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Presented here are Sm and Eu(i) lanthanide triple helicate cages
with two distinct metal environments based on the N,N'-methyl-
ene-bis(pyridin-4-one) (MBP) ligand. Spontaneous resolution
occurs in the crystallization of the Sm(i1) complex. Luminescence
is investigated by excitation of the metal ions with near-UV light.
For the Sm(i)) complex, close n—n stacking experienced by the pyri-
dinone ring increases the sensitization of the Sm(m) ion, revealed
by the appearance of 4Gs/2—CHy1/> emission, the long lumines-
cence lifetimes (35 and 18 ps) and the relatively high quantum
yield (1.7%).

Lanthanide complexes with discrete di- and polynuclear struc-
tures have received considerable interest amongst synthetic in-
organic chemists because of their diverse architectures and
fascinating optical and magnetic properties." Many efforts
have succeeded in obtaining a variety of geometrically intri-
guing lanthanide supramolecules containing molecular heli-
cates,” polygons,® wheels,* polyhedrons® and cages.® Although
the dinuclear complex is the simplest amongst lanthanide
structures and is not so rare, we still thought it an important
model system in order to understand the hard-to-predict self-
organization behaviour and answer some fundamental ques-
tions regarding photo- and magnetophysical properties.

The most notable type of dinuclear lanthanide complex is
the triple-stranded helicate based on a methylene-bridged bis
(terdentate) ligand,> because the methylene spacer allows for
efficient binding of the tridentate units to the metal ions while
limiting the number of possible conformations. However,
spontaneous resolution,” usually resulting in optically inactive
conglomerates, has never occurred in the -crystallization
process—not to mention chiral symmetry breaking,® giving
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rise to a non-zero enantiomeric excess. Except for chiral d-f
heterodimetallic helicates,’ to the best of our knowledge, there
has been no chiral lanthanide homometal di- and polynuclear
complex synthesized from an achiral ligand without adding
any chiral reagent. Moreover, it is of significance to prepare
chiral solids due to their potential use in nonlinear or circu-
larly polarized luminescent materials."®

The strategy for the synthesis of most coordination cages
usually involves the use of ancillary terminal ligands to cover
partial coordination sites of the metal ion. Two elegant
examples are the use of a cis-chelating di-imine/amine as a
capping group for square-planar coordinated Pd and Pt ions"*
and an organo-phosphine group for the Pt ion.** It is harder to
choose capping ligands for lanthanide ions because of their
well-known high coordination numbers and weak stereochemi-
cal preferences. Hence, lanthanide coordination cages are
extremely rare. The only successful example of the construc-
tion of cage-shaped lanthanide complexes by the end-capping
strategy is the assembly of Pr, Nd, Sm and Er(m) lanthanide
triple helicate cages from two methylene-bridged N,N'-xylene-
1,4-diylbis(pyridin-2-one) (p-XBP) ligands."” In this work, we
report Sm and Eu(m) lanthanide triple helicate cages based on
a new, single methylene-bridged pyridinone-type ligand, N,N'"-
methylene-bis(pyridin-4-one) (MBP, Scheme 1).

The MBP ligand can be generated by the hydroxy-ketone
isomerization of N,N’-methylene-bis(4,4-dihydroxy-bispyridi-
nium)bromide [MBP(HBr),]. Solvothermal reaction of MBP
(HBr), with an excess of samarium(m) nitrate hexahydrate in
MeCN and EtOH solution at 75 °C results in the formation of
polyhedral crystals of [Sm,(MBP);(NOs)s] (1). The europium
complex [Eu,(MBP)3(NO;)e] (2) can be obtained by reaction of
MBP(HBr), with europium(u) nitrate hexahydrate in ethanol
solution. The single crystal X-ray analyses reveal that
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Scheme 1 The ligand MBP.
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Fig. 1 (a) The triple helicate cage of complex 1. (b) The coordination
geometry of the Sm2 atom. (c) The coordination geometry of the Sm1l
atom.

complexes 1 and 2 are isostructural. They both crystallize in
the trigonal R3 space group. Their asymmetric units contain
two crystallographically independent lanthanide ions (Ln1 and
Ln2) (Fig. 1a). For complex 1, the environment of Sm1 is nine-
coordinate while that of Sm2 is ten-coordinate. The Sm1 atom
is bound to three bidentate nitrates [Sm-O in the range of
2.542(1)-2.552(1) A] and three oxygens from three different
MBP ligands [Sm-O 2.286(1) A] with a distorted 4,4,4-tricapped
trigonal prism'* coordination geometry (Fig. 1c). Sm2 is also
bound to three bidentate nitrates [Sm-O in the range 2.561(1)-
2.582(1) A] and three other oxygens of three MBP ligands
[Sm-0 2.376(1) A], and lastly the irregular 3,4,4,4-tetracapped
trigonal prism'® coordination geometry is completed by one
water molecule [Sm-O, 2.512(1) A] (Fig. 1b).

The MBP ligand serves as a ‘V’ shaped linker with a curved
angle of about 114°. Three MBP ligands, in a P fashion, in
turn bridge the two Ln centers forming a triple helicate cage
structure with a small (123.2 A®) cavity volume. The Ln---Ln
separation is ca. 12.3 A, and the distance between adjacent
methylene groups is ca. 7.9 A. The nitrate acts as a capping
group in a cis-chelating mode. Three nitrates cover the rest of
the Ln1 sites in a ligated fashion, while the rest of the Ln2
sites are occupied by three other nitrates and one water in a
capped fashion, putting an end to the connectivity of the cage-
like molecule. Both of the two complexes have a strictly mole-
cular C; axis passing through the two Ln centers along the
crystallographic ¢ axis (Fig. 2).

Complexes 1 and 2 exhibit the same supramolecular frame-
work. For example, for 1, the three-dimensional framework
was formed and stabilized by a richness of supramolecular
interactions, classified as n-n stacking, nitrate-nitrate electro-
static repulsion and hydrogen bonding. The dominant inter-
molecular interaction gives rise to m-m stacking of paired
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Fig. 2 View down the molecular C3z axis (Sm2—Sm1) of complex 1.
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Fig. 3 CD spectra of complex 1 determined from two batches of
samples.

pyridinone rings between one cage and the neighboring six
units (the centroid-centroid separations being 3.393 A,
Fig. S67), serving as both a supramolecular synthon and a
supramolecular mediator of chirality.” The Flack parameter of
complex 1 is 0.014 (10), which demonstrates the homo-chiral-
ity of the single crystal. The result indicates that the crystalliza-
tion undergoes spontaneous resolution, which was further
evaluated by the determination of the solid-state circular
dichroism (CD) spectrum of bulk crystals in a KCI matrix. As
seen in Fig. 3, the bulk sample exhibits strong CD signals with
a negative Cotton effect at 292 nm and a positive Cotton effect
at 275 nm. The source of chirality is assigned to the inherent
helicity of this complex.'® These two opposite Cotton effects
are the result of “intranuclear” exciton coupling between long-
axis m-n* transition dipole moments of pyridinone units
located at the same metal center.”®'” As a result of the “inter-
nuclear” exciton coupling between pyridinone units located on
different metal centers, the absolute configurations of the
metal centers are inversely correlated to the observed phases
of Cotton effects.””'® Therefore, we suggest that a P-helix is
favored for complex 1, with the local configurations at both the
two metal centers being A."°

Unfortunately, this kind of complex can easily dissociate in
water and is poorly soluble in ordinary organic solvents, which
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Fig. 4 Emission spectra of (a) complex 1 and (b) complex 2.

limits its application in analytical sensors. However, we much
anticipate its use in lighting and display devices,'® because the
MBP ligand is easily accessible and, more importantly, there is
continuing importance in the development of phosphors emit-
ting desired colors of light upon near-UV (e.g., 380-420 nm)
excitation.?° Thus, the solid-state luminescence was examined
at room temperature. Although the ligand sensitization is not
very effective, the maximum excitation wavelengths of com-
plexes 2 and 1 are, respectively, located at 395 nm and 406 nm,
which fall in the near-UV region (Fig. S5, ESIT). The wavelength
Amax = 395 is from the “Fo— "L transition of the Eu(m) ion, and
Amax = 406 corresponds to the ®Hs/,—F,), transition of the
Sm(m) ion. Upon irradiation, they showed red and pink
luminescence respectively (Fig. 4).

The sharp lines in the emission spectrum of complex 2 are
assigned to transitions between the first excited state, *D,, and
the ground septet, “F, (J = 0-4) of Eu(ur). The symmetry-forbid-
den emission °Dy—F, is very weak and is situated at 580 nm;
its degenerate single line indicates that both Eul and Eu2 are
located at a C; symmetrical site. The intensity of the *Dy—"F,
transition (electric dipole), which is hypersensitive to the site
symmetry of the Eu(u) ion, is far greater than that of the
°Dy—’F; line (magnetic dipole), indicating the absence of
inversion centers in the coordination environments of Eul
and Eu2. The *D, emissive state exhibits a double-exponential
decay, with lifetimes of 589 + 23 and 384 + 4 ps upon monitor-
ing the most intense lines of the *D,—’F, emission, after exci-
tation at 395 nm. The double exponential can be attributed to
the two distinct environments experienced by Eul and Eu2. As
shown in other luminescent Ln(m) complexes,*’ in Eu2, the f-f
luminescence can be vibrationally quenched to some extent by
the O-H oscillators of coordinated water. These two metal
environments may result from the strong nitrate-nitrate elec-
trostatic repulsion (Fig. S7, ESIf). Upon excitation at 395 nm,
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the emission quantum yield was estimated to be 18.2% by the
integrating sphere method.

The emission spectrum of complex 1 exhibits the typical
emission lines of the Sm(m) ion, situated at 564, 597, 644, and
706 nm, which are assigned to the transitions of 4G5/2—>6Hj
(J = 5/2, 7/2, 9/2, 11/2); the most intense line is the hypersensi-
tive transition “Gs,—°Ho, at 647 nm. After excitation
at 406 nm, the G;, emissive state also exhibits a double-
exponential decay with lifetimes of 35.4 + 0.3 and 17.6 + 0.5 ps
upon monitoring the *Gs,—°Ho, emission. The emission
quantum yield upon excitation at 406 nm was measured to be
1.74% using an integrating sphere. Comparing with the
reported Sm(m) triple helicate cage based on the p-XBP ligand,
complex 1 is found to be an example of the activation of the
Gs/,—°H,,, transition. This fact, along with the long lumines-
cence lifetimes and relatively high quantum yield,>* demon-
strate that a pyridinone ring experiencing closer n-n stacking
is more effective for increasing the sensitization of the Sm(i)
ion.>® This provides a clear direction for the design of highly
luminescent Sm(m) complexes.

Conclusions

In conclusion, the assembly of Sm and Eu(u) lanthanide triple
helicate cages by using a single methylene-bridged pyridinone-
type ligand is achieved. The single crystals of the Sm(u)
complex are homochiral, and the bulk sample exhibits enan-
tiomeric excess. The luminescence of Sm and Eu(ur) complexes
were investigated upon near-UV excitation. The increase in sen-
sitization of the Sm(m) ion through reinforcing the n—r stack-
ing of the pyridinone ring is confirmed by analysis of the
emission spectrum and in combination with lifetime and
quantum yield measurements.
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Experimental section

Synthesis of 1: Sm(NO;);-6H,0 (0.055 g, 0.120 mmol) and MBP
(HBr), (0.020 g, 0.054 mmol) in mixed MeCN-EtOH solvent
(2/2 mL) was placed in a 20 mL vial. After stirring for 5 min, the
sample was heated at 75 °C for 6 days, and then cooled to room
temperature. The resulting colorless crystals were filtered off,
washed with ethanol and dried in air [92% yield, based on MBP
(HBr),]. A larger single crystal usable for single-crystal X-ray diffr-
action was obtained by reaction of 0.023 g Sm(NO;);-6H,0 with
0.010 g MBP(HBr), in 1ml MeCN and 1 ml EtOH for 3 days.
IR (KBr, cm™): 3442 (w), 3028 (W), 3056 (W), 1643 (vs), 1559 (vs),
1501 (vs), 1386 (s), 1354 (m), 1312 (vs), 1279 (s), 1197 (m), 1173(s),
1024(m), 863(m), 814 (w), 737 (w), 593 (m), 519 (W), 470 (w).
Elemental analysis caled (%) for C33H3,N;,0,5Sm, (1297.41):
C 30.55, H 2.49, N 12.96; found: C 30.31, H 2.36, N 12.66.

Synthesis of 2: Eu(NO3);-6H,0 (0.055 g, 0.0120 mmol) and
MBP(HBr), (0.020 g, 0.054 mmol) in EtOH solvent (4 mL) was
placed in a 20 mL vial. After stirring for 5 min, the sample was
heated at 75 °C for 6 days, and then cooled to room tempera-
ture. Colorless crystals were filtered off, washed with ethanol
and dried in air [87% yield, based on MBP(HBr),]. A larger
single crystal usable for single-crystal X-ray diffraction was
obtained by reaction of 0.023 g Eu(NO3);-6H,0 with 0.010 g
MBP(HBr), in 2 ml EtOH for 3 days. IR (KBr, cm™'): 3436 (w),
3028 (W), 3056 (W), 1644 (vs), 1560 (vs), 1502 (vs), 1385 (s), 1354
(m), 1314 (vs), 1281 (s), 1197 (m), 1174 (vs), 1024 (m), 863 (m),
814 (w), 739 (W), 593 (m), 520 (m), 471 (w). Elemental analysis
caled (%) for Cs;3H3,N;,0,5Eu, (1300.63): C 30.47, H 2.48,
N 12.93; found: C 30.54, H 2.36, N 12.73.

The single-crystal X-ray diffraction data were collected on a
Bruker APEX-II CCD diffractometer operating at 50 kv and
30 mA using a graphite-monochromated Mo-Ka radiation
source (4 = 0.71073 A). An empirical absorption correction
based on a comparison of redundant and equivalent reflections
was applied using SADABS. Both structures were solved by the
Patterson method and refined by full-matrix least-squares cycles
on F°. Crystal data for 1: C;3H3,N;,0,5Sm,, M = 1297.41, tri-
gonal, space group R3, a = 14.3524(7), b = 14.3524(7), ¢ =
19.1378(8) A, a = 90.00°, f = 90.00°, y = 120.00°, V = 3414.1(4) A%,
Z =3, D. = 1.893 g cm™>. The final refinement converges to
final R = 0.0209 and wR = 0.0389 with 218 parameters from
2668 independent reflections (I > 26(I)). The goodness of fit on
F* was 0.983. Flack parameter = 0.014(10). Crystal data for 2:
C33H3,N1,0,5Eu,, M = 1300.63, trigonal, space group R3, a =
14.359(2), b = 14.359(2), ¢ = 19.115(4) A, a = 90.00°, /3 = 90.00°,
y = 120.00°, V = 3413.1(14) A®, Z = 3, D, = 1.898 g cm™>. The
final refinement converges to final R = 0.0661 and wR = 0.1430
with 218 parameters from 2690 independent reflections (I >
26(1)). The goodness of fit on F* was 1.096. Flack parameter =
0.10(5). CCDC reference numbers 942075 and 965141.
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