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ABSTRACT: The luminescence properties of two divalent
europium complexes of the type Eu[N(SPPh2)2]2(THF)2 (1)
and Eu[N(SePPh2)2]2(THF)2 (2) were investigated. The first
complex, Eu[N(SPPh2)2]2(THF)2 (1), was found to be
isomorphous with the reported structure of complex 2 and
exhibited room temperature luminescence with thermochromic
emission upon cooling. We found the complex Eu[N-
(SePPh2)2]2(THF)2 (2) was also thermochromic but the emission
intensity was sensitive to temperature. Both room temperature and
low temperature (100 K) single crystal X-ray structural
investigation of 1 and 2 indicate geometric distortions of the
metal coordination, which may be important for understanding the thermochromic behavior of these complexes. The trivalent
europium complex Eu[N(SPPh2)2]3 (3) with the same ligand as 1 was also structurally characterized as a function of temperature
and exhibited temperature-dependent luminescence intensity, with no observable emission at room temperature but intense
luminescence at 77 K. Variable temperature Raman spectroscopy was used to determine the onset temperature of luminescence of
Eu[N(SPPh2)2]3 (3), where the 615 nm (5D0 → 7F2 transition) peak was quenched above 130 K. The UV−visible diffuse reflectance
of 3 provides evidence of an LMCT band, supporting a mechanism of thermally activated LMCT quenching of Eu(III) emitting
states. A series of ten isomorphous, trivalent lanthanide complexes of type Ln[N(SPPh2)2]3 (Ln = Eu (3) Pr (4), Nd (5), Sm (6),
Gd (7), Tb (8)) and Ln[N(SePPh2)2]3 (Ln = Pr (9), Nd (10, structure was previously reported), Sm (11), and Gd (12) for Q =
Se) were also synthesized and structurally characterized. These complexes for Ln = Pr, Nd, Sm, and Tb exhibited room temperature
luminescence. This study provides examples of temperature-dependent luminescence of both Eu2+ and Eu3+, and the use of soft-
atom donor ligands to sensitize lanthanide luminescence in a range of trivalent lanthanides, spanning near IR and visible emitters.

■ INTRODUCTION
The lanthanides are well-known for their luminescence
properties, and europium has held a central interest because
it has two oxidations states that can exhibit intense
luminescence in the visible part of the spectrum,1 and into
the NIR (for the divalent metal). One of the distinct features
of Eu(II) luminescence is the tunable energy emission peak,
because the emissive 5d states are sensitive to the ligand
environment.2 In the trivalent state, europium emission
typically exhibits red emission with intensity sensitivity to
site symmetry.3 Recently, temperature-dependent lumines-
cence has been of interest for thermo-sensing properties, with
demonstrated examples of lanthanide “molecular thermom-
eters”.4 In the case of Eu(III), complexes can undergo ligand-
to-metal-charge transfer (LMCT), which leads to thermosen-
sitive luminescence properties.5,6 The recent discovery of
luminescence thermometry in an organometallic Eu(II)
complex demonstrates that sensitive “band shift thermometry”
is accessible for divalent europium.7 Here, we have identified
three more examples of temperature-dependent luminescence

in both Eu(II) and Eu(III) systems, as well as room
temperature emission in Pr, Nd, Sm, and Tb.
Our interest in single-source precursors for lanthanide

chalcogenide nanomaterials (e.g., dithiocarbamate chelates to
form EuS,8 and diselenophosphinate complexes to form LnSe2,
Ln = lanthanide)9 led us to investigate the lanthanide
complexes of the dichalcogenoimidodiphosphinates, [N-
(QPR2)2]− (R = alkyl, aryl, Q = S, Se). This ligand system
provides the widest soft-atom donor comparison because it is
known to stabilize the full range of Q from O to Te and is able
to stabilize the divalent lanthanides Eu and Sm.10−12

Transition metal dichalcogenoimidodiphosphinates complexes
have found application as single-source precursors for chemical
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vapor deposition13,14 and nanoparticle synthesis.15−17 Re-
cently, there has also been growing interest in lanthanide and
actinide dichalcogenoimidodiphosphinate complexes as model
systems for investigating differences in covalency between 4f
and 5f elements, to enhance a fundamental understanding of
bonding in these metals.18,19 Differences in soft-donor
coordination chemistry may also be an important aid in
lanthanide and actinide separations.20

Lanthanide complexes with the oxo- version, [N(OPR2)2]−,
have previously been investigated as antenna ligands for
lanthanide luminescence,21 with the advantage of forming a
“hydrophobic shield” to enhance lanthanide luminescence.22

The ligand is not only strongly absorbing, but the shell
prevents solvent deactivation routes.23,24 Moreover, studies on
the effects of fluorination and methylation of these complexes
have observed electronic effects on the emissive properties of
lanthanides, adding considerations for the development of
advanced luminescent materials.25 Although these ligands are a
good model for investigating donor ligand electronic effects on
lanthanide luminescence, reports have been limited to the O-
containing analogs, providing an opportunity to investigate
soft-atom donor ligands for lanthanide luminescence.
Based on the emissive properties of the lanthanide

dithiocarbamates,26 and the success of the dioxo-imidodiphos-
phinates, we investigated the luminescence of the lanthanide
dichalcogenoimidodiphosphinate complexes. Interest in soft
donors for luminescent complexes in part has been driven by
the observation that the low phonon energy of the Ln−Q
bonds avoids deactivation of efficient NIR luminescence.27

Evidence that the soft donors are capable of sensitization can
be found in other ligand classes, such as the dithiophosphi-
nates.28 Examples include Sm(Q2PPh2)3(THF)2, for Q = S,
Se,27 and tetra-kis (Et4N)[Ln(S2P(CH2CH2Ph)2)4], for Ln =
Sm, Eu, and Tb.29 There are several other mixed-ligand
examples; however, there is some ambiguity confirming
sensitization given that complexes such as Ln(phen)L3 and
Ln(phen)L2(NO3) contain phenanthroline, a well-studied
antenna ligand.30 Because aromatic groups in the antenna
are thought to improve the luminescence of Ln(III)
complexes, we targeted the [N(QPR2)2]− where R = phenyl.29

In addition to divalent and trivalent europium emission, we
sought to synthesize a wider series of trivalent lanthanide
complexes utilizing the phenyl substituted dithio- and
diselenoimidodiphosphinate ligands to probe their photo-
physical properties.
Here, we report the synthesis and single-crystal structures of

three europium-based complexes, Eu[N(SPPh2)2]2(THF)2
(1), the previously reported Eu[N(SePPh2)2]2(THF)2 (2),19

and Eu[N(SPPh2)2]3 (3). Using the same sulfur and selenium
ligands, complexes were also prepared with a range of
lanthanides and single-crystal structures of the corresponding
isomorphous compounds: Ln[N(SPPh2)2]3 (Ln = Pr (4), Nd
(5), Sm (6), Gd (7), Tb (8)) and Ln[N(SePPh2)2]3 (Ln = Pr
(9), Sm (11), Gd (12)) are presented. The crystal structure of
Nd[N(SePPh2)2]3 (10) has been previously reported19 (and
related actinide complex Np[N(SePPh2)2]3);

31 here, we
investigate its photophysical properties. The divalent europium
complexes Eu[N(SPPh2)2]2(THF)2 (1) and Eu[N-
(SePPh2)2]2(THF)2 (2) both exhibit thermochromic emission,
and 1 has intense luminescence at room temperature.
Unexpectedly, compared with other bright emitters, the
trivalent europium complex (3) is not emissive at room
temperature but cooling leads to increased luminescence

intensity and its emission is visually intense at 77 K. To assess
structural changes of Eu[N(SPPh2)2]3 (3) with temperature,
we used variable-temperature single crystal X-ray diffraction,
but did not observe significant symmetry changes, just the
expected bond length contraction as the compound cooled
(see S17). Using variable-temperature Raman spectroscopy to
monitor the luminescence of complex 3, we determined the
temperature at which emission is quenched. Spectroscopic
studies of the trivalent complexes show that these ligands are
able to sensitize Ln3+ emission. These studies suggest that the
dichalcoimidodiphosphinate ligands provide a new example of
soft-atom donor ligand sensitization and, surprisingly, the
ability to form luminescent complexes for both Eu(II) and
Eu(III).

■ EXPERIMENTAL SECTION
Materials. All starting materials purchased commercially were

used as received with no further purification. Lanthanide(III)
bis(trimethylsilyl)amide salts, Ln[N(SiMe3)2]3 (where Ln = Sm and
Gd), were purchased from Sigma-Aldrich. Tris[N,N-bis-
(trimethylsilyl)amide] neodymium(III), 98% was purchased from
Fisher Scientific. Lanthanide(III) trifluoromethanesulfonate salts,
Ln(OTf)3 (where Ln = Pr and Dy; 98%), were purchased from
Alfa Aesar. Europium(III) trifluoromethanesulfonate, 98% was
purchased from Fisher Scientific, and terbium(III) trifluoromethane-
sulfonate, 98% was purchased from Sigma-Aldrich. Potassium
bis(trimethylsilyl)amide, 95% and anhydrous europium(II) iodide,
99.9% were purchased from Sigma-Aldrich. N,N-Bis(diphenyl-
phosphino)amine ≥98% was purchased from Strem Chemicals.
Elemental sulfur and selenium were purchased from Sigma-Aldrich.
Anhydrous hexanes (Sigma-Aldrich), anhydrous toluene (Sigma-
Aldrich), and anhydrous tetrahydrofuran (Sigma-Aldrich) were used
as received.

Synthetic Methods. Synthesis of Ln[N(SiMe3)2]3. The lanthanide
bis(trimethylsilyl)amide salts that could not be purchased commer-
cially (i.e., Pr, Tb, and Dy) were prepared using previously reported
methods.45 Briefly, the amide salts were obtained by refluxing
lanthanide trifluoromethanesulfonate salts with potassium bis-
(trimethylsilyl)amide in boiling toluene overnight. The resulting
solution was pumped dry in vacuo, and the resulting products
dissolved in toluene and were filtered through Celite. The resulting
solutions were pumped dry once more, and the product was used as
synthesized.

Synthesis of NH(QPPh2)2 (Q = S or Se). The ligand, NH(QPPh2)2,
was prepared using previously reported methods by reacting
NH(PPh2)2 with elemental sulfur or selenium in boiling toluene.46,47

Upon cooling, white crystals precipitated out of solution and were
isolated and dried in vacuo. The resulting products were recrystallized
in hot toluene and used as synthesized. The FTIR spectra of the
ligands are included in S6 and S7.

Synthesis of Eu[N(QPPh2)2]2(THF)2 (Q = S, Se). The divalent
complexes (1−2) were prepared via two routes as described in detail
in S1. Complex 1 was prepared directly from EuI2 and NH(SPPh2)2
in THF, while complex 2 was prepared by treating 1 equiv of
Eu[N(SiMe3)2]3 with 3 equiv of NH(SePPh2)2 in THF as previously
reported,19 and through the more direct route of using EuI2 and
NH(SePPh2)2 in THF. The synthetic details and elemental analysis
can be found in Supporting Information S1, as well as the powder
diffraction patterns (S2) and FTIR spectrum (S5).

Synthesis of Lanthanide[N(QPPh2)2]3 (Q = S, Se). The trivalent
lanthanide complexes (3−12) were prepared by modifying a
previously reported protonolysis reaction between the appropriate
lanthanide bis(trimethylsilyl)amide, Ln[N(SiMe3)2]3, and NH-
(QPPh2)2, (where Q = S or Se).1 Complete synthetic details and
elemental analysis can be found in the Supporting Information (S1),
as well as the powder diffraction patterns (S2) and FTIR spectra (S6,
S7).
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Characterization. Elemental analysis (C, H, N) was performed on
a PerkinElmer 2400 microanalyzer using acetanilide as a standard.
Powder X-ray diffraction patterns were collected to confirm purity and
check for possible polymorphs using a Rigaku Ultima IV X-ray
powder diffractometer with Cu Kα radiation at 40 kV and 30 mA and
a D/teX silicon strip detector. FTIR measurements were recorded in
the range 400−4000 cm−1, from pressed pellets in KBr on a
PerkinElmer FTIR instrument. Variable Temperature Raman spec-
troscopy was performed with a Horiba Raman microscope equipped
with 405 and 532 nm lasers and an 1800 line/mm grating and
calibrated against a diamond standard. The instrument was interfaced
with an Olympus BH2-UMA optical microscope, and a magnification
factor of 50× SLWD was used. Spectra were recorded in extended
scan mode from 200 to 3000 cm−1 and analyzed using the WiRE 2.0
software package. The temperature was controlled using a Linkam
FTIR600 temperature stage. Diffuse reflectance measurements were
collected on an Agilent Cary 5000 UV−vis−NIR spectrophotometer.
Samples were ground into powders and diluted with MgO. The
instrument was run in internal diffuse reflectance mode and
absorbance measured from 200 to 800 nm. For complex 3, diffuse
reflectance data were also collected using an OceanOptics DH-2000-
BAL light source with a fiber-optic probe.
X-ray Crystallography. Single crystals of compounds 1 (100 K),

3 (100 K) 4−9, 11−12 were mounted under mineral oil on an
MiTeGen Micromount and immediately placed in a cold nitrogen
stream at 100(2) K prior to data collection. Compounds 1 (298 K), 2
(298 K), and 3 (298 K) were placed in a nitrogen stream at 298(2) K
prior to data collection. Data for compounds 1 (100 K), 1 (298 K), 2
(298 K), 4, 5, 6, 8, and 9 were collected on a Bruker D8 Quest
equipped with a Photon100 CMOS detector and a Mo IμS source.
Data for compounds 3 (100 K), 3 (298 K), 7, 11, 12, and 13 were
collected on a Bruker APEX DUO equipped with an ApexII detector
and a Mo Kα fine-focus sealed tube source. A series of phi and omega
scans were collected (Mo Kα radiation, λ = 0.7107 Å) and integrated
with the Bruker SAINT program. Structure solutions were performed
using the SHELXTL software suite. Intensities were corrected for
Lorentz and polarization effects, and an empirical absorption
correction was applied using SADABS v2014/4. Non-hydrogen
atoms were refined with anisotropic thermal parameters, and
hydrogen atoms were included in idealized positions unless otherwise
noted. For structures 3 (100 K), 3 (298 K), 4, 5, 6, 7, 8, 9, 11, and 12,
the disordered toluene was modeled so the ring carbon (C13) is
100% occupied and the methyl (C14) is 1/6 occupied. The H atom
on C13 is 5/6 occupied, so the solvent formula comes to C7H8 as
expected. Additionally, the C13−C14 was restrained to be 1.50 (esd
0.01). In the structure of 1−100, two phenyl rings are disordered over
two orientations. The like P−C and C−C distances were restrained to
be similar. Additionally, the THF molecule is disordered over two
orientations. The like O−C and C−C distances were restrained to be
similar. The O1/O1B and C19/C19B atom pairs were constrained to
have equal x, y, z positions and equal anisotropic displacement
parameters. Similar displacement amplitudes were imposed on
disordered sites overlapping by less than the sum of van der Waals
radii. In the structure of 1 (298 K), two phenyl rings are disordered
over two orientations. The like P−C and C−C distances were
restrained to be similar. Additionally, the THF molecule is disordered
over two orientations. The like O−C and C−C distances were
restrained to be similar. The O1/O1B, C13/C13B, and C19/C19B
atom pairs were constrained to have equal x, y, z positions and equal
anisotropic displacement parameters. Similar displacement amplitudes
were imposed on disordered sites overlapping by less than the sum of
van der Waals radii. Complete crystallographic details for each
complex are provided in the Supporting Information.
Photophysical Characterization for Complexes 1−4, 7−9, and

12. Excitation and emission spectra were collected using a Horiba PTI
QM-400 spectrofluorometer equipped with a Xe light source. Solid
samples of measured complexes were ground and pressed between
two quartz microscope slides for collection, except for complexes 1−
3, 7, and 12, which were placed in NMR tubes for room temperature
and low temperature collections. Low temperature excitation and

emission spectra were collected by immersing the sample in liquid
nitrogen at 77 K using a Cold Finger Dewar K-158 attachment. When
necessary, a 400 nm long pass filter was used to avoid harmonic peaks
from the excitation source and slit widths for all measurements ranged
from 3 to 5 nm. All emission and excitation spectra were corrected.
Lifetime measurements were collected with a lamp frequency of 100
Hz. Results were plotted in OriginPro 8.5 and fit with exponential
decay curves, generating decay functions and fitting parameters for
each sample. These can be found in the Supporting Information (S9−
S12). Triplet states for the ligands were determined by using a frozen
glass matrix of a solution consisting of Gd[N(SiMe3)2]3 and the
corresponding ligand dissolved in THF. Time-resolved emission
spectra were collected with 5 nm spectral widths using a 1000−2000
μs collection window after excitation to remove residual fluorescence,
leaving only phosphorescence from the ligands. Triplet state energies
were then determined from the onset of emission, for the gadolinium
complexes (7, 12), and these data can be found in the Supporting
Information (S8).

Photophysical Characterization for Complexes 5−6 and 10−11.
Solid-state samples were used to obtain the emission and excitation
spectra. The photoluminescence data were obtained on an Edinburgh
FS5 spectrofluorometer, with an excitation monochromator with 1200
grooves/mm and gratings blazed at 330 nm and an emission
monochromator with 1200 grooves/mm and gratings blazed at 500
nm. An ozone-free 150 W xenon lamp (Ushio) was used as a radiation
source. The excitation spectra, corrected for instrumental function,
were measured between 250 and 500 nm. The emission spectra were
measured in the range 500−750 nm using a Hamamatsu 928P
detector. All emission spectra were corrected for instrumental
function. The emission decay curves were obtained using a TCSPC
system and a Xe pulsed lamp as an excitation source. The NIR
photoluminescence data for complexes 5 and 10 were obtained on a
Fluorolog-3 spectrofluorometer (Horiba FL3−22-iHR550), with an
excitation monochromator with 1200 grooves/mm and gratings
blazed at 330 nm and an emission monochromator with 1200
grooves/mm and gratings blazed at 500 nm. An ozone-free 450 W
xenon lamp (Ushio) was used as a radiation source. The excitation
spectra, corrected for instrumental function, were measured between
250 and 600 nm. The emission spectra were measured in the range
800−1425 nm using a Hamamatsu 5509-73 detector cooled with
liquid N2. All emission spectra were corrected for instrumental
function.

■ RESULTS AND DISCUSSION
Synthesis. The divalent europium complexes, Eu[N-

(SPPh2)2]2(THF)2 (1) and Eu[N(SePPh2)2]2(THF)2 (2),
were prepared using a similar route as reported for the
samarium complexes Sm[N(QPPh2)2]2(THF)2 for Q = S,
Se,32 by reacting a divalent lanthanide halide (e.g., EuI2) with
the ligand. Interestingly, the divalent europium analog,
Eu[N(SePPh2)2]2(THF)2 (2), forms when attempting to
prepare the trivalent complex from 3 equiv of NH(SePPh2)2
with Eu[N(SiMe3)2]3.

19 The unsuccessful synthesis of the
complex with Eu(III) and the selenium ligand is due to the
favored ligand reduction chemistry forming Eu(II) at room
temperature, unlike the sulfur version.19 This is consistent with
calculations of electronic populations of similar complexes such
as La[N(QPiPr2)2]3 for Q = O, S, Se, and Te, which indicate a
decrease in the lanthanum charge from oxygen to tellurium.
This is also supported by the ability to form Eu3+[N-
(QPPh2)2]3 for Q = O and S, but Q = Se leads to the
divalent europium complex (there are no reports of the Te
complex).33 The ligand reduction chemistry is one of the
methods for preparing divalent europium complexes,34 and in
nanoparticle synthesis of EuS, the dithiocarbamate ligand has
been found to reduce Eu(III) to Eu(II), however at much
higher temperatures.35 The reducing ability of the selenium
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ligand is promising for the synthesis of divalent europium
monoselenide nanoparticles.
The trivalent lanthanide complexes reported here were all

prepared by reacting the highly soluble trimethylsilylamide salt
of the lanthanide (Ln[N(SiMe3)2]3) in toluene with NH-
(SPPh2)2 or NH(SePPh2)2 in THF (tetrahydrofuran).
Successful deprotonation of the ligand leads to complex
formation and crystallization of Ln[N(QPPh2)2]3 upon
layering of the two reactant solutions. This route proved
successful at growing X-ray quality crystals, so we did not
optimize the synthesis further. The solubility of the complexes
was quite low in most organic solvents, and the more soluble
complexes decolorized over time, so the spectroscopic studies
here were of solid-state crystals. By contrast, the previously
reported oxygen analogs form complexes, Ln[N-
(OPPh2)2]3(EtOH) (thus 7-coordinate), for Ln = Tb, Eu,
Dy, Gd, and Er, and exhibited high solubility and solution
stability in a range of solvents.36 It is worth noting that the
selenium complex with the smallest lanthanide reported here,
Tb[N(SePPh2)2]3, did not crystallize and drying the solution
in vacuo led to ligand crystallization.
Structural Description. The single crystal structure for

three divalent lanthanide complexes with the dichalcogeno-
imidodiphosphinate ligands have recently been reported,
including Eu[N(SePPh2)2]2(THF)2 (2),19 as well as Sm[N-
(QPPh2)2]2(THF)2) Q = S, Se.32 Here we report the bis
europium complex, Eu[N(SPPh2)2]2(THF)2 (1), in which the
ligands are bidentate as observed for complex 2. As shown in
Figure 1, even with two solvent molecules in the coordination

sphere, the coordination number 6 is low for a lanthanide.
There are examples of low coordinate divalent lanthanides
including planar 4-coordinate Yb(II) and Sm(II); however,
these are typically for sterically bulky ligands.37,38 Interestingly,
in both complex 1 and 2, nonequivalent Eu−Q bond lengths
are present, showing the flexibility of these ligands when bound
in a bidentate fashion. In complex 1, Eu−S bond lengths of
2.91 and 2.94 Å are observed, while Eu−Se bond lengths of
3.08 and 3.11 Å are present. As discussed later, coordination of
these ligands in a tridentate-fashion results in equivalent Ln−Q
bond lengths for the trivalent lanthanides, including Eu.

Several trivalent lanthanide complexes with the dichalco-
genoimidodiphosphinate ligand have also been reported. The
single crystal structures were reported for both sulfur and
selenium analogs with the largest lanthanides: Ln[N-
(QPPh2)2]3 for Ln = La and Ce (Q = S, Se),39 as well as
the selenium analog for Nd[N(SePPh2)2]3 (10).

19 The
structures determined here include Ln[N(SPPh2)2]3, for Ln
= Eu (3), Pr (4), Nd (5), Sm (6), Gd (7), Tb (8), and
Ln[N(SePPh2)2]3, for Ln = Pr (9), Sm (11), and Gd (12).
These complexes, shown in Figure 2, are homoleptic and

isomorphous to those reported previously. The compounds
crystallize in R3̅c, with the metal center exhibiting D3
symmetry. The central lanthanide in these complexes is nine-
coordinate due to the tridentate nature of the ligand (bonding
through the chalcogen and the central nitrogen).
One benefit of having an isomorphous series is the

comparison of lanthanide−nitrogen and lanthanide−chalcogen
bond lengths across the series. The tris complexes have
tridentate N(QPPh2)2− where the Ln−N bond distances
2.65−2.55 Å are shorter for Q = S, than Q = Se (see
Supporting Information S19). When comparing Ln−Q bond
distances, evidence of the lanthanide contraction is observed,
with the Ln−S bond lengths ranging between 3.02 and 2.92 Å,
and longer Ln−Se bond lengths ranging from 3.12 to 3.04 Å.
Interestingly, the gradual and consistent decrease in Ln−S
bond lengths deviates for Eu, which has a longer bond length
than expected (see S19). In fact, the Eu−S bond length in
complex 3 (2.95 Å) is similar to those observed in the divalent
complex 1 (2.91 and 2.94 Å). This highlights the electron
donating ability of these soft chalcogen-containing ligands and
the lower reduction potential for europium. Previous
theoretical work on Eu complexes with these ligands found
that europium can exhibit ‘Eu2+-like behavior’,33 predicting a

Figure 1. Structure of Eu[N(SPPh2)2]2(THF)2 (1) which is
isomorphous with Eu[N(SePPh2)2]2(THF)2 (2). The Eu is shown
in green, C in gray, O in red, P in purple, N in blue, and Se in orange.

Figure 2. Representative structure of Ln[N(SPPh2)2]3 (Ln = Eu (3),
Pr (4), Nd, (5) Sm (6), Gd (7), Tb (8)) and Ln[N(SePPh2)2]3 (Ln
= Pr (9), Nd (10, previously reported), Sm (11), Gd (12) Q = Se).
The Ln is shown in green, C in gray, P in purple, N in blue, and S or
Se in orange.
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long Eu−S bond length. Our experimentally determined Eu−S
bond length (2.95 Å) supports this.
What is interesting is not only the constant denticity across

the Ln[N(QPPh2)2]3 series of complexes for both Q = sulfur
and selenium but also the symmetry around the metal, and the
space group remained unchanged. This is distinctly different
from the Ln[N(OPPh2)2]3 complexes, in which there are
examples (such as Tb, Eu) where there is more than one
molecule per unit cell with different symmetries around the
metal,21 or other examples (such as Nd) in which several
polymorphs can form.19 To confirm that the single crystals are
representative of the bulk product, we have included the
powder diffraction pattern of all complexes in the Supporting
Information (S2, S3) and compared them to the calculated
powder patterns from the cif of the single crystal structures.
The bonding geometry and ligand covalency are important

parameters with effects on the optical properties of lanthanide
complexes. Symmetry, even subtle shifts around the metal, can
alter the luminescence.40 One of the interesting features of the
dichalcogenoimidodiphosphinate is the variable denticity of
the N(QPR2)2− (Q = O, S, Se, Te) ligand; it can be bidentate
κ2 (Q, Q) or tridentate κ3 (QNQ, i.e., through donation from
the nitrogen). The denticity appears to be determined in the
balance of several factors: the metal, the donor chalcogen (Q),
and the R group on phosphorus. Compared to the smaller
transition metal complexes which all have bidentate coordina-
tion, we see tridentate coordination of N(QPPh2)2− (Q = S,
Se) for the trivalent lanthanides, suggesting that metal radii
might be important. However, ionic radii are not determi-
native, as the divalent lanthanides which have larger ionic radii
than the trivalent lanthanides form bidentate complexes for
Ln[N(SPPh2)2]2(THF)2 (Ln = Eu and Sm) and Eu[N-
(SePPh2)2]2(THF)2). Interestingly, the selenium analog for
Sm(II), Sm[N(SePPh2)2]2(THF)2, is split, with one bidentate
ligand and one tridentate suggesting these are very close in
stability. The identity of Q may also be important, as in the
trivalent lanthanides in Ln[N(OPPh2)2]3, where the donor

atom (Q) is oxygen, the ligand is bidentate,25 unlike S, and Se
with the same metal. The final factor determining denticity, the
nature of the R group, is also important. For example, in the
lanthanum complex, La[N(QPR2)2]3 for all Q = S, Se and R =
phenyl, the ligand is bidentate, whereas, for R = iPr, the ligand
is tridentate.39 This has been ascribed to a steric effect, due to
the increased bulk of the iPr compared to phenyl rings. The
tellurium analog has some ambiguity, as the ligand with R = Ph
is difficult to synthesize, and most metal complexes have been
prepared with the R = iPr which is more electron donating,
stabilizing the P�Te bond.41

Vibrational Spectroscopy. FTIR was utilized to confirm
successful complex formation by changes to the spectra upon
deprotonation and coordination to the metal. Spectra collected
for the free ligand and compared to the complexes are shown
in the Supporting Information (S5−S7). The free N(SPPh2)2−

ligand showed a δ(N−H) bending mode around 1326 cm−1

that is absent in the spectra of the trivalent complexes,
confirming successful deprotonation of the ligand backbone.
The same deprotonation is observed for the Se-analogs, as the
δ(N−H) bend around 1323 cm−1 in the free N(SePPh2)2−

ligand is absent in the complexes. We also observe strong
vibrations located at ∼595 cm−1 for complexes 3−8, and ∼593
cm−1 for complexes 9−12, that we attribute to the ν(P−Q)
vibrations, based on previously reported assignments for
isomorphous complexes.42 Additionally, the ν(P−N−P)
vibration located around 785 cm−1 in the N(SPPh2)2− and
765 cm−1 in the N(SePPh2)2− free ligands is absent when the
ligand complexes the metal in a tridentate fashion. Interest-
ingly, in the divalent complexes this vibration shifts in energy
(783 cm−1 in complex 1 and 770 cm−1 in complex 2),
consistent with the bidentate coordination mode of the ligand.

Room Temperature and Thermochromic Lumines-
cence of Eu[N(SPPh2)2]2(THF)2 (1). The luminescence in
Eu(II) differs from Eu(III) because the low lying 5d states lead
to strong 5d → 4f emission. Because of the sensitivity of the 5d
orbitals to the ligand donors, this emission is very sensitive to

Figure 3. Normalized RT and 77 K excitation and emission spectra of (a) Eu[N(SPPh2)2]2(THF)2 (1) and (b) Eu[N(SePPh2)2]2(THF)2 (2).
Inset shows relative emission intensities of complexes 1 and 2 at rt and 77 K. Complex 1 exhibits strong luminescence at RT and 77 K, while
complex 2 only exhibits significant emission intensity at 77 K.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.2c02260
Inorg. Chem. 2022, 61, 15547−15557

15551

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02260/suppl_file/ic2c02260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02260/suppl_file/ic2c02260_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.2c02260/suppl_file/ic2c02260_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02260?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02260?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02260?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.2c02260?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.2c02260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the environment and, thus, highly tunable.43 We also observe
that both divalent europium complexes (Eu[N-
(QPPh2)2]2(THF)2 Q = S, Se) exhibit a strong thermochromic
shift (as shown in Figure 3). The first thermally sensitive
luminescent Eu(II) complex was reported recently for
[Cp*Eu(μ-BH4)(THF)2]2, with luminescence that shifted
over a broad temperature range (60−320 K).7 With increasing
temperature, the emission wavelength blue-shifted from 19 501
to 20 769 cm−1 (difference of 1268 cm−1). The blue shift was
explained by considering the changes in metal−ligand bonds
which increase with temperature leading to smaller ligand field
effects at high temperatures (smaller splitting leads to a larger
4f to 5d energy gap), as illustrated in Figure 4a. The metal−

ligand covalency tends to increase with increasing polarizability
of the ligand, so it is not surprising that the room temperature
emission of these complexes, Eu[N(QPPh2)2]2(THF)2 (617
nm for Q = S, and 662 nm for Q = Se), is much lower in
energy than [Cp*Eu(μ-BH4)(THF)2]2 (483 nm). Here, the
sulfur analog, Eu[N(SPPh2)2]2(THF)2, exhibits a blue shift
from 644 nm at 77 K to 617 nm at room temperature (or
15 528 cm−1 to 16 207 cm−1, ΔE = 679 cm−1). The
thermochromic properties for the divalent complex are thought
to be due to structural changes with temperature because of
the known sensitivity of Eu(II) to geometry, ligand donation,
and polarizability. A comparison of high (298 K) and low (100
K) temperature structures determined via single crystal X-ray
diffraction, as illustrated in Figure 5, confirm shifts in the bond
lengths as well as distortions in the coordination octahedron as
the temperature is decreased. Although the site symmetry of
the metal is unchanged and the changes in bond length are not
large (∼0.05 Å), the effect is notable because the ligands are
aligned toward the d orbitals.

Thermochromic Luminescence of Eu[N(SePPh2)2]2-
(THF)2 (2). Europium is differentiated from the rest of the
lanthanides because of the far lower EuIII/II redox potential
(−0.35 V) and stability of the divalent metal particularly in the
presence of the soft chalcogen donor. The inability to stabilize
the trivalent Eu[N(SePPh2)2]3 compound, and formation of
divalent Eu[N(SePPh2)2]2(THF)2, is consistent with the
ability of the ligand to reduce europium, and a matching of
the soft Eu(II) with a soft Se donor, in the Hard−Soft-Acid−
Base (HSAB) sense. Interestingly, this complex also exhibits
temperature-dependent luminescence (Figure 3b). Similar to
complex 1, significant blue-shifting of the emission peak was
observed in complex 2 with increased temperature. The room
temperature emission of 2, Eu[N(SePPh2)2]2(THF)2, at 692
nm (14451 cm−1) is even lower in energy than the emission of
1, Eu[N(SPPh2)2]2(THF)2, due to the softer nature of Se
compared with S. Moreover, unlike complex 1, which exhibited
intense luminescence at RT and 77 K, complex 2 exhibits very
weak luminescence at RT (inset to Figure 3). Upon cooling to
77 K, emission was observed at 662 nm (the shift in energy
was 655 cm−1, similar in magnitude to the sulfur analog). As
described for the sulfur analog, the variable-temperature single
crystal X-ray diffraction indicates strong distortions of the
coordination polyhedron and changes in bond length with
temperature.

Temperature Dependent Luminescence and Ther-
mochromism in Eu[N(SPPh2)2]3 (3). Trivalent europium
complexes typically exhibit a maximum quantum yield when
the triplet state of the ligand is between the 5D2 and 5D1 levels
of Eu(III), in the range 21 500−22 500 cm−1.44 To estimate
the triplet energy levels, we used the common method of
comparing the analogous chelates of a nonemitting lanthanide,
Gd3+. As shown in the Supporting Information (S8), the
phosphorescence spectra of the Gd[N(SPPh2)2]3 complex
correspond to a 3T energy of 22 730 cm−1 (440 nm), while the
selenium analog, Gd[N(SePPh2)2]3, corresponds to a 3T
energy of 21 740 cm−1 (460 nm). The dithio-imidodiphosphi-
nate ligand ([N(SPPh2)2]) has a triplet energy only slightly

Figure 4. Generalized energy level diagrams for (a) complexes 1 and
2, (b) complex 3. In (a), ligand field splitting effects due to differences
in metal−ligand bond lengths as a function of temperature result in
variation of the Eu2+ excited state energy, thus tuning the emission
color with temperature. In (b), the LMCT band rests in a location
that either overlaps or is very close to the S1, T1, and 5D0 excited state
of Eu3+ suggesting several nonradiative deactivation pathways to
quench Eu3+ emission.

Figure 5. Distortion of Eu(II) coordination environment in
Eu[N(SPPh2)2]2(THF)2 (1) and Eu[N(SePPh2)2]2(THF)2 (2) as a
function of temperature. Bond lengths are shown in white for (a) 1 at
298 K, (b) 1 at 100 K, (c) 2 at 298 K, and (d) 2 at 100 K.19
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lower in energy from that of the dithiocarbamate ligand,
23 095 cm−1. Thus, one would expect emission from both the
tris thio- and seleno-imidodiphophinate (which we were
unable to prepare). However, the trivalent europium complex,
Eu[N(SPPh2)2]3, is not luminescent at room temperature;
rather, the emission is intense at 77 K, as shown in Figure 6.
One possibility for the quenching effect is photoinduced
electron transfer,45 which would not be surprising given the
reduction of europium in the presence of the selenium analog.

We believe the temperature dependence can be ascribed to
the presence of ligand-to-metal charge transfer (LMCT)
quenching.6 The europium dithiocarbamate complexes also
exhibit LMCT quenching of the emission at room temper-
ature,46 and many other chelates have been reported to display
this mechanism.6 The trivalent complex Eu[N(SPPh2)2]3, (3),
as can be seen in Figure 6, has broad excitation bands at 77 K
that are not apparent at room temperature and suggest, as
observed for the europium dithiocarbamate, that the
population of the 4f states is quenched at room temperature
by the LMCT states. The efficient ligand-to-metal charge
transfer process is supported by the broad ligand-centered
absorption band in the UV−visible diffuse reflectance spectra
(Figure 7), centered at 408 nm. We calculate the LMCT
energy from the onset rise absorption at the low energy side of
the peak (17 543 cm−1), which is lower than that reported for
the Eu(S2CNR2)3phen (R = Et = 19 080 cm−1 and R = Ph =
19 960 cm−1).46 As shown in the energy level diagram in
Figure 4b, the LMCT band falls very close to the emissive
excited states of Eu(III) and overlaps with the triplet state of
the ligand. This suggests various energy transfer processes (i.e.,
depopulation of S1 to LMCT, back-energy transfer from T to
LMCT, and back-energy transfer from Eu(III) to LMCT) that
can depopulate the europium excited states, quenching
luminescence. Although the LMCT transition probability
depends on the coordination geometry, the mixing of the 4f
and p-orbitals is also very sensitive to M−L distance. The low
temperature luminescence has a higher intensity band for the
5D0 → 7F2 transition than the 5D0 → 7F1, indicating low
symmetry around the Eu(III) at these temperatures.47 The
lifetime measurements of complex 3 indicate short lifetimes,

∼385 μs at 77K (shown in S12), further supporting the strong
quenching of Eu(III) emitting states by the LMCT state. The
lifetimes of the europium dithiocarbamate complexes were also
lower than expected (<50 μs).46
The sensitivity of Eu(III) to LMCT quenching increases its

interest as a luminescent molecular thermometer.48 However,
because the mechanism of thermal quenching increases with
temperature, the emission of Eu(III) complexes typically
becomes less intense as the temperature is increased to room
temperature. This can be modified by identifying highly
absorbing ligands with carefully tuned HOMO/LUMO
energies, as reported by Hasegawa in Eu(hfa)3(DPCO)2 (hfa
= hexaluforoacetylacetonate, and DPCO = diphenyl-
phosphorylchrysene) which is quite intense at room temper-
ature and quenches at 500 K.48 Temperature-dependent
Raman allowed us to monitor the emission of the Eu[N-
(SPPh2)2]3 complex from 373 K down to 83 K (Figure 8).
Based on the intensity of the 5D0−7F2 transition as a function
of temperature, the onset for quenching appears to be just
above 130 K, so the emission range for this complex is limited
to low temperatures. A comparison to the Gd analog (7)
confirmed that the peaks were luminescence and not vibrations
(S13).
Interestingly, we observed reversible orange (RT) to yellow

(77 K) thermochromism of the Eu[N(SPPh2)2]3 complex (3)
(in S14 and S15). When heating above room temperature the
color continues to shift to red. UV−visible diffuse reflectance
measurements of the complex show a shift in the band edge as
a function of temperature (S14). Several examples of
thermochromic behavior have been observed in complexes
with LMCT bands such as uranyl isothiocyanates, which
exhibit similar red to yellow thermochromism.49 In those
systems, an interplay between the ratio of intra- to
intermolecular charge transfer processes is important for
understanding their thermochromic behaviors. In complex 3,
variable temperature single-crystal X-ray diffraction studies
revealed a slight contraction in Eu−N bond lengths (shown in
S16 and S17) with decreased temperature, as well as a
contraction of the unit cell along the a- and c-axes. Analysis of

Figure 6. Excitation and emission spectra of Eu[N(SPPh2)2]3 (3) at
RT and 77 K.

Figure 7. Normalized UV-vis absorbance spectra of Eu[N(SPPh2)2]3
(3) and Gd[N(SPPh2)2]3 (7) from 200 to 800 nm. Inset shows
subtraction of the two spectra to determine LMCT energies.
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the crystal structures in PLATON revealed no significant
intermolecular interactions in both the 298 and 100 K
structures, so we believe that the thermochromism exhibited
in this complex is more intramolecular in nature (i.e., sensitive
to the Eu−N bond distance). Further theoretical calculations
are needed, however, to further investigate the mechanisms
behind the thermochromism in this complex.
Luminescence of Ln[S(QPPh2)2]3 Ln = Pr (4), Nd (5),

Sm (6), Tb (8) and Ln[Se(QPPh2)2]3 Ln = Pr (9), Nd (10),
Sm (11). Room temperature luminescence was observed for
the lanthanides, Pr, Nd, Sm, and Tb, as shown in Figure 9. The
emissive properties of the lanthanides are often defined by two
important processes, the absorption leading to population of
the excited state and the extent to which nonradiative decay
paths are deactivated.1 Although direct excitation is possible,
the oscillator strength of the f−f transitions is weak, leaving
indirect excitation through the ligand as the most common
method for excitation of lanthanides, which is referred to as the
antenna effect. The first step of the antenna effect involves
absorption of light by the ligand, leading to excitation of an
excited singlet state, which is followed by intersystem crossing
to a triplet state, and then intramolecular energy transfer to
populate the emissive lanthanide ion level. One of the relevant
questions is whether the dichalcogenoimidodiphosphinate
ligand can sensitize lanthanides, and based on the excitation
spectra of the complexes reported here, it is clearly possible.
The excitation and emission spectra for the sulfur and

selenium analogs for Ln = Pr, Nd, Sm, and sulfur analog for Tb
(the selenium complex did not crystallize) are shown in Figure
9. The emission intensities are quite similar for the sulfur and
selenium analogs for each of these metals, suggesting little
change in symmetry when S is replaced by Se. Because the
energy gap between the lowest ligand triplet state is critical for
effective transfer to the Ln(III) emitting level,44 determining
this energy is important. Given that the sulfur analog had a 3T
energy of 22 730 cm−1 and the selenium analog, 21 740 cm−1,

absent any nonradiative processes such as vibration-induced
deactivation,1 the triplet energies are appropriately positioned
to undergo the energy transfer to the lanthanide 4f emissive
states, as described for each metal.
Praseodymium is an interesting metal because it emits in

both the visible and NIR regions of the spectrum (its emissive
states are 1I6 (21 000 cm−1), 3P1 (20 800 cm−1), 3P0 (20 050
cm−1), and 1D2 (16 500 cm−1)) and as a result can experience
internal quenching. Thus, emission is primarily from 3P0 and
1D2,

50 and we observe only emission from the 3P0, consistent
with the proximity to the ligand triplet states. We do not see
any evidence of NIR emission (two potential transitions 1G4 →
3H5 at 1330 nm and 1D2→ 1G4 at 1490 nm).51 However, for
neodymium we do observe strong emission in the NIR as
expected for emission from the excited state 4F3/2 (11 698
cm−1). The excitation spectra of the Nd complexes are
composed of broad ligand bands and narrow Nd(III) f−f
intraconfigurational transitions ((4D3/2, 5/2 + 2I11/2) → 4I9/2,
∼350 nm; (4G7/2, 9/2 + 2K13/2) → 4I9/2, ∼525 nm; and 4G5/2,
7/2 → 4I9/2, ∼580 nm) indicating that the direct excitation of
the metal is competitive with the antenna effect. Upon
excitation at the ligand bands (280 nm for complex 5 and 375
nm for complex 10), the expected Nd(III)-centered 4F3/2 → 4IJ
(J = 9/2, 11/2, and 13/2) transitions are present in the
emission spectra and the 4F3/2 → 4I11/2 transition is the most
intense one.
Samarium has three emissive excited states, 4G7/2 (20 050

cm−1), 4F3/2 (18 700 cm−1), and 4G5/2 (∼17 700 cm−1), and
we only observe emission from the lowest energy excited state
accessible by both ligands. Lifetime measurements of the
samarium complexes (S9 and S10) show emission lifetimes
that are comparable to similar soft-atom donor ligand systems
such as the dithiocarbamates. Sm[N(SPPh2)2]3 (6) exhibited a
lifetime of 95.03 ± 0.35 μs, while the Se-analog (11) showed a
lifetime of 50.39 ± 0.14 μs, both longer than that reported for

Figure 8. Variable temperature Raman spectra of Eu[N(SPPh2)2]3 (3) showing Eu3+ luminescence growing in as temperature decreases. Inset
shows a linear fit of peak intensity at 615.5 nm as a function of temperature, showing an onset luminescence temperature of ∼130 K.
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Sm(S2CNEt2)3phen (20.0 ± 0.1 μs).26 Unfortunately, for
terbium, we were only able to crystallize Tb[N(SPPh2)2]3 (8),
and emission was observed from the 5D4 level (∼20 500 cm−1).
Complex 8 showed emission lifetimes of ∼1018 μs (S11).

■ CONCLUSION
The dichalcoimidodiphosphinate complexes provide a new
example of lanthanide luminescence sensitization utilizing S-
and Se-based ligands. The emission of the europium complexes
was quite different for both trivalent and divalent complexes.
The divalent complexes Eu[N(SPPh2)2]2(THF)2 (1) and
Eu[N(SePPh2)2]2(THF)2 (2) highlight the significance of
coordination environment distortions on the luminescent
properties. The trivalent Eu[N(SPPh2)2]3 (3) exhibits temper-
ature-dependent luminescence which we ascribe to LMCT
quenching at room temperature. In terms of tuning the
emission spectra, we believe that the flexibility of the
dichalcogenoimidodiphosphinate ligand offers a significant
opportunity to investigate europium luminescence thermom-
etry. It is a model system for determining the effects of
symmetry (via tuning the denticity of the ligand), ligand donor
ability (via electron donating or withdrawing nature of the R
groups), and potentially the apical solvent molecules on Eu(II)
luminescence.52 The wide variability and functionality

provided by this class of ligands allow for an easily tunable
systems for europium luminescent thermometry.
Further experimental and theoretical studies utilizing

structurally modified dichalcogenoimidodiphosphinate ligands
are planned to help elucidate structure−property relationships
on the thermochromic and temperature-sensitive luminescent
behaviors of these complexes. In addition, studies using these
complexes as single source precursors to nanomaterials is
under investigation.
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