Downloaded via UPPSALA UNIV on June 9, 2020 at 18:05:19 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

A Family of Highly Emissive Lanthanide Complexes Constructed
with 6-(Diphenylphosphoryl)picolinate

Chen Wei, Boxun Sun, Zifeng Zhao, Zelun Caj, Jiajia Liu, Yu Tan, Huibo Wei,* Zhiwei Liu,

Zugiang Bian,* and Chunhui Huang

Cite This: https://dx.doi.org/10.1021/acs.inorgchem.0c00444

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: We report a novel family of lanthanide complexes Ln(DPPOP),
(Ln = Pr, Nd, Sm, Eu, Tb, Dy, Er, and Yb) employing anionic tridentate
(O"N"0) ligand 6-(diphenylphosphoryl)picolinate (DPPOP). Crystal structures
of the complexes reveal that each lanthanide ion is nine-coordinated by three
tridentate ligands. In the crystals, 1D channels are found, which can absorb and
eliminate water reversibly. DPPOP possesses high triplet energy and can sensitize
a series of lanthanide ions. An energy transfer mechanism is proposed through the
higher excited states of the lanthanide ions. In the solid state, remarkably high
quantum yields in the visible range are obtained: 81% for Eu(Ill), 97% for

Tb(III), 13% for Dy(III), and 4% for Sm(III) complex.

Bl INTRODUCTION

Trivalent lanthanide complexes have been utilized as light-
emitting materials in a variety of fields, such as bioimaging,1
sensing,2 organic light-emitting diodes,® and light conversion
for solar cells,* due to their unique characters including narrow
emission peaks, long luminescence lifetimes, and large Stokes
shifts.

To obtain efficient luminescence from lanthanide complexes,
the ligands play quite an important role because they not only
serve as “antennae” to absorb and transfer energy but also
protect the central ions from quenching by the environment.
To design an ideal ligand, the following basic issues should be
considered: (1) The donor energy level (usually triplet state)
of the ligand ensures efficient energy transfer to the lanthanide
ion.> (2) Quenching pathways including low-lying ligand to
metal charge transfer (LMCT) states and vibrations of O—H
and N—H groups in the ligand are avoided.® (3) Good
coordinating stability and a large steric hindrance are present
to prohibit the binding of water and other small solvent
molecules in the first or second coordination sphere, which
bring serious vibrational quenching.

With these considerations, researchers have developed
various ligands to coordinate lanthanide ions, especially the
Eu(1II) and Tb(III) ions. The most common ligands include
anionic ones such as S-diketonates’ and aromatic carboxyl
derivatives® and neutral ones such as phenanthridine’ and
phenyl phosphine oxide derivatives.'” The central ions can be
coordinated with identical ligands11 or mixed Iigands.12 Among
the homoleptic complexes, four bidentate or three tridentate
ligands form 4:1 or 3:1 chelates with coordination numbers of
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8 and 9, respectively, filling most of the first coordination
sphere and thus avoiding severe quenching from coordinating
water or other solvent molecules. Tridentate ligands such as
pybox,"® pyridine-2,6-dicarboxylate,'* and bipyridine carbox-
ylate'> were reported to construct Eu(III) and/or Tb(III)
complexes with quantum yields ranging from 20 to 85%. In
general, a “hard” oxygen coordination site bonds more tightly
with lanthanide (III) ion than nitrogen,'® but the fewer choices
of stable oxygen coordination sites (usually oxyacid root) limit
this advantage. Meanwhile, tridentate ligands with (N"N"O)
or (N"N”N) sites are not stable enough and tend to dissociate
in dilute solutions. Some of them cannot even bind the
lanthanide ion with all their coordinate sites as expected.'®"”
Furthermore, it is not easy to prepare a ligand that can
universally and efficiently sensitize Eu(III), Tb(III), Dy(III),
and Sm(III) or even more lanthanide ions because of their
different energy levels and varied reduction potentials.”*"®

In our previous communication,'” we integrated a hydro-
phobic oxygen-containing functional group diphenylphosphor-
yl (DPPO) to four bidentate ligands and constructed a series
of tridentate ligands. Their europium(IIl) complexes show
excellent luminescent properties with photoluminescent
quantum yields (PLQYs) all over 80%. Among these, 6-
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Scheme 1. Synthesis Routes of the Ligand and Complexes
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(diphenylphosphoryl)picolinate (DPPOP), which contains a
carboxylate O site, a pyridine N site, and a sterically crowded
diphenylphosphoryl oxygen site, possesses the highest triplet
energy level of 27780 cm™' and shows the potential to
sensitize a series of lanthanide ions. In this work, Pr(III),
Nd(I11), Sm(III), Tb(III), Dy(IlI), Er(IlI), and Yb(III)
complexes employing DPPOP were prepared, yielding neutral
molecules with relatively large coordination spheres. On the
basis of the photophysical properties of the complexes, the
energy transfer mechanism from DPPOP to the higher energy
levels of lanthanide ions is proposed and verified.

Bl RESULTS AND DISCUSSION

Synthesis and Structures. The ligand was synthesized by
a previously used modified nickel-catalyzed C—P cross-
coupling method™® (Scheme 1). As the ligand is anionic and
tridentate, the complexes were prepared in the stoichiometric
ratio of 3:1 between the ligands and the lanthanide salts
(LnCl;+6H,0 for Pr, Nd, Sm, Eu, Tb, Dy, and Er and
Ln(CF;S0;); for Yb). The products were obtained as crystals
from methanol solutions and identified by ESI-MS, elemental
analysis, and X-ray crystallography.

The single-crystal structure of Th(III) complex is shown in
Figure 1. Similar coordination environment can be observed
for Pr(III), Nd(III), Sm(IIT), Eu(III), Dy(III), Ex(III), and

Figure 1. (a) Perspective view of Tb(DPPOP), at the 50%
probability level. Hydrogen atoms are omitted for clarity. (b)
Intramolecular interaction of the edge to face C—H/m contact
represented in spacefill mode of Tb(DPPOP),, with the distance
between the hydrogen atom and the centroid of phenyl group being
2.774 A. Element colors: C, gray; H, white; Tb, green; N, blue; O,
red; P, orange.

Yb(III) complexes (Figure S1). The central ions are
coordinated by three tridentate (O"N"O) ligands with a
coordination number of nine. The coordination polyhedron is
categorized as distorted tricapped trigonal prism by calculating
the degree of distortion of the title complexes from all possible
nine-atom polyhedral structures”' using the continuous shape
measures method (Table $3).”* In the tricapped trigonal
prism, three carboxyl oxygen atoms and three phosphoryl
oxygen atoms form the parallel triangle faces, and the N atoms
are in the capping positions (Figure S1). The carboxyl groups
and the pyridine segment are found to be nearly in the same
plane (dihedral angle listed in Table 1), forming a rigid

Table 1. Selected Bond Lengths and Dihedral Angles of the
Lanthanide Complexes

bond lengths (&)

Ln—O Ln—O dihedral
Ln(DPPOP), (c-0) Ln—N (P=0) angles (deg)”
Pr 24483(16)  2.6899(19)  2.4668(16) 13.37
Nd 2.432(2) 2.671(2) 2453(2) 12.04
Sm 2.404(2) 2.642(2) 2.4273(19) 11.40
Eu 2.388(3) 2.631(4) 2.416(3) 9.48
Tb 2.366(2) 2.597(3) 2.395(2) 10.18
Dy 2.362(3) 2.601(4) 2.390(3) 10.89
Er 2.3343(19)  2.570(2) 2.3622(19) 7.94
Yb 2.3154(10)  2.5480(12)  2.3443(10) 8.57

“Dihedral angles of coordinating carboxyl and pyridine ring (02—
C18—C17-N1 for all complexes except for Eu complex with different
labels of O11-C10—C7—N2).

conjugated structure. Though phosphoryl groups are also
located in the plane of pyridine, the sp® hybrid nature of
phosphoryl groups makes the phenyl groups unconjugated. In
the crystal structure of the Pr(III) complex, the bond lengths
of Pr—O (carboxyl), Pr—N, and Pr—O (phosphoryl) are
2.4483(16), 2.6899(19), and 2.4668(16) A, respectively.
Gradually shortened bond lengths are observed for Nd-
(DPPOP);, Sm(DPPOP),, Eu(DPPOP);, Tb(DPPOP);, Dy-
(DPPOP),, Ex(DPPOP);, and Yb(DPPOP), (Table 1), which
is due to the reduced radii of lanthanide ions known as
“lanthanide contraction”. This also leads to a gradually reduced
degree of distortion in the tricapped trigonal prism (see the
continuous shape measures values (CShM) in Table S3). The
Ln—Ln distances are larger than 10.0 A, which avoids
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Figure 2. Intermolecular interaction of the Th(DPPOP), crystal (from the perpendicular view of c-axis): (a) Hydrogen bonds (C10—H10---O3,
3.300 A, 158.61°; C15—H15--03, 3.402 A, 151.34°) and face to face 7—r interaction between pyridines (centroid to centroid distance of 3.853 A).
(b) Edge to face C—H/z contact with the distance between H6 and centroid of the phenyl group being 3.151 A. (c) Packing structures of
Tb(DPPOP); viewed along the c-direction, showing a 1D channel along the c-axis filled by solvent molecules (solvent molecules are “squeezed”
out). Element colors: C, gray; Tb, green; N, blue; O, red; P, orange. Hydrogen atoms are omitted for clarity except those for intermolecular

interactions in (a) and (b).
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Figure 3. (a) Excitation spectra of Sm(III), Eu(III), Tb(III), and Dy(III) complexes in CH,Cl, solutions (1 X 107° M, A, = 644, 615, 545, and
572 nm, respectively). (b) Emission spectra of the title complexes in the solid state (1., = 280 nm).

concentration quenching and is favorable for efficient
luminescence.

The complexes exhibit C;-symmetry with three ligands
arranged in the same direction (“up—up—up”), which is
uncommon.” Specifically, the sterically crowded diphenyl-
phosphoryl groups are located in the same side. It is found that
strong intramolecular C—H/7z contacts (edge-to-face)”* exist
between the diphenylphosphoryl groups with distances of
2.75—2.80 A (Figures 1b and S2—S9), which is responsible for
the stabilization of such a sterically crowded configuration.
Intermolecular interactions (taking the terbium(III) complex
for example) may also contribute to the stabilization of the
special packing mode. These interactions include the hydrogen
bonds between the carboxyl oxygen and the phenyl C—H

(C10-H10--03, 3.300 A, 158.61° C15—-H15:--03, 3.402 A,
151.34°, Figure 2a), the face-to-face 7—7 interaction of the
pyridine rings (centroid to centroid distance of 3.853 A, Figure
2a), and the C—H/7 contact of diphenylphosphoryl groups
from different complex molecules (with the distance between
H6 and the centroid of the phenyl group being 3.151 A, Figure
2b). Similar intermolecular interactions for other complexes
can be found in Figures S10—S16. More interestingly, 1D
channels along the c-axis are observed in the crystal structure of
these complexes with accessible radii of ~5.0 A (considering
the van der Waals radius of atoms), and these channels are
filled by solvent molecules (Figures 2c and S17, solvent
molecules are “squeezed” out).”
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Figure 4. NIR emission spectra of the Sm(III) (a) and Dy(III) complexes (b) in crystals (red) and 1 X 107> M CH,Cl, solutions (black). A, is 275

nm for solutions and 280 nm for solids.

Luminescence of Sm(lll), Eu(lll), Tb(lll), and Dy(lll)
Complexes. These complexes are highly luminescent both in
the solid state and in solutions when excited by short-
wavelength UV light. The excitation profiles of the four
complexes in CH,Cl, solutions are identical, which correspond
to the ligand absorption (Figures 3a and S18). As discussed in
our previous communication, the introduction of the
diphenylphosphoryl (sp® hybrid) does not greatly change the
energy level of picolinate, so the absorption and excitation data
of the DPPOP complex are similar to those of the picolinate-
based complexes.'” The high energy excitation is advantageous
in certain applications such as anticounterfeiting inks (254 nm
excitable and 365 nm not excitable). The characteristic line
emission spectra of the lanthanide complexes in the visible
range are shown in Figure 3b.

Among the complexes studied here, the Eu(III) and Tb(III)
complexes give emissions only in the visible region. For
Eu(DPPOP)j,, the five distinct peaks at 580, 592, 615, 650, and
692 nm correspond to the transitions of D, to 7F] (J=0-4),
with the electric-dipole transition band at 615 nm being the
strongest. In the range of 500—570 nm, three weak emissions
at 526, 537, and 558 nm can also be observed (Figure S19),
which originate from the transitions of °D, to "F; (J = 0-2).%¢
The emission spectrum of the Tb(III) complex shows
characteristic peaks at 489, 544, 582, 620, 647, 668, and 678
nm, which are assigned to the transitions of *D, to "F; (J = 6—
0), with the emission at 544 nm being the strongest.

The Sm(III) and Dy(III) complexes emit light in both the
visible and near-infrared (NIR) regions. For Sm(DPPOP), the
visible emission peaks at 563, 599, 643, 710, and 785 nm
corresponds to *Ggj, = °H; (J = §/2—13/2) transitions, and
that located at 532 nm corresponds to the higher energy level
transition of *F5,, — °H;,, (Figures 3b and S19). In addition
to the visible emission, Sm(DPPOP), gives intense NIR
emissions at 870, 893, 935, 1014, and 1151 nm, corresponding
to *Gs, = °F, (J = 1/2—9/2, Figure 4a). For Dy(DPPOP),,
four strong peaks at 480, 574, 662, and 750 nm corresponding
to *Fy/, — °H; (J = 15/2—9/2) and one weak peak at 455 nm
corresponding to *I;5,, — 6H15/2 are observed (Figures 3b and
S19). Notably, the Dy(III) complex emits a warm-white light
with a CIE coordinate of (0.36, 0.42) and a color temperature
of about 4500 K. The NIR emissions of Dy(DPPOP); are also
measured and shown in Figure 4b. We observe distinct
emission peaks at 826, 923, 990, 1164, and 1283 nm, which
correspond to the transitions of *Fy, — °H,, (or °Fy ),
6Hs/z; 6F7/z; 61‘1‘5/2; and 6F11/2 (or 6H9/2) - 6H15/2;
respectively.

It is known that the details in the emission spectra of one
lanthanide complex, including precise emission wavelength,
relative intensity, and peak splitting, are largely related to the
coordinating environment of the central ion. Taking Eu-
(DPPOP);, for example, the crystal field splitting leads to 1, 1,
3, and at least S components for *Dj to 7FI transitions (J =0, 1,
2, and 4) in the solid state (Figure S20). This is almost
consistent with the peak splitting predictions for the Eu(III)
complex having a C; symmetry with 1, 2, 3, and 6 components
for the above transitions.”***® By comparing the emission
spectra of Eu(DPPOP)j; in crystals, in CH,Cl, solutions, and in
a coordinating dimethylsulfoxide (DMSO)/water (v/v = 1:1)
solution, we can see similar splitting conditions (only
broadened peaks are shown in solution due to solvation)
and an unchanged proportion of emission intensity at different
wavelengths (Figure $20), which indicates that the coordina-
tion environment in crystals and solutions are nearly identical.
This shows the good coordination stability of the complex
without much dissociation in solutions. A similar situation can
be observed for Sm(III), Tb(II), and Dy(IIIl) complexes
(Figure S20).

The luminescence decay curves of the title complexes were
measured (Figures S and $S21—S23). All of these are fitted as a
single exponential with lifetime values (z,,) shown in Table 2.
Long lifetimes of 2.8 (2.5) and 2.4 (2.4) ms in CH,Cl, (or
DMSO/water) solutions are obtained for Eu(DPPOP); and
Tb(DPPOP),, respectively, indicating that the parity-forbid-

14
——Sm at 644 nm
——Euat615 nm
—_ ——Tb at 545 nm
S ——Dyat572 nm
s 0.14
~
> ‘
=
7
c 0
3 0.014
£ o
L R
Time jus)
T T T
0 4 8 12 16 20

Time (ms)

Figure S. Emission intensity decay curves of Sm(DPPOP); (black),
Eu(DPPOP); (red), Tb(DPPOP); (green), and Dy(DPPOP), (blue)
in CH,Cl, solutions monitored at 644, 615, 545, and 572 nm,
respectively. Inset: decay curves for Sm(DPPOP); and Dy(DPPOP),
in a shorter time range. Conditions: concentration = 1 X 107> M, A,
=275 nm.
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Table 2. Lifetimes and Quantum Yields of Ln(DPPOP),

solid solution
Lo(DPPOP);  Zp,(ms) " (%) Tobs(mS) D" (%)°
Sm 0.089 42 + 0.6 011" na.
0.060°
Eu 2.4 80.8 + 1.1 28725 534 +03
Tb 1.9 97.4 + 3.5 245245 523405
Dy 0.067 13.1 + 0.1, 0.080,” 3.7 £03
15.5 + 0.1° 0.050°
Nd 12 %X 107% na. n.a. n.a.
Er 21X 10° na n.a. n.a.
Yb 0.019 n.a. n.a. n.a.

“Absolute quantum yields measured upon desolvation. PLifetime
measured in 1 X 107> M CH,CI, solutions. ‘Lifetime and absolute
quantum yields measured in 1 X 10~* M DMSO/water (v/v = 1:1)
solutions. n.a. = Not available due to weak emission intensities.

den f—f transitions are barely quenched by the environment. A
reduced lifetime for the Eu(Ill) complex in the solid state is
observed due to the refractive index of the solid (usually
considered as 1.5) being higher than that in solvents (1.42 for
CH,Cl, and 1.41 for 1:1 DMSO/water). The lifetimes of
Sm(DPPOP); and Dy(DPPOP); are much shorter (110 and
80 us in CH,Cl, solutions, respectively) compared with those
of Eu(DPPOP), and Tb(DPPOP),. This is rational consider-
ing that the NIR emissions of Sm(III) and Dy(III) complexes
are more easily quenched by the small energy oscillators such
as C—H and C=0.%° In DMSO /water solutions, the lifetimes
reduced to 60 and 50 ps for Sm(DPPOP), and Dy(DPPOP),,
respectively, which suffer from severe quenching by water
molecules.

We measured the absolute quantum yields (®}") for the
complexes in both crystals and DMSO/water (v/v = 1:1)
solutions by using an integral sphere and the results are shown
in Table 2. The crystals of Eu(DPPOP); and Th(DPPOP),
showed remarkable quantum yields as high as 81 and 97%,
respectively, indicating the very high efficiency of energy
transfer and barely any energy quenching pathways. This
benefits from the compact, stable, and saturated coordination
in the DPPOP-based complexes. In DMSO/water (v/v = 1:1)
solutions, high quantum yields of over 50% can still be
observed for Eu(IIl) and Tb(III) complexes. The radiative rate
constant (k,) was calculated to be 269 s™' according to eqs 2
and 3 for Eu(IIl) complex, similar to those of the complexes
based on 8-hydroxy-1,5-naphthyridine-2-carboxylic acid (200—
300 57!, crystallized in R3 space group with Cs-symmetry)>*®
but not as high as those of the complexes based on bidentate 8-
hydroxy-1,5-naphthyridine (500—700 s7')*° and f-diketonates
(over 500 s7'),>" which crystallize in the orthorhombic,
monoclinic, or triclinic crystal systems. The symmetry of the
coordination environment may account for the difference in
k.>** The hypersensitive electric-dipole transition of D, — ’F,
is in close relation to the coordination environment: The
higher the coordination symmetry, the lower the hypersensitive
transition, and thus the lower the Epor/Eyp value (ratio
between the integrated emission spectrum and the integrated
emission band of the magnetic dipole transition from °D, to
’F), Eyp being independent of the coordination environment).
From eq 2, we can see that k, is proportional to Ergr/Eymp,
suggesting that a high coordination symmetry leads to low k..
Although the radiative rate constant is low, the central Eu ion
is shielded well by ligands, resulting in a low nonradiative rate

constant (k,,) of 128 s™' and consequently a high intrinsic
quantum yield of 68% (eq 4, Table S4).

The quantum yields of Dy(DPPOP), in the visible range
(4% in DMSO /water solution and 13% in the crystal state) are
lower than those of Eu(DPPOP); and Tb(DPPOP),. This is
due to the easier quenching of its emissive excited states
(giving NIR emission) by the small energy oscillators such as
the C—H vibration. The quantum yield is comparable with the
results reported for Dy(IIl) complexes, even for those based on
fully fluorinated ligands.”* The much lower quantum yield of
Sm(DPPOP); in the visible range (4% in the solid state) is also
among the sizable values for samarium(I1I) complexes emitting
in both the visible and NIR regions.'”**

Energy Transfer Mechanism. In the luminescent process
of a lanthanide complex, the most common energy transfer
pathways involve®® (1) light absorption by ligands resulting in
singlet excited states; (2) intersystem crossing (ISC) from the
singlet to triplet excited states; (3) energy transfer from the
ligand to the lanthanide ion; and (4) deactivation via the
radiation of the lanthanide ion (Figure 6). In many cases, the
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Figure 6. Proposed mechanism for the ligand—Ln(III) energy transfer
(simplified Ln(IIT) energy levels are obtained from literatures®). S
and T stand for the lowest singlet and triplet excited states of the
ligand in solutions, respectively. The dashed horizontal lines show
energy levels below 2000 and 5000 cm™ of the lowest triplet energy
level (Ep).

rate of the ISC is much larger than that of the energy transfer
from singlet state to lanthanide ion, so the sensitization
process takes place through triplet states of the organic
ligand.>® In other cases, the sensitization is either mostly or
partially singlet mediated.”” The energy transfer efficiency
relies on the energy difference between the donating and
accepting energy levels, both for the Forster and Dexter
transfer mechanism.”®

In general, the energy level of the donor should be higher
than that of the acceptor (i.e., the lanthanide ion) to realize
successful sensitization (usually in the range of 2000—5000
em™).*** An insufficient energy difference may lead to back
energy transfer, while an excessively large one results in poor
energy transfer efficiency. For the complexes studied in this
work, the energy transfer takes place most probably through
the triplet states. However, the energy differences between the
lowest triplet state Ey (27780 cm™', Figure S24) and the
emitting levels of these lanthanide ions (18100, 17200,
20400, and 21 100 cm™* for Sm™, Eu™, Tb™, and Dy™ ions,
respectively, Figure 6) seem to be too large (6680—10 580
cm™') for efficient energy transfer, which seems to contradict
the excellent quantum yields and high sensitization efficiencies
of the Eu(I1I) and Tb(III) complexes. Therefore, it is plausible
to propose that sensitization of these lanthanide ions takes
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place most possibly through higher excited states of lanthanide
ions, which serve as intermediate levels and undergoes fast
internal conversion to the low lying emitting levels. Weak
emissions from the second excited states (°D, for Eu', *F;,
for Sm", and “I;/, for Dy ion) can be observed in Figure
S19, which proves that the energy transfer undergoes these
second excited state. As the rate of internal conversion is
always several magnitudes larger than that of the parity-
forbidden lanthanide emission,”®" it is expected that no
emission peaks from transitions of higher excited states or
only very weak emissions from the second excited states can be
observed.

When no intermediate levels exist in lanthanide complex
with a large donor—acceptor energy level difference, one can
expect inefficient energy transfer, which is the case with our
NIR-emitting Yb(III) complex (the Yb™ ion has only one
accepting energy level of 10200 cm™'). Usually, Yb(III)
complexes show a stronger NIR emission intensity at 980 nm
compared to that of its Nd(III)- and Er(III)-based counter-
parts whose emissions lie at even longer wavelengths and
endure more severe quenching by C—H and O-H
vibrations.*' However, in our system, a faint emission around
980 nm for the Yb(III) complex was detected in crystals
(intensity similar to that of the Er(IlI) complex at 1515 nm),
while the Nd(III) complexes showed much stronger NIR
emissions (Figure 7). The high energy transfer efficiency of the
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Figure 7. Emission spectra of Nd(DPPOP),, Er(DPPOP);, and
Yb(DPPOP); complexes in crystals. 4., = 290 nm for Nd(III) and
Yb(III) complexes and 300 nm for Er(IIl) complex.

Eu(IlI) complex (78% in DMSO/water solution, Table S4)
shows that quenching pathways such as low energy LMCT
state or photoinduced electron transfer process barely exists,
which means the energy level of DPPOP*—Eu*" is higher than
the D, level of the Eu™ ion. As the standard reduction
potential of Yb™/Yb" is lower than that of Eu''/Eu", the
energy level of DPPOP*—Yb** must be higher than that of
DPPOP*—Eu** (over 17200 cm™), so there exists no such
quenching pathway for the title Yb(III) complex. As proposed
by Horrocks et al, the ligand"—Yb** state may serve as the
intermediate state for the energy transfer in Yb(III) complex
with large donor—acceptor energy difference.”® However, in
this work, the energy difference between DPPOP*—Yb*" and
*F5/, (10200 cm ™) is still very large (at least over 7000 cm™,
the exact value not investigated here), which may account for
the faint emission of the Yb(III) complex. By comparing the
emission intensities of Yb(III) and Nd(III) complex with
identical DPPOP ligands, one can ascribe the weak emission of
Yb(III) complex to the inefficient energy transfer caused by the

large energy difference between the donor (ligand’s triplet state
or photoinduced electron transfer state) and the *F;, level of
the Yb™ ion.

Quantum Yield Change upon Dehydration and
Rehydration of Dy(lll) Complex. As discussed in the
“Synthesis and Structures” section, the 1D channels along the
c-axis of the crystals are filled by solvent molecules. TGA
curves of Sm(III), Eu(Ill), Tb(III), and Dy(Ill) complexes
under nitrogen flow were recorded and shown in Figure S28.
We can see a weight loss of 5—15% below 90 °C, which
corresponds to the complete loss of solvent molecules in the
crystals. The complexes are then stable before decomposing at
390 °C. We tested the absolute quantum yield of Dy-
(DPPOP); upon heating (120 °C), which increases to 16%
from an original value of 13% benefiting from the elimination
of the vibration quenching from the solvent in the channels.
We then alternately dehydrated (120 °C for S h) and
rehydrated (water vapor saturated overnight) the sample of
Dy(DPPOP), in three cycles, and found that the quantum
yield changes reversibly (Figure 8). This suggests that the
complex may find application as sensitive luminescent sensors
for certain vapors such as moisture.
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Figure 8. Absolute quantum yield of Dy(DPPOP); upon dehydration
and rehydration, showing reversible luminescence change. Insets are
the photographs of the as-prepared single crystal and the dehydrated

one.

B CONCLUSIONS

To summarize, we have synthesized a series of highly emissive
lanthanide complexes by using an (O*"N"O) tridentate ligand
DPPOP. The ligand perfectly protects the central lanthanide
ion from the exterior quenching environment when forming
3:1 complexes. Due to the high energy transfer efficiency and
suppressed nonradiative deactivation, brilliant overall quantum
yields of 81, 97, 13, and 4% and long lifetimes of 2.4, 1.9,
0.067, and 0.089 ms were obtained in the solid state for
Eu(III), Tb(III), Dy(III), and Sm(III) complexes, respectively.
While strong NIR-emissions of the Nd(III) complex were
observed, the Yb(III) complex only showed faint NIR
emission, which is ascribed to the large energy difference
between DPPOP and the Yb™ ion. The 1D channels in crystals
enable the Dy(III) complex to absorb and eliminate water
reversibly, leading to a reversible quantum yield change.

B EXPERIMENTAL SECTION

General Information. Electrospray ionization mass spectra (ESI-
MS) were performed in positive or negative ion mode on Bruker Apex
IV Fourier transform ion cyclotron resonance mass spectrometer.
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Elemental analyses were measured on a VARIO elemental analyzer
from Elementar Analysensysteme GmbH. UV-—visible absorption
spectra were measured by a PerkinElmer Lambda 35 spectrometer.
Emission and low-temperature phosphorescence spectra were
recorded on the Edinburgh FLS920/980 fluorescence spectropho-
tometer. Luminescence lifetimes were obtained on a single photon
counting spectrometer from Edinburgh FLS920/980 with a micro-
second pulse lamp or variable pulsed diode laser (375 and 450 nm) as
the excitation source. The data were analyzed by the tail fit of the
decay profile using a software package provided by Edinburgh
Instruments. Thermal gravimetric analysis (TGA) was carried out on
Q600SDT instruments at an elevation temperature rate of 10 °C
min~" under 100 mL min~" nitrogen flow.

The photophysical properties of the complexes were carried out in
CH,Cl, or DMSO/water (v/v = 1:1) solutions and in the solid states.
For routine measurements, the complexes were dissolved in a CH,Cl,
and methanol (v/v = 10:1) or DMSO solution with an initial
concentration of 1 X 107> M and diluted to the concentration needed
by CH,Cl, or DMSO/water solution. All measurements were
performed at room temperature except the phosphorescence
experiments at 77 K.

Synthesis of the Lanthanide Complexes. Synthesis of the
ligand can be seen in ref 19.

Sm(DPPOP);. To the methanol solution of deprotonated ligand
was added SmCl;-6H,0 in the molar ratio of 3:1. After reflux for 0.5
h, the solution was cooled to room temperature, and crystals grew
through volatilization of solvent. Colorless crystals were obtained and
filtered with care. ESI-MS positive: Caled 1118.1, m/z = 1119.1 M +
H"). Anal. Caled for CqyH;eSmN,0,P;-2H,0: C, 56.24, H, 3.76, N,
3.64. Found: C, 56.08, H, 3.51, N, 4.09%.

All the other complexes Ln(DPPOP); (Ln = Pr, Nd, Eu, Tb, Dy,
Er, and Yb) were synthesized in a manner similar to that used for
Sm(DPPOP);, except Yb(III) complex which used Yb(CF;S0;); as
lanthanide salt.

Pr(DPPOP);. Green crystals. ESI-MS positive: Caled 1107.1, m/z =
1108.1 (M + H*), 1130.1 (M+Na'*). Anal. Calcd for
Cy,HyoPrN;04P;-H,0: C, 57.65, H, 3.67, N, 3.74. Found: C, 57.52,
H, 3.74, N, 3.74%.

Nd(DPPOP);. Purple crystals. ESI-MS positive: Calcd 1110.1, m/z
= 1133.1 (M+Na"). Anal. Caled for CgH3,NdN;O4P;-1.5H,0: C,
56.99, H, 3.72, N, 3.69. Found: C, 56.85, H, 3.63, N, 3.67%.

Eu(DPPOP);. Colorless crystals. ESI-MS positive: Caled 1119.1, m/
z = 1120.1 (M + H*). Anal. Calcd for CgH;EuN;0,P;-H,0: C,
57.05, H, 3.64, N, 3.70. Found: C, 57.21, H, 3.70, N, 3.70%.

Tb(DPPOP);. Colorless crystals. ESI-MS positive: Caled 1125.1, m/
z = 11261 (M + H*), 1148.1 (M+Na*). Anal. Calcd for
CyyHyo TbN,O,P,-H,0: C, 5671, H, 3.61, N, 3.67. Found: C,
$6.74, H, 3.66, N, 3.66%.

Dy(DPPOP);. Colorless crystals. ESI-MS positive: Calcd 1130.1, m/
z = 1131.1 (M + H"). Anal. Calcd for Cg,H;,DyN;0,P;2H,0: C,
$5.66, H, 3.72, N, 3.61. Found: C, 55.34, H, 3.93, N, 3.52%.

Er(DPPOP);. Pink crystals. ESI-MS positive: Caled 1132.1, m/z =
1155.1 (M + Na*). Anal. Caled for CoHyErN,O4P;-0.5H,0: C,
$6.74, H, 3.53, N, 3.68. Found: C, 56.90, H, 3.46, N, 3.70%.

Yb(DPPOP);. Colorless crystals. ESI-MS positive: Caled 1140.1, m/
z = 1141.1 (M + HY), 1163.1 (M+Na"). Anal. Calcd for
CyyHyoYDN;O0P,-3.5H,0: C, 53.92, H, 3.85, N, 3.49. Found: C,
53.93, H, 3.81, N, 3.42%.

X-ray Crystallographic Study. The single crystal of the
corresponding complexes was obtained by slow crystallization of
their methanol solution. The structures were determined from single-
crystal X-ray diffraction data (collected at Rigaku RAPID-S image
plate diffractometer or Rigaku single-crystal X-ray diffractometer) and
refined with SHELXL-2014/2015 program package. Solvent mole-
cules are “squeezed” out.”® The volumes that were “squeezed” out
within the bounds of the unit cell amount to 1365, 1387, 1376, 1349,
1326, 1392, and 1440 A3 for Pr(IlI), Nd(III), Sm(III), Th(III),
Dy(III), Er(1lI), and Yb(III) complex, respectively. The electron
counts in these voids are 380, 371, 399, 366, 257, 378, and 304,
respectively.

Quantum Yield Measurements and Luminescence Param-
eters. Absolute overall quantum yields (®}") were measured by the
C9920—02 absolute quantum yield measurement system from
Hamamatsu Company using an integral sphere. The energy transfer
efficiency (f,,;) and intrinsic quantum yield (®F:) of Eu(III)
complex are calculated from eq 1 as follows.*

Eu Tobs
X (DEU = nsens X
R (1)

Typs 1 the emission lifetime determined by experiment and 7y is the
radiative lifetime. For Eu(IIl) ion, 7z can be obtained by eq 2:

Eu __
O =

nsens

= = AMDn3(ETOT/EMD)

T 2)
where Erop/Eyp is the ratio of integrated emission spectrum and
integrated emission band of a magnetic dipole transition (*Dj to F,
for Eu**). Ayp is the spontaneous emission probability of the *Dj to
’F, transition being 14.65 s™', and n is the refractive index of the

solution.
k= 1/74 3)
knr = 1/Tobs - kr (4)
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