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Syntheses, Crystal Structures and Photophysical Properties of Two Doubly
n-Phenoxo-Bridged Ln'" (Ln = Pr, Nd) Homodinuclear Schiff Base Complexes
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Two novel homodinuclear isomorphous lanthanide(IlI) com-
plexes [Ln(api)], (where Ln = Pr and Nd for 1 and 2, respec-
tively) with Schiff base anion api®>~ {Hzapi = 2-(2-hy-
droxyphenyl)-1,3-bis[4-(2-hydroxyphenyl)-3-azabut-3-enyl]-
1,3-imidazolidine} have been synthesized by a direct reaction
of the Schiff base ligand and the corresponding hydrated lan-
thanide(III) nitrates in methanol. The geometry of each Ln™
ion in both complexes is distorted square antiprism (DSAP)
as revealed by single-crystal X-ray diffraction studies and the
structures are found to be centrosymmetric. Both the com-

plexes along with the ligand have been characterized by mi-
croanalysis and different spectroscopic techniques. A de-
tailed photophysical investigation has been performed on
both the ligand and the complexes. The fluorescence lifetime
for the ligand is in the nanosecond regime, suggesting emis-
sion from a singlet state. The two lanthanide complexes exhi-
bit NIR luminescence which has been explored through
solid-state photoluminescence.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Luminescent lanthanide (Ln) complexes have attracted a
great deal of attention over many years due to their poten-
tial use in numerous analytical applications.l'! Interest in the
photophysical properties of lanthanide ion complexes has
grown significantly since Lehn!? proposed that such com-
plexes could be seen as light conversion molecular devices
(LCMDs). From then, the design of efficient lanthanide
complexes has become an important research goal, being
pursued by several research groups, working with many dif-
ferent classes of ligands (e.g. chelating ligands,*® pod-
ands,®1% calixarenes,!''] macrocyclic ligands,®-'? B-dike-
tones,!3! heterobiaryl ligands,['¥ carboxylic acid deriva-
tives,['] terphenyl ligands,[!® proteinst!”! etc.). Most of the
complexes investigated, emit red or green light (Eu?* and
Tb3* luminescence, respectively), but there are also com-
plexes of different Ln3* ions that luminesce in other spectral
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regions: near-IR  (Yb*, Nd*", Er*"),!81  orange
(Sm3+)’[16,19—21] yellow (Dy3+),[16’22’23] blue (Tm3+)[24] or
near-UV (Ce*,1291 Gd3*?0l). Efficient LCMDs may find
several applications, such as luminescent probes in biomedi-
cal assays,*” fluorescent lighting,®! luminescent sensors
for chemical species (H*, O,, halide ions, OH"),**! electro-
luminescent devices,*”] UV dosimeters, or antireflection
coatings for solar cells.*!1 The study of NIR luminescence is
of much interest because the emission around 9001600 nm,
which is highly transparent to biological systems and fiber
media, is valuable for time-resolved fluoro-immunoassay*”!
and optical telecommunication. In this respect, macrocyclic
Schiff base ligands have gained immense favor due to both
of their relatively straightforward synthesis and their multi-
dentate encapsulating nature which results in very high
binding constants for many d- and f~-block metals.*?! Hence
there has been growing interest on dinuclear 3d-4f and 4/~
4f complexes, which may exhibit such interesting properties.
Currently, dinuclear 3d-4f Schiff base complexes have been
employed as building blocks to form extended structure,>
2p-3d-4/34 and 3d-3d'—4f systems.[33

However, factors governing the formation of Ln3*—Ln3*
couples and their subsequent entrapment by dinucleating
chelates remain largely obscure. Small changes in metal
ionic radius and steric modifications at various sites on the
Schiff base periphery produce marked changes on the dinu-
clear metal coordination geometries. With phenolic ligands
the importance of a large chelate negative charge to lantha-
nide(I1I) ion ratio (p) to the dinucleation process was indi-
cated by the greater stability of acyclic dinuclear complexes
[LnL(NOs)],, in which p = 2:1, compared to dinuclear
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macrocyclic complexes with a lower p = 1:1. This depen-
dency of the Ln3* dinucleation process on p is reasonable
because of the hard Lewis acidity of Ln3* ions. So, p could
indeed be an important molecular design parameter for new
types of photonic devices and MRI contrast agents which
take advantage of the tunable co-operative electronic behav-
iour of Ln3*~Ln3* couples. Thus, binuclear complexes are
expected when the tendency of lanthanide ions to form spe-
cies having higher coordination numbers is combined with
the well-known ability of Schiff bases to bridge multiple
metal centers. Considerable work has been concentrated in
this line with N,N’-ethylene-bis(salicylideneimine) or
H,salen.’®! Depending on the preparative procedures, a
number of Ln™-H,salen complexes with different composi-
tions have been reported till now, including Ln,(salen)s,
[Lny(Hssalen);(NO3)4](NO3),-3H,0, Eu(Hsalen)(salen),
Ln(H,salen)X5nH,OB7 3 etc. These complexes are stable
enough under physiological conditions. However, the litera-
ture is quite scarce in dealing with the various aspects in-
volving different physical and photochemical properties. Es-
pecially neutral low-coordination number lanthanide com-
plexes, devoid of coordinated solvents and salts, are inter-
esting because they can provide open metal coordination
sites for performing useful chemical transformations on or-
ganic substrates. Chemists now have realized that it is essen-
tial to design appropriate ligands to optimize the lumines-
cence properties of lanthanide ions by facilitating the well-
known light conversion, which actually is an efficient
ligand-to-metal energy transfer process.

In an effort to gain more insight into the relationship
between the ligand structure and, also, to unravel suitable
synthons for the preparation of chelating ligands, we have
turned our attention to the synthesis of multidentate ligand
api®~ designed to encapsulate judiciously chosen lanthanide
ions. The synthesis and characterization of a potentially
heptadentate N4O5 donor acyclic Schiff base, Hsapi, as well
as two of its neutral homodinuclear complexes with Pr3*
and Nd3* are reported. Structures of both the complexes
have been invariably established from single-crystal X-ray
diffraction. Interesting photoluminescence properties have
been explored through detailed photophysical investigation
and it shows that the flexible Schiff base can enhance the
luminescence in the complexes by providing proper conju-
gate absorption groups for suitable energy transfer.

Results and Discussion

The Schiff base was prepared following the literature pro-
cedure with a slight modification.*”! The reaction of tri-
ethylenetetramine and salicylaldehyde in 1:3 molar ratio in
methanol affords the p-bis(tetradentate) ligand Hiapi
through the formation of an imidazolidine ring in place of
the ethylenediamine part of the parent hexadentate precur-
sor. This semi-rigid 2-hydroxyphenyl-substituted five-mem-
bered imidazolidine ring inside the ligand backbone acts
as a spacer-cum-bridging-cum-heterocyclic backbone unit.
Synthesis of Hzapi had been achieved in a two step reaction
3994
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which was initiated by an intermolecular nucleophilic at-
tack on the incoming salicylaldehyde carbon atom by imine
nitrogen of the parent hexadentate ligand as shown in
Scheme 1. In the second step of the reaction, the intramo-
lecular rearrangement (via Sy? attack) takes place which
finally introduces the imidazolidine ring through an alkylat-
ing cyclization process centred on the two secondary amine
functions of the intermediate species. A plausible mecha-
nism for this reaction leading to the final Hjapi ligand is
given in Scheme 1. Because each ligand carries a triple
negative charge, the positive charge of the two trivalent lan-
thanide ions is counterbalanced and the dinuclear com-
plexes are neutral; therefore no counterions are necessary.
This is in contrast with the f-d complexes with salen-type

e

NH,
tnethylenetetramme salicylaldehyde

reflux in methanol at 65 °C for 1 h
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Scheme 1. Probable mechanism for the formation of the Hsapi li-
gand.
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ligands, the lanthanide complexes with salicylaldimine
Schiff bases which have counterions such as nitrate groups
or lipophilic bis(benzimidazole)pyridine-based ligands. The
reasons why a dinuclear complex is formed instead of a mo-
nonuclear species are due to the tendency of the lantha-
nide(IIT) ions to achieve a high coordination number and
to the nature of the ligand itself, auspicious to such a coor-
dination mode (fused chelating parts). Typically, the coordi-
nation number of the trivalent lanthanide ions in coordina-
tion compounds is found eight or nine, though six-coordi-
nate lanthanide(IIT) complexes are known, for example the
tris(B-diketonato) lanthanide(IIT) complexes. The formation
of the heptadentate Schiff base ligand Hsapi containing
pendant imidazolidine rings is supported by IR and mass
spectroscopy. In the IR spectrum of the ligand the very
strong band obtained at 1637 cm™! may be correlated to the
C=N stretching frequency. The phenolic v, (C-O) appeared
at 1260 cm!. The presence of a sharp peak at 1112 cm™!
confirms the formation of imidazolidine ring. Condensa-
tion of all the primary amine groups in the final ligand
product is confirmed by the absence of the N-H stretching
bands in the region 3150-3450 cm™!. In mass spectrum the
molecular ion peak (m/z) is observed at 458, which indicates
the formation of the desired imidazolidine Schiff base li-
gand.

Fourier Transform Infrared Spectra

The infrared spectra of both the complexes are fully con-
sistent with their crystal structures established through the
X-ray analyses. The FT-IR spectra of the complexes con-
tain strong characteristic C=N bands. Upon coordination
to the metal center, the imine C=N stretching frequency
drops from 1637 cm™' in the free ligand to 1614 and
1610 cm™! in the Pr' and Nd™ complexes, respectively,
thus confirming the complexation of the lanthanide ions.
Deprotonation of all phenolic functions is confirmed by the
lack of O-H stretching bands in the region 2500-3500 cm ™!
for both the complexes. One bifurcated strong peak at
1540 cm™! can be attributed to the vibration of the phenoxy
oxygen atoms present in two different environments. Ligand
coordination to the Ln'" metal center is substantiated by
two bands at 462 and 448 cm™! corresponding to v, (Ln—N)
and v, (Ln-0), respectively, however, assignments of these
bands are very difficult in this region because of the low
energies associated with these vibration. All the above ob-
servations are similar to those of the previously reported
alike complexes.[*!l The infrared spectrum of [Pr(api)], was
almost superimposable in the 1400-1700 cm™! region with
that of [Nd(api)],, suggesting the isostructural nature of the
complexes.

Crystal Structure Descriptions of [Pr(api)], (1) and
[Nd(api)l> (2)

The X-ray analysis reveals the complexes to be iso-
structural, both being centrosymmetric in nature. Labeled
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ORTEP diagrams of 1 and 2 have been shown in the Fig-
ures 1 and 2 respectively. In the complex, the ligand has
approximate non-crystallographic C, symmetry about a
plane that bisects the central “imidazolidine” ring and in-
cludes the attached phenolate ring oriented essentially or-
thogonally to the imidazolidine ring. The four ligand nitro-
gen atoms lie in a plane within 0.01 A and the two terminal
phenolate rings are inclined by ca. 26° to this plane. The
potentially heptadentate ligand api®*~ (see Scheme 1) con-
tains three strong donors, namely phenoxo oxygen atoms as
well as four weak donors (two imine and two imidazolidine
N atoms) providing excellent coordination ability with in-
ner-transition metal ions. The ligand together with a centro-
symmetrically related counterpart utilize all of their poten-
tial co-ordinating sites to result the homodinuclear Ln'!
complexes (Ln = Pr and Nd for 1 and 2, respectively). In-
stead of forcing N4O; donor atoms exclusively from one
ligand onto one metal ion as reported for the encapsulated
dimers,*?! here the homodinuclear complexes contain two
lanthanide ions where each of the metal ions is coordinated
by two N,O donor sets, each coming from one ligand. Two
phenolate oxygen atoms, from the middle arm of each li-
gand, act as p-bridges between the two metal centers and
complete the eight-membered coordination sphere, overall
furnishing a sandwich type dimeric structure. Generally
there are three geometries reported to an eight-coordinate
metal ion: cube, square antiprism, and dodecahedron. All
of these forms are energetically very similar and the cube
can be easily distorted to an antiprism or dodecahedron by
interligand repulsion or ligand backbone gauche strain;**!
generally steric nonrigidity is observed. The two Ln™™ and
two bridging oxygen atoms form a planar four-membered
ring with a metal-metal separation of about 3.949 A, and
angles at the oxygen-bridgehead of 109.35 in 1 and
109.88(2)° in 2. The shorter Ln---Ln separation in this dinu-
clear complex, compared to that of macrocyclic crown ether
type of complexes, is probably largely due to the reduction
in Ln' coordination from ten to twelve in those macro
complexes to eight in the reported one with a consequent
“opening up” of the bond angles at each Ln"" cation. The
geometry around each lanthanide atom can be viewed as a
distorted square antiprism, in which one square is com-
posed of donor atoms O(20) from middle arm phenoxo,
0O(34) from terminal phenoxo, N(23) imidazolidine nitro-
gen, N(26) imine nitrogen, and the other of O(20), O(1),
N(12), and N(9) from the similar locations respectively. The
Ln-N(imidazolidine) bond lengths are approximately 0.3 A
larger than the Ln—N(imine) bond lengths in all the cases.
Since the bridging oxygen atoms O(20) form two strong
Ln-O bonds, their basicity should be lowered relative to
that of the singly phenoxo O atoms. Observed average Ln—
O(singly phenoxo) bond lengths are shorter by 0.110 A
than the Ln-O(bridgehead) bond lengths, which is quite
common in these kind of systems. The local coordination
environment is exactly identical for all the metal centers
with LnN4O,4 chromophore. Coming on to the ligand, the
five-membered imidazolidine ring adopts an envelope con-
formation with C(21) lying out of the plane defined by
3995
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N(12), N(23), C(13), and C(22). Both N(23)-C(24)-C(25)-
N(26) and N(12)-C(11)-C(10)-N(9) adopt gauche confor-
mations  [torsion  angles:  N(12)-C(11)-C(10)-N(9)
-175.5(3)°; N(23)-C(24)-C(25)-N(26) -178.7(1)°]. The
overall ligand shape resembles the capital letter T. Due to
the presence of several saturated sp3-hybridised C atoms in
the amine part, the ligand loses the planarity and induces
the Lo centers to enjoy a distorted square antiprism ge-
ometry with distortions in bond angles and distances (al-
lowing for ionic size differences) of roughly similar magni-
tudes. The two coordination polyhedra are edge linked
about the O(20)-+0(20*) vector (2.73 A) (Figure 3) with an
intramolecular Ln-+Ln separation of about 3.949 A. The
shortest inter-dimer Ln-~Ln distance is 9.58 A. An inspec-
tion of the packing of the dimers reveals only weak m-stack-
ing (3.5 A interplanar separation) between the terminal
phenolate rings of adjacent molecules, the overall intermo-
lecular interactions being essentially van der Waals in na-
ture.

Figure 1. ORTEP diagram of 1 with displacement ellipsoids drawn
at the 50% probability level. H atoms are omitted for clarity.
* Symmetry code to the equivalent positions: 2 — x, —y, 2 — z.

Figure 2. ORTEP diagram of 2 with displacement ellipsoids drawn
at the 50% probability level. H atoms are omitted for clarity.
* Symmetry code to the equivalent positions: 2 — x, -y, 2 — z.
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N(12%)

Figure 3. The distorted square antiprism coordination environment
around the Ln'"" ion.

All the data obtained are consistent with those found in
the eight-coordinated La''' complexes of N-[2-(dimeth-
ylamino)ethyl]salicylideneamine!** and 1,4,7,10-tetrakis(2-
carbamoylethyl)-1,4,7,10-tetraazacyclododecane.*! Al-
though the formation of a dinuclear structure is not a sur-
prise, this open-sandwich-like structure is unexpected. This
no doubt arises from the rigid five-membered imidazolidine
ring in the ligand backbone but also forces the ligand into
a more open configuration rendering impossible the coordi-
nation of all the donor atoms of one ligand to one metal
ion. Instead, these two ligands cooperate with each other
to form two compartments to accommodate two metal ions.
Detailed bonding study does not reveal any trace of inter-
molecular weak or hydrogen bonding interactions within
the system (Figure 4). A few selected bonding parameters
are provided in Tables 1 and 2.

Figure 4. The packing view of [Ln(api)], in the —ab plane.

Table 1. Comparison of the bond lengths [A] in the complexes.

Bonds 1 2

Ln(1)-N(9) 2.578(4) 2.565(6)
Ln(1)-N(12) 2.873(5) 2.854(6)
Ln(1)-O(1) 2.303(4) 2.299(6)
Ln(1)-0(20) 2.436(3) 2.425(5)
Ln(1)-N(26*) 2.555(5) 2.545(6)
Ln(1)-N(23%*) 2.854(5) 2.840(6)
Ln(1)-O(34%) 2.326(3) 2.309(4)
Ln(1)-O(20%) 2.418(4) 2.400(6)

Symmetry code (¥): 2 —x, -y, 2 — z
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Table 3. Photophysical properties of the ligand in methanol.

Bond angles 1 2
O(1)-Ln(1)-0(20) 82.14(13) 81.59(19)
O(1)-Ln(1)-N(9) 70.54(15) 70.8(2)
O(1)-Ln(1)-N(12) 111.41(14) 111.24(19)
O(1)-Ln(1)-0O(20%*) 141.83(13) 141.43(18)
O(1)-Ln(1)-O(34*) 130.32(14) 131.5(2)
O(1)-Ln(1)-N(23%) 81.91(14) 81.67(18)
O(1)-Ln(1)-N(26%) 73.60(16) 74.0(2)
0O(20)-Ln(1)-N(9) 110.03(13) 110.94(18)
0O(20)-Ln(1)-N(12) 69.41(12) 69.62(16)
0O(20)-Ln(1)-0O(20%*) 70.65(12) 70.12(17)
0(20)-Ln(1)-O(34*) 144.43(12) 144.03(19)
0O(20)-Ln(1)-N(23*) 83.85(12) 83.21(16)
0O(20)-Ln(1)-N(26%) 142.53(15) 142.39(19)
N(O)-Ln(1)-N(12) 64.01(12) 64.61(17)
0(20*)-Ln(1)-N(9) 143.61(12) 143.51(18)
0O(34*)-Ln(1)-N(9) 75.24(13) 75.28(19)
N(9)-Ln(1)-N(23%) 146.46(12) 146.13(17)
N(9)-Ln(1)-N(26*) 88.50(15) 87.7(2)
0O(20*)-Ln(1)-N(12) 83.94(12) 83.36(16)
0O(34*)-Ln(1)-N(12) 83.16(13) 83.00(17)
N(12)-Ln(1)-N(23%) 147.33(11) 147.04(16)
N(12)-Ln(1)-N(26*) 146.28(15) 146.21(19)
0O(20*)-Ln(1)-0O(34*) 84.72(12) 84.30(17)
0O(20*)-Ln(1)-N(23%) 69.30(11) 69.71(16)
0O(20*)-Ln(1)-N(26%) 113.25(14) 113.94(19)
0O(34*%)-Ln(1)-N(23%) 111.54(13) 111.76(16)
0O(34*%)-Ln(1)-N(26%) 70.55(15) 70.9(2)
N(23*)-Ln(1)-N(26%) 65.06(14) 65.47(19)

Symmetry code (*): 2 — x, -, 2 — z

UVIVis Spectroscopy and Photoluminescence Studies

Photophysical Properties of the Ligand

Figure 5 displays the UV/Vis absorption spectra of the
Hsapi ligand in methanol and its main photophysical prop-
erties are given in Table 3. The absorption spectrum of the
ligand is composed of two main absorption bands. The high
energy one (313 nm), is associated to m—m* transitions
centred on the benzene moiety. The assignment of the low
energy band is more speculative, but on the basis of its me-
dium absorption coefficient, it may have a pronounced
character of n—n* transition.

12000+

- Hiapi
aHjapi + Et;N
- Hiapi + HC1

8000

-1
g/ M cm

4000+

290 330 370 410 450
Wavelength / nm

Figure 5. UV/Vis absorption spectra of the ligand (2X 104 M in
methanol; black line); ligand containing Et;N (10 pL in 2 mL of a
2X 104 M solution in methanol; triangles) and ligand containing
HCI (10 uL in 2 mL of a 2 X 10# M solution in methanol; grey line).
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Absorption Emission

Zmax (8) Amax Tfluo. / ns
313 nm (5150 M 'cm™) 452 nm 3.9 (71%)
401 nm (1750 mtem™) 0.7 (21%)

Upon excitation into the UV region, the fluorescence
spectra of the ligand display a pronounced emission band
with maximum at 452 nm (Figure 6). Surprisingly, the cor-
responding excitation spectrum (Figure 6) displayed the
maxima to be at 357 nm, a region corresponding to a well
in the absorption spectra. The corresponding Stokes shift
is very large (ca. 5800 cm™), indicating a large electronic
reorganization between the ground and excited states. The
fluorescence lifetimes of the emission of the ligands are in
the nanosecond regime, suggesting emission from a singlet
state.

Iem (arb. units)

300 350 400 450 500 550 600 650
Wavelength / nm

Figure 6. Fluorescence (grey line, A, = 360 nm) and excitation
(black line, 4., = 450 nm) spectra of the ligand in methanol.

In order to understand the origin of the emission band
and its excitation spectrum, the absorption spectra of ligand
in different acido-basic conditions were recorded (Figure 5).
While the absorption spectra of ligand are essentially un-
changed in the presence of Et;N, the presence of concen-
trated aqueous HCI results in the appearance of a strong
absorption band at 356 nm, corresponding to the region of
maximum excitation observed above. The emission spectra
upon acidification and basification of the solution of the
ligand are given in Figure S1 (see Supporting Information).
In acidic conditions, and to a lesser extend in basic ones,
the corresponding fluorescence spectra show a marked de-
crease of the fluorescence intensity, indicating that the ob-
served fluorescence is probably originating from a depro-
tonated state of the phenolic residues. In the absence of
base, a possible origin of the emission may be found in the
presence of an intramolecular proton transfer excited state,
implicating the aminal function and probably favoured by
the higher acidity of phenol/naphthol functions in the ex-
cited state.

Solid-State Photoluminescence Spectra of 1 and 2

The emission spectrum of the complex 1 is shown in Fig-
ure 7. It presents two characteristic emission regions, those
corresponding to the 'D,—3F; (J = 2 to 4) in the 900—
1150 nm range and those corresponding to the 'G,—3H; (J
3997
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= 4-6) above 1250 nm.™® The luminescence lifetime of the
Pr excited state was monitored at 900 nm following pulsed
excitation at 300 nm. The decay curves can not be conve-
niently fitted with a single exponential and it was necessary
to introduce two lifetimes in the fitting process. After meas-
uring the decay of the luminescence intensity upon exci-
tation with the pulsed Xenon lamp, the decay was first cor-
rected for the excitation function using a scattering solution
and this corrected decay was subjected to the deconvolution
process. The decays were fitted with mono- and bi-
exponential functions, showing in all our cases a better fit
with bi-exponential ones. From these fittings, the relative
populations of the two components were determined. The
fitted lifetimes were 8.0 and less than 0.5 ps (corresponding
to the limit of accuracy) respectively, corresponding to 40
and 60% of the total emitted intensity. This fact points to
the presence of two distinct Pr sites within the complex
(confirmed by the single-crystal X-ray diffraction data).

'D, —’F, (J=2-4)

Iy, (arb. units)

1200 1400

Wavelength / nm

800 1000

Figure 7. NIR emission spectrum (Ze. = 300 nm, cut-off filter at
645 nm) of 1 in the solid state at 298 K.

The emission spectrum of the Nd complex was similarly
measured in the solid state (see Figure 8). The emission
bands observed in the NIR emission spectra of the Nd com-
plex can be safely ascribed to the 4F;,—*1; transitions of
Nd at 4 = 850-950 nm (J = 9/2), 1050-1150 nm (J = 11/2)
and 1300-1400 (J = 13/2).147] Between 980 and 995 nm, one
can also observe two weak emission bands, the origin of
which may be found in the mixture of emission arising from
the higher energy *Hy, level of Nd. The excited-state life-
time of Nd was monitored at 1060 nm upon excitation at
300 nm, but appeared too short (<1 ps) to be measured
with our experimental setup.

J=11/2
—

4 4
Fyp =70

Im (arb. units)

1200 1400 1600

Wavelength / nm

800 1000

Figure 8. NIR emission spectrum (Ae. = 300 nm, cut-off filter at
645 nm) of 2 in the solid state at 298 K.
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The excitation spectra of the complexes have also been
recorded. The representative excitation spectrum of the Pr
complex in the solid state is shown in Figure 9. Recording
emission at 894 nm with 10-nm slits at both the excitation
and the emission, one can observe a broad and unstruc-
tured band with a maximum at A = 350 nm, attributed to a
ligand-centred sensitization process. Nevertheless, one can
also observe two sharper excitation bands at 297 and
468 nm. From their narrow shapes, we can potentially attri-
bute such bands to direct excitation of the f electronic
states, pointing to a rather low efficiency of the ligand-
based photosensitization process, as often observed with
NIR emitting compounds.

Iexc (arb. units)

250 350 450 550
Wavelength / nm

Figure 9. Excitation spectrum of the Pr complex (A, = 884 nm,
high-pass filter at 645 nm).

Conclusion

In the present work a functionally dinucleating p-bis(te-
tradentate)-type ligand Hsapi incorporating amine, imine,
and phenol functions has been synthesized and charac-
terized. It is noteworthy that in the Schiff base a five-mem-
bered imidazolidine ring is formed at the backbone after
the condensation and that the middle arm is therefore
unique from the other two arms. The one-pot reactions
with Ln(NO;); salts furnish two new doubly phenoxo-
bridged centrosymmetric homodinuclear Pr'™ and Nd™
complexes where all the metal ions adopt a distorted square
antiprism coordination. The single-crystal X-ray diffraction
studies reveal interesting chelating and bridging modes of
the heptadentate ligand leading to the open-sandwich-like
structures of the complexes. Detailed photophysical investi-
gations of the ligand along with the solid-state photolumi-
nescence spectroscopic studies on both the complexes were
carried out. The complexes give emission bands in the near
infrared region. Further work is being directed toward the
synthesis of lanthanide coordination networks using new
chelating ligands with different backbones and cavities, and
to explore their luminescence properties as well as potential
application as novel tunable photonic devices.

Experimental Section

General Remarks: Elemental analyses (C, H and N) were performed
on a Perkin—Elmer 2400 CHN Elemental Analyser. The mass spec-
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trum was obtained with a Kratos MS 50 (Electron-Impact ioniza-
tion, EI). The FT-IR were recorded on a Perkin—Elmer RX 1 FT-
IR spectrophotometer in the range 4000-200 cm ! as a solid KBr
disc. Fluorescence spectra in solutions were measured in 1-cm?
quartz (Suprasil) cells on a FL 920 Edinburgh Instrument equipped
with a Hamamatsu R928 photomultiplier for the visible domain.
Steady state measurements were performed using a 450-W Xenon
arc lamp while fluorescence lifetimes were determined in the
TCSPC mode using a variable-frequency picosecond-pulsed LED
(4 =310 nm). Decay curve were deconvoluted by using the program
provided by the supplier, using a solution of silica suspended in
water for the measurement of the scattered light. Absorption spec-
tra were recorded in 1-cm? quartz (Suprasil) cuvettes on a Shim-
adzu UV3600 spectrometer at concentrations of 2 X 10~# M in UV-
grade methanol. NIR emission spectra were measured as solid sam-
ples in 2 mm diameter quartz tubes on the same instrument using
a liquid nitrogen-cooled Hamamatsu R5509-72 photomultiplier.
Steady state measurements were performed using a 450-W Xenon
arc lamp, while lifetimes were determined by means of a pulsed
Xenon flash lamp.

Syntheses: All the chemicals and solvents used for this synthesis
were of analytical reagent grade. Salicylaldehyde, triethylenetetram-
ine (trien) (99 % pure), Pr(NO3);:6H,0 (99.99% pure), Nd(NO3);-
6H,0 (99.99% pure) were purchased from Aldrich Chemical Co.
Inc. and used as received without further purification.

Synthesis of the Schiff Base Ligand Hsapi: 3 mmol salicylaldehyde
dissolved in 10 mL of methanol was mixed with 10 mL of meth-
anolic solution of 1 mmol triethylenetetramine and the mixture was
refluxed at 65°C for 1h (Scheme 1). The resulting deep yellow
solution containing the Schiff base ligand was cooled overnight to
yield fine needle-shaped crystals of the ligand. The product was
collected by filtration, washed with diethyl ether and dried at room
temperature; yield 8.6 g (95%); m.p. 101-103 °C. C,;H3oN,4O3
(458.5): caled. C 70.72, H 6.59, N 12.22; found C 70.60, H 6.52, N
12.10. ESI-MS (amu): m/z = 458 [Hiapi*].

Syntheses of the Complexes

[Pr(api)l; (1): To a 25 mL of methanolic solution of Pr(NO;);-
6H,O (0.435¢g, 1 mmol), 15mL of methanolic solution of the
2 mmol Schiff base ligand Hiapi was slowly added. The mixture
was stirred for 10 min, followed by reflux for additional 35 min.
The resulting mixture was filtered and the final filtrate was kept
undisturbed for overnight at room temperature. Pale green rod-
shaped crystals were obtained by slow evaporation of the filtrate
solution. Suitable X-ray diffraction-quality single-crystals were me-
chanically isolated from the bulk materials; yield 85%.
Cs4Hs54NgOgPr, (1191.27): caled. C 54.37, H 4.56, N 9.39; found C
54.30, H 4.60, N 9.42.

[Nd(api)], (2): The synthetic procedure is exactly the same as that
of the previous complex except 0.359 g (1 mmol) Nd(NO3);6H,O
was taken in 25 mL of methanol in the place of Pr-salt. Colourless
rhombic shaped crystals were obtained by slow evaporation of the
final filtrate after one day. X-ray diffraction-quality single-crystals
were mechanically isolated from the bulk materials collected after
filtration and drying; yield 82%. Cs4Hs4NgNd>Og (1199.55): calcd.
C 54.07, H 4.54, N 9.34; found C 54.10, H 4.62, N 9.28.

X-Ray Crystallographic Data Collection and Structure Refinements:

Crystal data and details of the structure refinements are summa-
rised in Table 4.

Eur. J. Inorg. Chem. 2009, 3993-4000

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

Table 4. Crystal data and structure refinement details for the com-
plexes.

1 2
Empirical Formula C27H27N403Pr C27H27N4Nd03
Formula weight 1191.27 1199.55
Crystal dimension /mm 0.05%0.09x0.11  0.11Xx0.21 X0.22
Crystal System monoclinic monoclinic
Space group P2,/n (No. 14) P2,/n (No. 14)
al A 10.9129(4) 10.9571(3)
blA 18.9350(4) 18.9001(6)
clA 11.8972(4) 11.8356(4)
ple 97.109(1) 96.956(2)
VA3 2439.49(13) 2433.00(13)
Z 2 2
T/K 293 293
Jnio ko | A 0.71073 0.71073
D,/ gem3 1.624 1.637
1/ mm! 2.034 2.171
F(000) 1200 1204
0 range for data collection  2.0-27.9° 2.0-27.9°
Total data 11171 10805
Unique data 5810 5789
Observed data [/>3c(1)] 3470 3106
Rl 0.0398 0.0447
R, 0.0848 0.1296
Goodness-of-fit, .S 1.16 1.16
Rine 0.041 0.054
Apmax | € A3 1.72 1.73
Apmin | € A3 -0.69 -0.84

[a] R = X(F, — F/ZIFl. [b] Ry = {Z[W(|Fy — FVEWIFT>.

[Pr(api)], (1) and [Nd(api)], (2): Each of a good quality air stable
single crystal of 1 with dimension 0.05 X 0.09 X 0.11 mm and 2 with
dimension 0.11 X 0.21 X 0.22 mm was mounted on a Nonius Kappa
CCD (diffractometer equipped with graphite-monochromated fo-
cussed X-ray tube bearing a molybdenum target (Mo-K, radiation,
/. =0.71073 A). Data collection was performed using the software
COLLECT. Frames were integrated and corrected for Lorentz and
polarisation effects using DENZO. The scaling as well as the global
refinement of crystal parameters was performed by SCALEPACK.
Whole data processing was performed using the Kappa CCD
analysis software.[**] The structures have been solved by direct
methods with SIR-92 program,“’! combined to Fourier difference
syntheses and refined against F using the CRYSTALS program.["!
All non-hydrogen atoms were successfully refined with anisotropic
thermal parameters. The H atoms were all located in a difference
map, but those attached to carbon atoms were repositioned geo-
metrically and refined with isotropic thermal parameters. All calcu-
lations and graphical works have been done by using WinGX,[>!-3?1
CAMERONP3! and PLATONP4 programs.

Supporting Information (see also the footnote on the first page of
this article): Emission spectra of ligand Hiapi after addition of
Et;N and HCI (Aexe = 360 nm).

CCDC-672293 (for 1) and -672294 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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