases orange powders were obtained.

Synthesis of the dinuclear compounds

[LnZn(O,NO),(Cl)(L)(OH,)]-nH,0, (Ln"" = Nd, 10; Sm, 11; Eu, 12; Gd, 13; Tb, 14 and Dy,
15). These compounds were prepared using a similar method. A typical procedure is described
for 10. The ligand was dissolved in boiling ethanol, the flask was retired from the heating source,
an ethanolic solution of ZnCl, (0.1363 g, 1 mmol) was slowly added, the solution was stirred for
10 minutes, then neodymium(III) nitrate (0.4384 g, 1 mmol) in ethanol (5 mL) was added. The
solution was stirred for 1 h at room temperature. The precipitate was filtered off, washed with
hot ethanol (3x10 mL) and vacuum dried for 24 h. Yield: 50% (0.3846 g). Anal. calcd. (found)
for CyoH20N4013CIZnNd, %C 31.2 (31.1), %H 2.6 (2.2), %N 7.3 (7.8). Compound 11. Yield:
54% (0.4007 g). Anal. calcd. (found) for Cy0HsN4O;,CIZnSm, %C 32.5 (32.3), %H 2.2 (2.4),
%N 7.6 (7.1). Compound 12. Yield: 57% (0.4361 g). Anal. calcd. (found) for
C20H13N401,C1ZnEu, %C 31.6 (31.4), %H 2.4 (2.5), %N 7.4 (7.7). Compound 13. Yield: 60%
(0.4809 g). Anal. calcd. (found) for CyoH2:N4014C1ZnGd, %C 30.0 (29.7), %H 2.8 (2.3), %N 7.0
(7.0). Compound 14. Yield: 64% (0.5132 g). Anal. calcd. (found) for C,0H2,N404C1ZnTb, %C
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29.9 (29.5), %H 2.8 (2.3), %N 7.0 (7.0). Compound 15. Yield: 65% (0.4862 g). Anal. calcd.
(found) for Cy0H6N4O1,ClZnDy, %C 32.0 (32.1), %H 2.1 (2.1), %N 7.5 (7.2). Yellow solids
were obtained in all cases. Suitable crystals of /DyZn(O.NO),(Cl)(L)(EtOH)]-3(EtOH) (15a)
used for the X-ray structure determination were obtained when the reaction was carried using a
molar ratio ligand: zinc chloride: dysprosium nitrate, 2:2:1 in ethanol, after 5 days.

Compound 16. Single crystals of [SmZn(O,NO);(L)(OH,)]-EtOH were utilized for the X-ray
structure determination were obtained when the reaction was carried using a molar ratio ligand:

zinc nitrate: samarium nitrate, 2:2:1 in ethanol, after 5 days.

Synthesis of the trinuclear compounds

[LnNiy(L)2(C1)]CI(NO3)-nH,0, (Ln"" = Nd, 17; Sm, 18; Eu, 19; Gd, 20; Tb, 21 and Dy, 22).
All the complexes were synthesized using a similar procedure. A typical procedure is described
for compound 17. The Schiff base (0.3484 g, 1 mmol) was dissolved in hot ethanol, the flask
was removed from the heating mantle, a solution of nickel(II) chloride (0.2377g, 1 mmol) in
ethanol was added (5 mL), and it was stirred for 10 minutes, then 5 mL of an ethanolic solution
containing Nd(NOs3)3-6H,0 (0.2192 g, 0.5 mmol) was added; the resulting solution was stirred
for 1 h. The precipitate was isolated by filtration, washed with hot ethanol (3x10 mL) and
vacuum dried for 24 hours. Compound 17 Yield 87% (0.5019 g). Anal. Calcd. (found) for
C40H36N50,5CI,NdNi; %C 41.6 (41.4) %H 2.7 (3.1) %N 6.0 (6.0). Compound 18 Yield 89%
(0.5248 g). Anal. Calcd. (found) for C40H33sN50,6C1,Ni2Sm, %C 40.6 (40.2), %H 3.2 (2.6), %N
5.9 (6.4). Compound 19. Yield 82% (0.5012 g). Anal. Calcd. (found) for C4H34N50;4C1,Ni,Eu,
%C 41.8 (41.5), %H 3.0 (2.6), %N 6.1 (6.4). Compound 20. Yield 87% (g). Anal. Calcd. (found)
for C4oH3,N5013CILhNixGd, %C 42.4 (42.3), %H 2.8(2.8), %N 6.3 (6.2). Compound 21. Yield
94% (0.5238 g). Anal. Caled. (found) for C40H30NsO12CLhNix Th, %C 42.9 (43.1), %H 2.7 (2.7),
%N 6.3 (6.5). Compound 22. Yield 88% (0.4957 g). Anal. Calcd. (found) for
C40H30N5012CLN1:Dy, %C 42.8 (42.7), %H 2.7 (2.5), %N 6.2 (6.3).
[TbZn(L),(Cl),(OH,)](NO3)-EtOH, (23). It was synthesised as previously described, using
ZnCl, instead of NiCl,-6H,0.
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T

cm B. M.
Compound VN-C-H vco vco Vc=N Ve=N
(IR) (IR) (Raman) (IR) (Raman) Heft
H,L (1) 3053 1272 1352 1611 1582 0
[Nd(O,NO);(H,L)]-1.5H,0 (4) 3061 1262 x 1618 x 3.25
[Sm(0,NO);(H,L)]-H,0 (5) 3062 1261 1257 1616 1594 1.69
[Eu(0,NO);(H,L)]-2H,0 (6) 3057 1263 1259 1617 1594 3.46
[Gd(0,NO);(H,L)]-2H,0 (7) 3060 1261 1265 1617 1592 8.24
[Tb(0,NO)3(H,L)]-3.5H,0 (8) 3054 1259 1265 1616 1591 9.11
[Dy(O,NO);(H,L)]-2.5H,0 (9) 3056 1259 1264 1616 1592 10.46
[Zn(L)(OH,)] (3) 3060 1266 1278 1612 1619 0
[NdZn(O,NO),(CI)(L)(OH,)]-2H,0 (10) 3063 1249 x 1611 x 3.60
[SmZn(O,NO),(CI)(L)(OH,)] (11) 3062 1247 1240 1613 1615 1.45
[EuZn(O,NO),(CI)(L)(OH,)]-H,O (12) 3064 1249 1242 1611 1612 3.32
[GAZn(O,NO),(CI)(L)(OH,)]-3H,0 (13) 3063 1249 1240 1611 1615 7.94
[TbZn(0,NO),(CI)(L)(OH,)]-3H,0 (14) 3063 1251 1192 1610 1613 9.46
[DyZn(0,NO),(CI)(L)(OH,)] (15) 3062 1247 1191 1611 1613 10.19
[Ni(L)] (2) 3054 1259 1198 1612 1595 0
[NdNi,(L)»(C)]JCI(NO3)-4H,0 (17) 3058 1255 1203 1607 1596 3.77
[SmNiy(L),(C1)]CI(NO5)-4H,0 (18) -—- 1256 1202 1607 1596 1.69
[EuNiy(L),(C1)]JCI(NO;)-3H,0 (19) 1259 1202 1607 1596 3.32
[GdNiy(L),(C1)]CI(NO3)-2H,0 (20) 1258 1201 1606 1596 8.27
[TbNiy(L),(C1)]CI(NO3)-H,O (21) 1258 1606 9.45
[DyNiy(L),(C1)]CI(NO5)-H,0 (22) 1259 1201 1606 1595 10.29

*Raman signal masked by luminescence
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Table 2 Crystal Data and Structure Refinement for Compounds (15a), (16) and (23).

(15a)

(16)

(23)

Empirical formula

Formula weight

Temp. (K)

Wavelength (A)

Crystal system

Space group

a(A)

b(A)

c(d)

a(®)

B

7(°)

Volume (A%)

VA

Deure (Mg/m?)

Absorption coefficient (mm™)
F(000)

Crystal size (mm”®)

Theta range for data collection (°)

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff. peak and hole (e.A”)

Cys Hyg C1 Dy Ny Oy Zn
917.94

130(2)

0.71073

Triclinic

P-1

11.4819(9)

13.1424(9)

13.8087(10)

71.062(6)

77.213(6)

80.759(6)

1913.1(3)

2

1.593

2.699

918

0.450 x 0.210 x 0.080
3.370 t0 29.491
-14<=h<=12, -16<=k<=16, -
19<=I<=15

15475

8954 [R(int) = 0.0542]

99.7 %

Full-matrix least-squares on
=

8954 /51 /448

1.065

R1=0.0591, wR2 =0.1334
R1=0.0786, wR2 =0.1434
3.671 and -2.196

C» Hy N5 Oys Sm Zn
812.16

130(2)

0.71073

Triclinic

P-1

9.7146(14)

12.1476(13)

12.9509(6)

83.090(7)

71.598(10)

87.232(10)

1439.6(3)

2

1.874

2.933

802

0.600 x 0.100 x 0.080
3.505 to 29.447
-12<=h<=10, -16<=k<=16, -
17<=I<=16

11225

6696 [R(int) = 0.0335]

99.7 %

Full-matrix least-squares on
F2

6696 /53 /419

1.061

R1=0.0352, wR2 =0.0711
R1=0.0465, wR2 =0.0772
0.932 and -1.057

Cis Hyy CL, N5 O14 Tb Zn,
1224.38

130(2)

0.71073

Monoclinic

C2/c

24.7686(11)

12.1074(3)

21.6863(10)

90

123.588(6)

90

5417.5(5)

4

1.501

2.330

2444

0.510 x 0.290 x 0.240
3.399 t0 29.534
-30<=h<=34, -12<=k<=15, -
29<=1<=28

23768

6710 [R(int) = 0.0229]

99.7 %

Full-matrix least-squares on
P

6710/24/318

1.087

R1=0.0387, wR2=0.1115
R1=0.0444, wR2 =0.1159
2.661 and -1.062
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Zn(1)-CI(1)
N(10)-Zn(1)
N(17)-Zn(1)
0(8)-Zn(1)
0(19)-Zn(1)
Zn(1)-Dy(1)
0(19)-Dy(1)
0(26)-Dy(1)
0(01)-Dy(1)
O(1)-Dy(1)
0(02)-Dy(1)
0(04)-Dy(1)
0(05)-Dy(1)
0(07)-Dy(1)
O(8)-Dy(1)
0(8)-Zn(1)-0(19)
0(8)-Zn(1)-N(17)
0(19)-Zn(1)-N(17)
0(8)-Zn(1)-N(10)
0(19)-Zn(1)-N(10)
N(17)-Zn(1)-N(10)

2.2680(17)
2.053(5)
2.042(5)
2.017(4)
2.018(4)

3.5002(8)
2.288(4)
2.481(4)
2.501(5)
2.476(4)
2.482(4)
2.438(4)
2.412(5)
2.379(5)
2.285(4)

74.87(17)
140.1(2)

88.84(18)

88.4(2)
139.8(2)
81.0(2)

0(8)-Zn(1)-CI(1)
0(19)-Zn(1)-CI(1)
N(17)-Zn(1)-Cl(1)
N(10)-Zn(1)-Cl(1)
0(8)-Dy(1)-0(05)
0(8)-Dy(1)-0(07)
0(8)-Dy(1)-0(04)
0(07)-Dy(1)-0(04)
0(05)-Dy(1)-0(04)
O(8)-Dy(1)-O(1)
O(1)-Dy(1)-0(26)
0(8)-Dy(1)-0(02)
0(19)-Dy(1)-0(02)
0(07)-Dy(1)-0(02)
0(05)-Dy(1)-0(02)
0(19)-Dy(1)-0(01)
0(07)-Dy(1)-0(01)
0(05)-Dy(1)-0(01)
0(04)-Dy(1)-0(01)
O(1)-Dy(1)-0(01)
0(02)-Dy(1)-0(01)

105.68(13)
105.82(14)
113.85(16)
113.84(14)
134.35(15)
76.90(16)
145.93(18)
124.34(15)
53.20(16)
64.93(14)
163.21(14)
102.05(16)
76.25(16)
153.83(17)
120.84(16)
103.33(15)
147.95(15)
118.56(17)
74.18(16)
69.17(14)
50.80(14)
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Table 4 Selected Bond lengths (A) and Angles (deg) for Compound 16.

N(10)-Zn(2) 2.028(3) 0(8)-Zn(2)-N(10) 92.13(12)
N(17)-Zn(2) 2.055(3) O1WBb-Zn(2)-N(17) 116.52(19)
0(8)-Zn(2) 2.002(2) 0(19)-Zn(2)-N(17) 91.55(11)
0(19)-Zn(2) 1.978(3) 0(8)-Zn(2)-N(17) 151.42(12)
Zn(2)-O1WBb 1.970(6) N(10)-Zn(2)-N(17) 80.70(12)
Zn(2)-01WAa 2.124(6) 0(19)-Zn(2)-0O1WAa 96.29(18)
Zn(2)-Sm(1) 3.5206(6) 0(8)-Zn(2)-O1WAa 109.82(17)
0(01)-Sm(1) 2.515(2) N(10)-Zn(2)-O1WAa 115.60(19)
O(1)-Sm(1) 2.513(2) N(17)-Zn(2)-O1WAa 98.14(18)
0(03)-Sm(1) 2.595(2) 0(8)-Sm(1)-0(19) 64.31(8)
0(04)-Sm(1) 2.513(3) 0(8)-Sm(1)-0(07) 74.03(9)
0(05)-Sm(1) 2.508(3) 0(19)-Sm(1)-0(07) 75.73(10)
0(07)-Sm(1) 2.505(3) 0(8)-Sm(1)-0(05) 79.20(8)
0(08)-Sm(1) 2.544(3) 0(19)-Sm(1)-0(05) 112.66(9)
0(8)-Sm(1) 2.515(2) 0(07)-Sm(1)-0(05) 144.63(8)
0(19)-Sm(1) 2.401(2) 0(8)-Sm(1)-0(1) 63.22(8)
0(26)-Sm(1) 2.523(2) 0(19)-Sm(1)-0(1) 123.74(8)
O1WBb-Zn(2)-0(19) 108.77(19) 0(07)-Sm(1)-0(1) 71.84(9)
O1WBb-Zn(2)-0(8) 92.01(18) 0(05)-Sm(1)-O(1) 75.66(8)
0(19)-Zn(2)-0(8) 79.88(10) 0(8)-Sm(1)-0(04) 85.20(10)
O1WBb-Zn(2)-N(10) 102.52(19) 0(19)-Sm(1)-0(04) 70.92(9)
0(19)-Zn(2)-N(10) 147.87(13) 0(07)-Sm(1)-0(04) 145.90(9)
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Table 5 Selected Bond lengths (A) and Angles (deg) for Compound (23).
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N(1)-Zn(1)
N(2)-Zn(1)
0(2)-Zn(1)
CI(1)-Zn(1)
0(3)-Zn(1)
Zn(1)-Tb(1)
O(1)-Th(1)
O(4)-Th(1)
0(3)-Th(1)
0(2)-Th(1)
0(2)-Zn(1)-0(3)
0(2)-Zn(1)-N(2)
0(3)-Zn(1)-N(2)
0(2)-Zn(1)-N(1)
0(3)-Zn(1)-N(1)

2.043(3)
2.030(3)
2.007(2)

2.3064(10)
2.009(2)

3.4972(4)
2.486(3)
2.516(3)
2.353(2)
2.344(2)

78.35(10)

145.63(11)

90.94(11)

90.95(11)

147.25(12)

N(2)-Zn(1)-N(1)
0(2)-Zn(1)-CI(1)
0(3)-Zn(1)-CI(1)
N(2)-Zn(1)-CI(1)
N(1)-Zn(1)-CI(1)
0(2)#2-Tb(1)-0(4)
O(1)#2-Tb(1)-O(1)
0(3)-Th(1)-O(1)#2
0(2)-Tb(1)-O(1)#2
O(3)#2-Tb(1)-O(1W)
0(2)-Tb(1)-0(1)
0(2)-Tb(1)-0(3)
O(1W)-Tb(1)-0(4)
O(1)-Tb(1)-O(4)#2
0(2)-Tb(1)-0(4)#2

80.57(13)
111.74(8)
109.05(8)
102.63(9)
103.68(9)
72.99(9)
78.36(13)
76.90(9)
78.11(9)
76.09(6)
63.86(8)
65.37(8)
69.96(7)
72.79(9)
72.99(9)

Symmetry transformations used to generate equivalent atoms: #1 -x+1,-y,-z+2  #2 -x+1,y,-z+3/2
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Table 6 Spectroscopic Results of Coordination Compounds of different nuclearity.

Compound Absorption maxima (nm) Luminescence maxima (nm)
285 (32262 M 'em™)
H,L (1) 334 (2469 M'cm™) 625
468 (6259 M'em™), 450°
[Eu(O,NO);(H,L)]-2H,0 (6) 512° 691
[Gd(O,NO);(H,L)]-2H,0 (7) 511° 638
[Tb(O,NO);(H,L)]-3.5H,0 (8) 505° 649
[Zn(L)(OH,)] (3) 508° 598
[EuZn(O,NO),(CI)(L)(OH,)]-H,0 (12) 429° 680
[GdZn(O,NO),(CI)(L)(OH,)]-3H,0 (13) 433° 634
[TbZn(O,NO),(CI)(L)(OH,)]-3H,0 (14) 426" 642
[Ni(L)] (2) 478" 716
[EuNiy(L),(C1)]CI(NO5)-3H,0 (19) 444 713
[GdNi,(L),(C1)]CI(NO5)-2H,0 (20) 451° 704
[TbNi,(L),(C1)]CI(NO5)-H,0 (21) 443° 704, 756 (sh)
4347
678" 872, 880, 903, 909"
[Nd(O,NO);(H,L)]-1.5H,0 (4) 735%¢ 1041, 1051, 1070¢
796
868%¢
517°
[Sm(O,NO);(H,L)]-H,0 (5) 946" 630
1084*!
505"
7614
[Dy(O,NO);(H,L)]-2.5H,0 (9) 810 649
902!
1091%™
434°
577" ¢
[NdZn(0,NO),(CIY(L)(OH,)]-2H,0 (10) 7380 873, 871965%26’ 13
a,d
797*
868*¢
432°
[SmZn(O,NO),(CI)(L)(OH,)] (11) 946" 628
1088
431°
805
[DyZn(O,NO)»(CI)(L)(OH)] (15) 904! 636
1105™
[NdNi,(L),(C1)]CI(NO5)-4H,0 (17) 704, 766* 700
879"
439°
[SmNi,(L),(C1)]CI(NO;)-4H,0 (18) 947" 705
1087*
451°
7514
[DyNi,(L)»(C1)]CI(NO5)-H,O (22) 804 705
904!
1101*™
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* Diffuse reflectance

® 4y— *Fo» (Nd*" absorption)*

¢ g *Fr + *S3 (Nd** absorption)*
¢ *Iyp— *Fs;» + *Hoo (Nd** absorption)*
¢ Iyp— *F3, (Nd*" absorption)*

T4, -, (Nd™ emission) ™

& E5,—, 1, (Nd™ emission)*®
"Hs,—°F,1, (Sm™ absorption)*®
H5,—°Fo, (Sm™ absorption)*®

1%H,55, 7 °F5, (Dy™ absorption)*’
k0,5, ~ ®Fs (DyllI absorption)47

'H,5, 7 ®Hs) + °F7,, (Dy™ absorption)*’
™8H,5, ~ °Fo + *Hy, (Dy" absorption)”’

"gp— *Gs;, (Nd™ absorption)®
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Fig. 1 ORTEP picture of the molecular structure of dinuclear
[DyZn(O,NO),(Cl)(L)(EtOH)]-3(EtOH) 15a with the thermal ellipsoids drawn at 50% of

probability. The crystallisation ethanol molecule and the nitrate anion were omitted for clarity
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Fig. 2 ORTEP picture of the molecular structure of dinuclear /SmZn(O.NO);(L)(OH,)]-EtOH 16
with the thermal ellipsoids drawn at the 50% of probability. The ethanol solvent molecule was

omitted for clarity
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Cl(1)#2

Fig. 3 ORTEP picture of the molecular structure of dinuclear /7bZn(L),(Cl),(OH,)] (NO3)-EtOH
(23) with the thermal ellipsoids drawn at the 50% of probability. The ethanol solvent molecules
were omitted for clarity. Symmetry transformations used to generate equivalent atoms: #1 -x+1,-

y,-z+2 #2 -x+1,y,-z+3/2
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Fig. 4 Geometry of lanthanide ions of compounds 15a, 16 and 23 displayed as polyhedra
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Absorbance or Luminescence

reflectance
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Fig. S Absorption in MeOH, diffuse reflectance and luminescence spectra of the ligand (HL).

Aex 488 nm
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Fig. 6 Solid-state luminescence of mononuclear compounds
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Fig. 7 Diffuse reflectance of /Nd(ONO,)3(H,L)] -1.5H,0
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Luminescence Intensity (counts)

T T T T T T T I ' |
850 900 950 1000 1050 1100 1150
Wavelength (nm)

Fig. 8 Emission spectra of /Nd(ONO,)3(L)] -1.5H>0 (4) and /[NdZn(ONO,);(Cl)(L)(OH;)] -2H,0

(10) at room temperature. Acx 488nm
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Fig. 9 Diffuse reflectance and luminescence spectra of left of /Nd(ONO,);3(L)]-1.5H,0 (4) and
right /[NdZn(ONQO,)3(Cl)(L)(OH>)] -2H>0 (10) at room temperature. Acx 488nm
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Fig. 10 Solid-state luminescence of dinuclear compounds
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Fig. 11 Solid-state luminescence of trinuclear compounds
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