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Introduction

Hard-and-soft phosphinoxide receptors for
f-element binding: structure and photophysical
properties of europium(in) complexesy

Nataliya E. Borisova,**® Anastasia V. Kharcheva,®© Svetlana V. Patsaeva,®
Leonid A. Korotkov,? Sergey Bakaev,® Marina D. Reshetova,® Konstantin A. Lyssenko,”
Elena V. Belova® and Boris F. Myasoedov®

New phosphinoyl-containing tetradentate heterocycles preorganised for metal ion binding were designed
and prepared in high yields. The X-ray structures of two allied phosphinoyl-bearing 2,2'-bipyridyl and
phenanthroline ligands, as well as closely related structures of 2,6-bis(diphenylphosphinoyl)pyridine and
9-(diphenylphosphinoyl)-1,10-phenanthroline-2-one, are reported. Complexes of nitrates of several
lanthanides and trifluoroacetate of Eu(i) with two phosphinoyl-bearing 2,2'-bipyridyl and phenanthroline
ligands were isolated and characterised. The first structures of lanthanide complexes with phosphinoyl-
bearing 2,2'-bipyridyl and phenanthroline ligands are reported. The nature of the counter-ion is crucial
for the coordination environment of the metal ion. The photophysical properties of the complexes differ-
ring in both the nature of the ligand and counter-ion were investigated. The photophysical properties of
the complexes are strongly ligand- and counter-ion-dependent. Absorbance and luminescence
excitation spectra of complexes showed main peaks in the UV range which correspond to the absorption
of light by the ligand and these are ligand-dependent. Luminescence spectra of complexes show typical
europium emission in the red region with a high quantum yield, which corresponds to the transitions
Do — ’F; (J = 0-6). The value of deviation of the components of Doy — ’F» and °Dg — F; transitions
from the inversion centre shows a larger dependence on the counter-ion than on the nature of the
ligand. The value of the luminescence quantum yield is larger for europium complexes with 2,2'-
bipyridyl-based ligands and NO3z counter-ions than for complexes with phenanthroline-based ligands and
NOs counter-ions. A low dependence of the luminescence lifetime of Eu complexes on the nature of the
ligand has been demonstrated: values in the solid state were in the range 1.1-2.0 ms.

capabilities of supramolecular structures, as well as modifi-
cation of peripheral positions of heterocycles, allow fine

Growing research efforts in the field of rare earth element
(REE) complexes with bipyridine-type ligands are associated
with their outstanding potential from the viewpoint of their
fundamental and practical applications.’* Extended variation
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tuning of the molecular properties required for high techno-
logy applications. The high coordination numbers of lantha-
nide ions provide alternative methods for the modification of
the properties of complexes by varying the counter-ion
coordinated to the metal centre. This opens several new appli-
cations for already known complexes."*'> So the use of tri-
fluoroacetate complexes provides a path for the preparation of
several highly intense luminescent systems.">™"” N,O-
Polydentate hard-and-soft heterocyclic compounds attract
attention as ligands for REE complexes due to their distin-
guished photophysical®'®*?° and magnetic*' properties and
also due to their ability to discriminate ions of f-elements by
their size.**** Over several years we have designed novel types
of N,N',0,0'-tetradentate bypyridyl-based reagents for the selec-
tive separation of actinides from lanthanides®**” - a signifi-
cant radiochemical problem in the field of closed nuclear fuel

This journal is © The Royal Society of Chemistry 2017
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cycle development.*® REE complexes with this new type of
ligand possess promising photophysical properties which have
been studied in detail along with the structure of the com-
plexes.*® In this work we combine hard-donor phosphinoxide
groups with a soft heterocyclic framework. We investigate
N,N',0,0'-tetradentate bypyridyl-based phosphinoxide com-
pounds as ligands for lanthanide ions. The ligands bearing
phosphinoxide groups together with a pyridine structural
motif show intense solvent and counter-ion dependent
luminescence.’*** In such complexes the energy transfer
occurs from the ligand to the metal presumably via the pyri-
dine (or other heterocycle) N-Ln coordination bond, but the
emitted complexes have never been structurally characterised.
There is one example of a structurally characterized coordi-
nation polymer of the REE complex, the pyridine-based phos-
phinoxide ligands, which have no metal ion coordination with
the pyridine ring.**** The coordination of lanthanide ions
with a heterocyclic five-ring moiety simultaneously with the
phosphinoxide-group exists in 4,5-bis(diphenyl)phosphoranyl-
1,2,3-triazolate-based complexes with REEs.”> Here we report
studies on the complexation of the europium ion with two
N,N',0,0'-tetradentate planar 2,2-bypiridine-type systems both
tuned by preorganisation of the ligand. Moreover, investigation
of the correlation between the nature of the counter-ion and
photophysical properties was performed by the introduction of
a nitrate or trifluoroacetate counter-ion.

Results and discussion

The preparation of phosphinoxide-decorated 2,2'-bipyridyl
starts from 6,6"-dibromo-2,2"-bipyridine which is available

thP//o
NZ" N/
| i), i) iif) l
~N l s N
Cly-bi
cl G o#PPh2 DPPO
Scheme 1 (i) H,O,, AcOH, reflux; (ii) POCls, PCls, reflux; then H,O,

65%; (iii) Ph,PNa, dioxane, 0 °C, RT overnight; then H,O, (10%), 80%.

Scheme 2
dioxane, —18 °C, RT overnight, then H,O, (5%), 70%.
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mostly by 2,6-dibromopyridine coupling.*® We introduced
dichloro-substituted heterocycles as alternative building
blocks for the construction of phosphinoxide-containing
ligands. Dichloro derivatives are usually readily available for a
wide range of heterocycles such as 2,2"-bipyridine®” and o-phe-
nanthroline®®*® and can be easily transformed into corres-
ponding bis(diphenylphosphinoxides) by the reaction with
Ph,PNa (Schemes 1 and 2).

Oxidation of the commercially available 2,2-bipyridyl with
in situ generated peracetic acid leads to 2,2'-bipyridine-N,N'-
dioxide. The latter was converted into Cl,-bipy using PCl; in
POCI;."” The reaction of Cly-bipy with sodium diphenyl-
phosphide under an inert atmosphere and subsequent
oxidation of the mixture with hydrogen peroxide provided the
target phosphinoxide DPPO in a preparative yield of 52%.

PhoRy o
o 1

Synthesis of phenanthroline-2,9-bis(diphenylphosphinoxide)
(PnPPO) is shown in Scheme 2. Contrary to the method
initially proposed for quaternisation, which consisted of
heating 1,3-dibromopropane and phenanthroline in nitro-
benzene at 120 °C which led to the target salt in 70% yield,*’
we used bromobenzene as a solvent and 4 h heating at 115 °C
gave a yellow precipitate of the target salt with quantitative
yield. Furthermore, oxidation of the quaternary salt in air in
the presence of alkoxides in the corresponding alcohol (EtOH/
EtONa, tBuOH/tBuOK) gave PTDO in 81% and 75% yields,
respectively. The product reacted with the POCI;/PCls mixture
under reflux for 8 h to form DCPT.* After treatment with
Ph,PNa and subsequent oxidation with 5% H,0,, DCPT was
converted to PnPPO in 70% yield. The reaction at 0 °C was
complicated by the formation of a side product: the partial
hydrolysis of phenanthroline chloride occurred (1). The
diphenylphosphide ion assisted dealkylation of alkoxysubsti-
tuted pyridine was a major product of the reaction with the
corresponding 2-chloropyridine.>®

Analytical and spectroscopic characteristics are consistent
with the suggested structure. The P=O fragment in both
compounds is evidenced by IR spectroscopy (1202 and

PnPPO

(i) PhBr, 115 °C, 4 h, 100%; (ii) air, tBUOK/tBuOH, 75%; (iii) air, EtONa/EtOH 91%; (iv) POCls, PCls, reflux; then H,O, 82%; (iii) Ph,PNa,
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1200 cm™') and *'P NMR. The phosphorus chemical
shift (21.3 ppm in DPPO and 31.5 ppm in PnPPO) confirms
the presence of the phosphine oxide group. Two doublets
for the geminal carbons in the "C NMR spectrum
(156.37-155.06 ppm with 'Jp.cmy = 132.0 Hz and
132.71-131.67 ppm with Jp_cpn) = 132.0 Hz) are in keeping
with the structure of DPPO. The DPPO 'H NMR spectrum
agrees with the spectrum described earlier.’® The "H NMR
spectrum of DPPO is simplified by protonation. Addition of a
drop of strong acid (H,SO,) leads to the separation of most of
the signals: the d.d. signal at 8.32 ppm corresponds to
3’-protons of bipyridyl, d.t. at 7.96 ppm is related to the
4'-proton of bipyridyl and the last 5-proton of hetero-
aromatics is a part of the multiplet at 7.46 ppm. At the same
time, protonation leads to a shift of the phosphorus *'P NMR
signal to 21.86 ppm. The "H NMR of PnPPO also supports the
bis(phosphinoxide) structure, but the signals are more separ-
ated than those for DPPO. The protons of the common
benzene ring are shifted to 7.70 ppm, and the protons at posi-
tions 3 and 8 and positions 4 and 7 form two doublets at
8.02 and 7.63 ppm, respectively. Structures are also supported
by mass spectroscopy and elemental analysis.

The structures of the phosphinoxide-bearing ligands were
studied by X-ray analysis (Fig. 1, Table 1). Structures of phos-
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phinoxide-bearing ligands, DPPO and PnPPO, are shown in
Fig. 1. A striking feature of these ligands is the unfavourable
conformation for metal ion binding: both diphenylphosphine-
groups are unfolded relative to the pyridine ring in anti-
conformation. The dihedral angles between the P=O group
and the pyridine ring are close to 180° for both of the ligands
(Table 1).

This feature can be considered as a general peculiarity of
the 2-pyridinephosphineoxide-type ligands. We also tested the
structure of 2,6-bis(diphenylphosphine)pyridine oxide (PyPPO)
prepared according to a known procedure from commercially
available 2,6-dibrimopyridine,”® and the structure of 9-diphenyl-
phosphinephenanthrolin-2-one oxide 1 (Fig. 2). Both show
anti-conformation of the P=0 group relative to the pyridine
ring (Table 1). At this moment it is still unclear if this feature
is typical for all pyridine-containing phenylphosphinoxides, or
whether this conformation is limited only to diphenyl-
phosphinoxide-bearing pyridines.

The length of P-O bonds is approximately 1.49 A for all
investigated ligands. This distance is considerably greater than
that found in Me;PO (1.44 A),”" but is in good agreement with
the P-O bond length for uncoordinated diphenylphosphino-
xide groups in 4,5-bis(diphenylphosphoranyl)-1,2,3-triazolate
(1.465(5) to 1.485(5) A (ref. 45) and 1.497(2) (ref. 52)). P-Cp,

Fig.1 ORTEPs of phosphinoxides DPPO and PnPPO with thermal ellipsoids at 50% level for all non-hydrogen atoms. Solvent molecules are

omitted for clarity. Other figures are available in the ESI.T

Table 1 Selected geometry parameters (A or °) for phosphinoxide ligands and their complexes

PyPPO DPPO PnPPO 1 DPPOGd PnPPOEu
O=P-Cp,~Np, angle —173.69(12) 169.28(14) 176.5(3) —176.32(18) —4.6(6) —9.6(7)
—-171.02(12) 173.8(3) 28.1(6) 12.3(7)
N-Cp,~Cpy-N angle — 180.0(2) —4.4(6) -3.3(4) —22.4(9) 1(1)
P=0 bond length 1.4877(13) 1.4877(15) 1.491(3) 1.4848(19) 1.503(5) 1.500(7)
1.4923(12) 1.490(3) 1.507(5) 1.495(7)
P-Cp, bond length 1.8190(17) 1.820(2) 1.827(4) 1.830(3) 1.827(7) 1.820(8)
1.8243(17) 1.820(5) 1.809(7) 1.822(8)
O-P-Cpy angle 111.42(8) 111.74(9) 110.9(2) 111.66(12) 106.9(9) 107.1(4)
110.80(7) 110.5(2) 108.4(3) 107.3(4)
Cpy~Cpy bond length — 1.490(3) 1.450(6) 1.433(3) 1.479(10) 1.45(1)
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Fig. 2 ORTEPs of 2,6-bis(diphenylphosphinoxide)pyridine and 9-diphenylphosphinephenanthrolin-2-one oxide 1 with thermal ellipsoids at 50%
level for all non-hydrogen atoms. Solvent molecules are omitted for clarity. Other figures are available in the ESI.{

bond lengths are about 1.82 A, which is close to the corres-
ponding length of the heterocycle-phosphinoxide C-P bond
found earlier.”>>* Both phosphorus atoms are near tetra-
hedral, and the corresponding angles are presented in Table 1
and ESL.{

The DPPO and PnPPO molecules do not form hydrogen
bonded solvates in crystals. In contrast, PyPPO and phosphin-
oxide 1 show hydrogen bonding, either with water molecules,
or during dimerization. Water molecules form strong hydrogen
bonds with one of the phosphinoxide groups (2.14 A H---O,
O-H---O angle 172°, see the ESIf). Partly hydrolysed phos-
phinoxide 1 in the crystal form dimerises by strong hydrogen
bonding (distance 2.937(3) A, N-H.--O angle 155(3), see in the
ESIt) between the C=O oxygen atom and N-H hydrogen.
Phosphinoxide 1 crystal packs by C-H---n stacking interactions
(2.488 A) between the phenyl rings of phosphinoxide moieties
of neighbouring molecules.

In spite of the unfavourable arrangement of the donor
atoms, both tetradentate phosphinoxide-bearing ligands
readily form complexes with lanthanides (Scheme 3).

Diphenylphosphinoxides DPPO and PnPPO react rapidly
with 4f-element salts in acetonitrile under reflux with the
formation of corresponding mononuclear complexes of a
general composition LLnX;, where Ln is La, Eu, Gd or Er.
MALDI-TOF mass spectrometry confirms the formation of
mononuclear complexes; the mass spectra possess character-
istic peaks of composition LLnX," for both ligands and all the
metal ion salts in accordance with earlier observations.*® A
striking feature of europium complexes with DPPO and PnPPO
is the presence of peaks corresponding to an unusual compo-
sition LLnX", which is attributed to hypothetical reduction of
the europium species. All observed signals exhibit the expected
characteristic isotopic distribution patterns. The fragmenta-
tion of trifluoroacetate complexes is more complicated. The
decomposition of the fluorinated counter-ion leads to a fluo-
rine anion, which is able to replace TFA™ in the complex and
form mixed ions with compositions LEUTFAF" and LEuF,".

This journal is © The Royal Society of Chemistry 2017
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PnPPOLa(NO3);
PnPPOEr(NO;3);

Scheme 3

The IR spectra provide more information about the struc-
tures of the complexes. The intense band near 1200 cm™,
corresponding to the P=O0 stretching, is very sensitive to metal
ion coordination.'® We observed a significant lowering of the
P=O0 band frequency from near 1200 to 1144 cm™" which con-
firmed the coordination of the metal ions to the phosphinoyl
group. For the complexes with metal ion nitrates the N=0O
bands for NO; anions, which were observed near 1476 cm™"
for all complexes, are extremely informative. Less intense
bands corresponding to symmetrical and asymmetrical defor-
mation O-N-O vibrations in the NO; anions were also
observed.

The structure of the complexes of DPPO (DPPOGA(NOs3)s,
Fig. 3) and PnPPO (PnPPOEu(TFA);-H,0, Fig. 4) with both
nitrate and TFA counter-ions were studied by X-ray single-
crystal diffraction (Tables 1 and 2). Both complexes are mono-
nuclear and consist of one ligand coordinated to the metal ion
in a tetradentate manner. Both complexes show coordination
of the metal ion to the oxygen atoms of the phosphinoyl
groups and to the nitrogen atoms of the pyridine heterocycle,
supported by the formation of a five-membered metallocycle.
The latter leads to elongation of the P—O bond (from 1.4877
in DPPO and 1.490 in PnPPO to 1.503 or 1.507 in DPPOGd and

Dalton Trans., 2017, 46, 2238-2248 | 2241
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Fig. 3 ORTEPs of complex DPPOGd(NOs)s with thermal ellipsoids at
50% level for all non-hydrogen atoms. Hydrogen atoms and solvent
molecules are omitted for clarity. Other figures are available in the ESI.}

Fig. 4 ORTEPs of complex PnPPOEuU(TFA)s-H,O with thermal ellipsoids
at 50% level for all non-hydrogen atoms. Solvent molecules are omitted
for clarity. Other figures are available in the ESI.}

Table 2 Selected bond lengths (A) in the coordination environment of
metal ions for phosphinoxide complexes

DPPOGA(NO;); PnPPOEu(TFA);
Ln-N 2.665(5); 2.708(6) 2.662(7); 2.638(6)
Ln-0, 2.359(5); 2.388(5) 2.331(6); 2.345(7)
Ln-Oqnion 2.457(5); 2.477(5); 2.482(5); 2.389(4); 2.306(7);
2.498(5); 2.501(5); 2.533(5) 2.319(5)
N-Ln-N 60.06(17) 61.4(2)
0,-Ln-0, 154.03(16) 162.6(2)
Eu-OH, 2.431(6)

1.500 or 1.495 in PnPPOEu, see Table 1). The P-O bond
lengths are within the typical range.*’ A corresponding shift of
IR bands was observed (vide supra). In contrast, the C-N bond
in heterocycles does not undergo such changes (see the ESIT).
The phosphorus atoms undergo tetrahedral distortion, which
leads to a reduction in the O-P-Cp, angles from about 111° to
107° (Table 1). The phosphinoyl groups are all are rotated

2242 | Dalton Trans., 2017, 46, 2238-2248
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around the Cpy~P bond to adopt the conformation needed for
metal ion binding. The O=P-Cpy-Np, torsion angles signifi-
cantly diminish. The complexes are reorganised differently
depending on the nature of the ligand. DPPO undergoes twist-
ing in both the phosphinoyl group and the bipyridyl moiety.
The angle between the two pyridine rings is 22.4(9)°, but the
angles for the two Ph,PO-groups are significantly different.
One of the phosphinoyl groups lies near the plane of the
heterocycle (—4.6(6)°) but the second is twisted from the plane
to form a 28.1(6)° angle. In contrast, PnPPO undergoes
relatively symmetrical distortion and the two phosphinoyl
groups form a dihedral angle close to each other: —9.6(7) and
12.3(7)°.

The nature of the counter-ion has a crucial effect on the
structure of the complexes: the nitrato complex possesses the
decacoordinated gadolinium ion while the trifluoroacetato-
complex shows an octacoordinated europium ion in a dis-
torted bicapped-trigonalantiprismatic environment (Fig. 4). In
PnPPOEu(TFA); the O(2), O(1B), O(1W) and O(14), O(1C), O(1)
atoms form two bases of the prisms while the nitrogen atoms
serve as two caps. The bridging nature of the nitrato groups
leads to a higher coordination number of the lanthanide ion;
in contrast the monodentate coordination of the trifluoro-
acetato-groups gives rise to additional coordination of a water
molecule to the Eu ion.

The Ln-O,N distances are significantly shorter for the octa-
coordinated lanthanide ion than for the decacoordinated
lanthanide ion, both for the ligand and the counter-ion
(Table 2). So the metal ion enters deeper into the cavity of the
tetradentate ligand for PnPPOEu(TFA); than for DPPOGd
(NO3);. The latter has an impact on the N-Ln-N and O,-Ln-O,,
biting angles: the angles for the Gd complex being signifi-
cantly smaller (Table 2).

Such differences in coordination environments must have
an impact on the metal-centred luminescence of the com-
plexes. Due to the unique photophysical properties of REE
complexes with heterocycles, the study of the influence of the
nature of the ligand and the counter-ion on the photophysical
properties of the complexes is of great importance.”® The
difference in the coordination environment is due to the
nature of the counter-ion that results in the discrepancy in
photophysical properties of the complexes. Moreover, the co-
ordinated water molecule suggests quenching of the lumine-
scence of the corresponding complex permanently. The nature
of the environment of the europium ion can be obtained
through analysis of relative intensities of the transitions of its
absorption and luminescence spectra. Absorbance spectra of
complexes show very similar information for the complexes
with the same type of ligands and are practically independent
of the counter-ion (Fig. 5).

The absorbance spectra of complexes DPPOEu(NO;); and
DPPOEu(TFA); have main maxima in the spectral region of
300-310 nm that correspond to absorption by the ligand. For
DPPOEU(TFA); this maximum shifts 2 nm towards shorter
wavelengths. We can see different spectra for complexes
PnPPOEu(NO;3); and PnPPOEU(TFA);. The absorbance maxima

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Absorbance spectra of europium complexes in acetonitrile solu-
tions: (a) DPPOEuU(NO3z)3, DPPOEU(TFA)s; (b) PNPPOEU(NO3)s, PNPPOEU
(TFA)z.

are located in the region of 275-290 nm and the PnPPOEu
(TFA); maximum is shifted 10 nm towards longer wavelengths.

The luminescence spectra for the europium complexes give
more information than that obtained from absorption spectra
(Fig. 6 and 7). A typical europium emission spectrum shows
intense luminescence signals and includes several maxima in

Intensity, rel.un.

550 600 650 700

Wavelength, nm
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the red region that corresponds to transitions Dy — "F; (J =
0-6).>* In this study we observed only the first five maxima: at
wavelength 582 nm (°D, — “F,), 595 nm (°D, — 'F,), 619 nm
(°Dy = F,), 650 nm (°D, — 'F3) and in the region 680-710 nm
(°Dy = "F,).

The first transition (>Dy — “F,) that can be observed at the
wavelength 570-585 nm is forbidden by the Judd-Ofelt
theory®® and this transition is an example of a discrepancy
with this theory. To determine different Eu(m) species in solu-
tion the °D, — ’F, transition can also be used. In this work
this line was symmetric, and so only one type of europium was
present in all the crystals of the complexes studied. The corre-
lation of the wavelength that corresponds to this transition
with the ligand coordination number can be suggested.>”

The second transition (°D, — “F;) can be observed at the
wavelength 585-600 nm; this is a magnetic dipole transition.
Its intensity is perfect for calibration of the luminescence
intensity of the europium complex because it is almost con-
stant. Crystal-field splitting of the “F, level is directly reflected
by the transition and its intensity is the highest if we consider
the spectra of solids with a crystal structure and with central
symmetry.>®

The most intensive maxima corresponds to the °D, — 'F,
transition for all complexes and are called “hypersensitive”
due to the fact that the strongest intensity of the maximum
depends on the symmetry of the europium ion and the nature
of the ligand.*® This maximum can be found at the wavelength
610-630 nm. The intensity ratio of the transitions D, — “F,
and °D, — ’F; is often compared with the intensities of the
hypersensitive transition in different europium compounds as
an alternative to measure the absolute intensity.””

In general the °D, — ’F; transition can be observed at the
640-660 nm spectral range and is very weak because it is for-
bidden. The strong intensity of this transition is a sign of
strong crystal-field perturbation.”®

The °D, — ’F, transition corresponds to the luminescence
maxima in the spectral range of 680-710 nm.*® The intensity
of the °D, — ’F, transition is too low and is very little

Intensity, rel.un.

550 600 650 700

Wavelength, nm

Fig. 6 Luminescence emission spectra of europium complexes in the solid state, 4ex = 270 nm: (a) DPPOEuU(NO3)3; (b) DPPOEU(TFA)3.
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Fig. 7 Luminescence emission spectra of europium complexes in the solid state, lox = 270 nm: (c) PnPPOEU(NOs)s; (d) PNnPPOEU(TFA)s.

compared to other transitions, whereas the intensity of this
transition is exaggerated in an overcorrected spectrum.

In this study, the °D, — ’F5 transition (740-770 nm) and
the D, — ’Fg transition (810-840 nm) were not observed
because the intensities of these transitions are very low.®® The
ratios of intensities corresponding to D, — “F, and °D, — "F;
transitions are different for the complexes studied: for
DPPOEU(NO;3); and PnPPOEu(NO3); they are 6 and 5, respect-
ively, showing deviation from an inversion centre in the com-
plexes.’® In complexes DPPOEU(TFA); and PnPPOEuU(TFA); this
ratio is ~4, indicating that the deviation is not so strong.

The phosphorescence lifetimes of the *Dj, level in europium
complexes in the solid state were 1.20 + 0.03 ms for DPPOEu
(NO3)3, 2.16 = 0.06 ms for DPPOEu(TFA)z;, 1.01 + 0.07 ms for
PnPPOEu(NO3); and 1.84 + 0.05 ms for PnPPOEu(TFA);.

Quantum yields of europium complexes were measured
using the reference dye method. Rhodamine B was selected as
a reference dye because of its high quantum yield value and
usability.

The values of luminescence quantum yields for different
concentrations were calculated (Fig. 8). For PnPPOEuU(NO;);
the luminescence quantum yield equals to 11% at the con-
centration 0.1-3.0 x 10~> mol L™" (but concentration depen-

100%

80% |-@- —»‘-, |
= Coe
k=3 ! :
T 60% |OM-----o-- RN N— ®
g : ; #DPPOEu(NO3)3
é 40% HB--------- 4: ____________ :; ® DPPOEu(TFA)3
] 1 1 -
a addaddany . A 4 PuPPOEu(NO3)3
20% p-----meeee- oo : APnPPOEW(TFA)3
P00000009 & o
0% ; :
0 000001 000002  0.00003

Concentration, mol/l

Fig. 8 Dependence of the value of the luminescence quantum yield on
the concentration of europium complexes in acetonitrile solutions.
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dence was not detected). For other complexes luminescence
quenching at concentrations of more than 8.0 x 107° mol L™
was observed. The maximum luminescence quantum yield was
observed for DPPOEuU(NO;); and DPPOEu(TFA);: it equalled
85% for both complexes. So the retention of a water molecule
in the coordination environment of the europium ion in solu-
tion for complex DPPOEu(TFA); is doubtful, while PnPPOEu
(TFA); seems to keep the water coordinated with the metal ion
even in acetonitrile solutions.

The excitation spectra of complexes with the DPPO-type
ligand have some maxima that correspond to electronic tran-
sitions: *Lg < “Fo (390-405 nm), D, < ’F, (460-470 nm),
°D, « ’F; and °D; « “F, (520-540 nm) (Fig. 9).

The °Lg « ’F, transition is the most intense in the exci-
tation spectra of europium complexes. Excitation of europium
to induce the photoluminescence transitions mentioned above
is commonly used if the ligand excitation is forbidden due to
the absence of efficient energy transfer. °Lq level excitation
allows direct population of the 4f levels.®™® The D, « ’F,
and °D, < “F, transitions are hypersensitive (J = 2).

25
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—— PnPPOEu(NO:3)3
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Fig. 9 Luminescence excitation spectra of europium complexes in the
solid state at 300 K (¢ = 618 nm).
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Conclusions

We successively designed and synthesized two related tetra-
dentate N,N',0,0"-ligands based on 2,2'-bipyridyl- and phenan-
throline-bearing phosphinoyl-type substituents. The ligands
were X-ray characterised and their complexes were studied in
respect of the possible difference in metal ion coordination
driven by the nature of the counter-ion or geometric rigidity of
the ligand. Two examples of complexes with each ligand and
every counter-ion (nitrate or trifluoroacetate) were examined by
X-ray single-crystal diffraction. The coordination environment
of the metal ion is strongly counter-ion dependent. But the
conformations of the phosphinoyl groups relative to the pyri-
dine rings depend on the flexibility of the ligand. As a result,
the photophysical properties of the complexes are strongly
ligand and counter-ion dependent:

» Absorbance and luminescence excitation spectra of com-
plexes showed main peaks in the UV range which correspond
to absorption by the ligand and they are ligand-dependent.
Luminescence spectra of complexes showed typical europium
emissions in the red region, with high quantum yield, that
correspond to the transitions *Dy — “F; (J = 0-6).

« The value of deviation of the components of D, — 'F,
and D, — “F; transitions from the inversion centre showed a
larger dependence on the counter-ion than on the nature of
the ligand. Thus the degree of symmetry is more dependent on
the counter-ion than on the ligand structure.

» The value of the luminescence quantum yield was the
highest for europium complexes with the DPPO ligand and the
NO; counter-ion; the smallest for complexes with the PhenPPO
ligand and the NO; counter-ion.

« The value of phosphorescence lifetimes of the °D, level in
the solid state was higher for complexes with the TFA counter-
ion (about 2.0 ms) than for those with the NO; counter-ion
(about 1.1 ms). A small dependence of the lifetime on the
nature of the ligand was demonstrated.

Experimental

General

The NMR spectra were measured with a BRUKER AVANCE-600
(600.12 MHz) NMR spectrometer at 23 °C. Chemical shifts are
given in ppm relative to SiMe, (for "H and "*C NMR) and 85%
H;PO, (for *'P). IR spectra were recorded with an Agilent 640
FTIR spectrometer with samples in KBr pellets. Mass spectra
were obtained with a MALDI-TOF Reflex 3 instrument
(BRUKER) in the positive ion mode (UV laser, 337 nm). 6,6'-
Dichloro-2,2"-bipyridine,*” 2,9-dichlorophenanthroline® and
2,6-bis(diphenylphosphinoyl)pyridine®® were prepared accord-
ing to known procedures. All reagents and solvents were
obtained from commercial sources.

For X-ray structure determination the data collection was
performed with an APEX II CCD diffractometer. The structure
was solved and refined against F* by full-matrix least
squares techniques with the SHELXTL software package.’®®

This journal is © The Royal Society of Chemistry 2017
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Crystallographic data, crystal packing, hydrogen bonding infor-
mation and details of data collection are listed in the ESLf
CCDC 1522002 [for PyPPO], 1522000 [for DPPO], 1521999
[for PnPPO], 1522001 [for 1], 1521997 [for DPPOGd(NO;);]
and 1521998 [for PnNPPOEu(TFA);] contain the supplementary
crystallographic data for this paper.

Luminescence properties of complexes were obtained for
powdered samples in the solid state and in acetonitrile solu-
tion at 300 K using a Hitachi F-7000 luminescence spectro-
meter. Reflection geometry was used for detecting lumine-
scence spectra of europium complexes in the solid state.
Registration of absorbance spectra of europium complex

solutions was performed with a Hitachi U-1900
spectrophotometer.
Synthesis of 6,6-bis(diphenylphosphinoyl)-2,2"-bipyridyl

(DPPO). To a stirred mixture of sodium (0.92 g, 0.04 mol) in
dry dioxane (30 mL) under argon, a solution of chlorodiphenyl-
phosphine (3.7 mL, 0.02 mol) in dry dioxane (20 mL) was
added dropwise over 1 h. After the addition was completed
and appearance of a bright yellow coloration was observed, the
solution was refluxed for an additional 4 h. Then a solution of
6,6'-dichloro-2,2"-bipyridine (2.25 g, 0.01 mol) in dry dioxane
was added dropwise to the solution of sodium diphenylphos-
phide at 0 °C. The mixture was stirred overnight and treated
with three equivalents of hydrogen peroxide to oxidize phos-
phine groups. Once the reaction was complete, the precipitate
of DPPO was filtered off, washed with water and air-dried to
afford a white solid (4.4 g, 80%). Found: C, 72.9; H, 4.8; N,
4.98. Calc. for C;,H,6N,0,P,: C, 73.4; H, 4.7; N, 5.0. Upa/em ™"
3076, 3056 1(C-H), 1569 y(C=N), 1550, 1436, 1420, 1200
y(P=0), 1150, 1118, 1099, 1073, 988, 807, 753, 739, 692, 566,
543, and 517. &y (CDCl;) 7.45 (8H, td, J = 7.57, 2.52 Hgz,
Hph-3,phs), 7.51 (4H, t, J = 6.92 Hz, Hpp.4), 7.91 (8H, dd, J =
11.78, 7.38 Hz, Hpho phes), 7.96 (2H, dt, J = 7.75, 3.92 Hz, Hpy.4),
8.32 (4H, dd, J = 7.34, 5.70 Hz, Hpy.3,py.5). 8¢ (CDCly) 156.37 (d,
Yep = 132.0 Hz, Cpy6); 155.36 (d, *Jcp = 18.3 Hz, Cpy.,); 137.39
(d, YJop = 9.8 Hz, Cpys); 131.68 (d, Jop = 104.5 Hz, Cpns);
132.09 (d, ¥Jcp = 9.2 Hz, Cpp.); 131.93 (d, YJcp = 3.0 Hz, Cpp.y);
128.63 (d, *Jcp = 20.0 Hz, Cpy4); 128.32 (d, ¥cp = 12.8 Hz,
Cens); 122.58 (d, YJop = 3.0 Hz, Cpys). dp (CDCLy) 21.3.
MS (MALDI-TOF) m/z 557 (M + H'], 100%), 579 (M + Na'],
40%). MS (ESI) m/z 557 (M + H'], 100%), 579 (M + Na'], 33%),
595 ([M + K'], 40%).

Synthesis of 2,9-bis(diphenylphosphinoyl)phenanthroline
(PnPPO). To a stirred mixture of sodium (0.3 g, 13 mmol) in
dry dioxane (7 mL) under argon, a solution of chlorodiphenyl-
phosphine (0.74 mL, 4 mmol) in dry dioxane (7 mL) was
added. After the addition was complete the mixture was
refluxed for an additional 2 h prior to use. Then a solution of
2,9-dichlorophenanthroline (0.5 g, 2 mmol) in 5 ml of dry
dioxane was added dropwise to the solution of sodium
diphenylphosphide at —18 °C. The mixture was stirred over-
night, and then treated with 25 ml of water followed by 150 ml
of 5% hydrogen peroxide. Once the reaction was complete
(about 30 min), the yellow precipitate of PnPPO was filtered off,
washed with water and air-dried (0.8 g, 70%). Found: C, 74.15;
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H, 4.5; N, 4.7. Calc. for C3;sH,oN,0,P,: C, 74.5; H, 4.5; N,
4.8. 8 (CDCly) 8.73 (1H, dd, J = 6.05, 3.90 Hz, Hp,,), 8.44 (1H,
dd, J = 7.93, 3.44 Hz, Hp,), 8.08 (4H, dd, J = 10.45, 8.53 Hz,
Hpp), 7.91 (1H, s, Hpy), 7.44 (2H, t, J = 7.20 Hz, Hpy), 7.23-7.30
(8H, m, Hpy). 6p (CDCl3) 22.19. 8¢ (CDCl,) 157.20 (d, Yeop =
131.58 Hz, Cpny), 146.29 (d, *Jc_p = 20.73 Hz, Cpniop), 136.29 (d,
’Jop = 8.57 Hz, Cppsa), 132.53 (d, Yo p = 109.71 Hz, Cpp),
132.13 (d, ¥Je_p = 9.12 Hz, Cppy), 131.70 (Cpns), 129.55 (Cpha),
128.38 (d, *Jc_p = 12.16 Hz, Cpps), 128.30 (d, *Jo_p = 13.27 Hz,
Cpns), 126.47 (d, *Jc_p = 21.01 Hz, Cppy).

Preparation of the complexes

General synthesis of complexes. To a solution of the ligand
(0.1 mmol) in 85 ml dry acetonitrile was added corresponding
lanthanide salt hydrate (0.1 mmol) under stirring. The solu-
tion was refluxed for 6 hours under stirring. The solution was
concentrated in a rotary evaporator while heating. The result-
ing dry substance was suspended in dry acetonitrile, filtered
on a glass filter and washed with acetonitrile. The resulting
white powder was air dried, and then kept in a dessicator
under paraffin until a constant mass was reached.

DPPOEU(NO3); (71 mg, 79%). Found: C, 44.7; H, 3.3; N, 7.2.
Cale. for Cz,H,sEuNsO;,P,-H,0: C, 44.75; H, 3.1; N, 7.7.
Uma/em ™! 3062 v(C-H), 2931, 2854, 3388 1(OH), 1143 v(P—0),
1589 y(conj. C=N), 746, 728, 692 v5(C-H), 1476 v(N=0), 1292
13(NO,), 1027 v4(NO,). 6y (acetonitrile-d;) 5.65 (1H, br.s., Hpy),
6.26 (6H, br.s., Hpy), 6.33 (2H, br.s., Hpy), 6.80 (2H, t, J =
7.34 Hz, Hpp), 9.04 (1H, br.s., Hpy), 11.13 (1H, br.s., Hpy).
d¢c (acetonitrile-d;) 167.01 (br.m., Cpy_,), 155.92 (br.s., Cpy.4),
146.12 (d, Yep = 119.69 Hz, Cpp 1), 133.53 (. Cpha), 129.12 (d,
2Jop = 9.67 Hz, Cpp), 128.26 (d, *Jcp = 12.16 Hz, Cpp,.3), 112.01
(d, Yep = 108.08 Hz, Cpys), 110.78 (S, Cpy.3), 100.91 (d, *Jep =
16.59 Hz, Cpy.;). 8p (acetonitrile-d;) 60.22. MS (MALDI-TOF)
m/z 832 ([DPPOEu(NO;),'], 100%).

DPPOGA(NO;); (71 mg, 79%). Found: C, 45.7; H, 3.2; N, 7.4.
Calc. for C;;H,¢GdN;O.,P,: C, 45.4; H, 2.9; N, 7.8. MS
(MALDI-TOF) m/z 838 ([DPPOGd(NO3),'], 100%).

DPPOEU(TFA;) (80 mg, 76%). Found: C, 45.8; H, 2.5; N, 2.6.
Calc. for C,oH,6EUFoN,OgP,: C, 45.9; H, 2.5; N, 2.7. Umax/cm™"
3061, 2927, 2855 y(C-H), 1200 v(CF;), 1144vs v(P=0), 1589vs
L(C=N), 748, 729, 721, 692 vs(C-H), 1440s v4(COO), 1707s
v,(COO). 6y (acetonitrile-d;) 9.36 (1H, br.s., Hpy.3), 8.56 (1H, br.
S., Hpy.4), 7.24 (3H, br.m., Hpy.5, Hpp.4), 6.78 (4H, br.s., Hpn.3),
5.62 (4H, br.s., Hpp.). 6c (acetonitrile-d;) 169.98 (br.m., Cpy.,),
153.97 (d, ¥Jcp = 9.18 Hz, Cpy.y), 149.64 (d, Yop = 126.2 Hz,
Cph1), 134.32 (s, Cpna), 131.84 (d, ¥cp = 10.32 Hz, Cpno),
129.34 (d, *Jcp = 12.62 Hz, Cpp.3), 116.46 (d, Jop = 108.99 Hz,
Cpy2), 108.32 (s, Cpys), 101.90 (d, *Jop = 21.80 Hz, cpys).
MS (MALDITOF) m/z 935 ([DPPOEu(TFA),"], 15%), 822
([DPPOEU(TFA)'], 20%), 747 ([DPPOEUF,'], 20%), 728
([DPPOEUF'], 100%).

PnPPOEu(NO3); (72 mg, 78%). Found C, 47.4; H, 3.1; N, 7.6.
Calc. for C3gH,cEuN;O,,P,: C, 47.1; H, 2.85; N, 7.6. Upma/cm ™
3058, 2927, 2852 u(C-H), 1564, 1554, 1540 u(conj. C=N,
C-CAr), 1172s y(P=0), 1439vs y(N=0), 1194s 1,(NO,), 1097s
vs(NO,). 6y (acetonitrile-d;) 8.63 (1H, br.s.), 8.08 (4H, br.s.),
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7.54 (3H, br.s.), 7.35 (5H, br.s.). &p (acetonitrile-d;) 48.
MS (MALDI-TOF) m/z 857 ([PnPPOEu(NO;),'], 30%), 795
([PnPPOEu(NO;)'], 100%).

PnPPOLa(NOs); (77 mg, 85%). Found C, 47.5; H, 3.0; N, 7.9.
Calc. for C3¢H,6LaN;04,P,: C, 47.75; H, 2.9; N, 7.7. §p (aceto-
nitrile-d;) 41. MS (MALDI-TOF) m/z 843 ([PnPPOLa(NOs),"],
100%).

PnPPOEr(NO;); (75 mg, 80%). Found C, 46.5; H, 2.6; N, 7.3.
Calc. for C36H,eErNsO.,P,: C, 46.3; H, 2.8; N, 7.5.
MS (MALDI-TOF) m/z 872 ([PnPPOEr(NO;),"], 100%).

PnPPOEU(TFA;)-H,0 (74 mg, 69%) Found C, 46.8; H, 2.9; N,
2.9. Cale. for CyH,cEuFgN,OgP,: C, 47.1; H, 2.45; N, 2.6.
Umax/em™ 3066, 2929, 2856 1(C-H), 1677vs 1,(COO), 1438s
v5(COO0), 1206s 1(CF3), 1141vs v(P=O0). 5 (acetonitrile-d;) 8.98
(1H, br.s., Hp,3), 8.76 (1H, br.s., Hpy5), 7.70 (1H, br.s., Hpp.4),
7.37 (2H, t, J = 7.34 Hz, Hpp.4), 6.94 (4H, br.s., Hpy3), 6.29
(4H, br.s., Hpp,). 8¢ (acetonitrile-d;) 170.09 (br.s., Cpp1op),
152.56 (d, *Jcp = 4.59 Hz, Cpp,), 146.10 (d, “Jcp = 113.58 Hz,
Cpn1), 133.53 (s, Cpna), 131.48 (d, *Jop = 11.47 Hz, Cpps,),
128.52 (d, *Jcp = 12.62 Hz, Cpp.3), 116.27 (d, Jcp = 108.99 Hz,
Cpn-z), 114.19 (s, Cpn.4a), 93.86 (d, *Jcp = 17.21 HzZ, cpn.3)-
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