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ABSTRACT: Herein, a new aromatic carboxylate ligand, namely, 4- 18—, En Encrgy Traxyicr
(dipyridin-2-yl)aminobenzoic acid (HL), has been designed and employed

for the construction of a series of lanthanide complexes (Eu** = 1, Tb** = 2,

and Gd** = 3). Complexes of 1 and 2 were structurally authenticated by
single-crystal X-ray diffraction and were found to exist as infinite 1D ho=355nm
coordination polymers with the general formulas {[Eu(L);(H,0),]}, (1) — *'r"
and {[Tb(L);(H,0)].(H,0)}, (2). Both compounds crystallize in Ii £
monoclinic space group C2/c. The photophysical properties demonstrated
that the developed 4-(dipyridin-2-yl)aminobenzoate ligand is well suited for |
the sensitization of Tb** emission (@, = 64%) thanks to the favorable ,,L s
position of the triplet state (*zz*) of the ligand [the energy difference / J\ A L
between the triplet state of the ligand and the excited state of Tb*>" (AE) = —
*ar* — 3D, = 3197 cm™'], as investigated in the Gd** complex. On the other
hand, the corresponding Eu** complex shows weak luminescence efficiency (@ a1 = 7%) due to poor matching of the triplet
state of the ligand with that of the emissive excited states of the metal ion (AE = *zz* — °D, = 6447 cm™"). Furthermore, in the
present work, a mixed lanthanide system featuring Eu®* and Tb*" ions with the general formula {[EuysTb,s(L);(H,0),]}, (4)
was also synthesized, and the luminescent properties were evaluated and compared with those of the analogous single-lanthanide-
ion systems (1 and 2). The lifetime measurements for 4 strongly support the premise that efficient energy transfer occurs
between Tb** and Eu®* in a mixed lanthanide system (1 = 86%).

H =86%
ho=612 nm

Interalty (Lu)

Wavelength (nm)

1. INTRODUCTION improvement in the photoluminescence (PL) efficiency of the
terbium(**) 3-methoxy-4-benzyloxybenzoate complex in com-
parison with that of the 4-benzyloxybenzoate complex (10—
33%). By contrast, the introduction of a nitro group in the 3
position dramatically diminishes the PL efficiency of the
terbium(**) 3-nitro-4-benzyloxybenzoate complex because of
the presence of a channel that permits dissipation of the
excitation energy via the 7*—n transition of the nitro group in
conjunction with the intraligand charge-transfer (ILCT) band.”
Our latest communication disclosed that the replacement of
high-energy C—H vibrations with fluorinated phenyl groups in
3,5-bis(benzyloxy)benzoate effectively improves the lumines-
cence intensity and lifetimes of lanthanide complexes.® Inspired
by the eflicient sensitization of various lanthanide benzoates,
herein, we have synthesized a new ligand, namely, 4-(dipyridin-
2-yl)aminobenzoic acid, and utilized it for support of a series of
new lanthanide coordination polymers featuring Eu®*, Gd*,
and Tb*" cations. The designed 4-(dipyridin-2-yl)-

Carboxylate ligands are highly complementary toward
lanthanide metal ions because of the oxophilic nature of the
latter.! Accordingly, lanthanide benzoates and their derivatives
are stable and have attracted considerable attention for their
potential use in a wide variety of fields because of their novel
luminescent and magnetic properties.” In particular, when
modified with light-harvesting moieties, benzoates have proven
to be efficient sensitizers for lanthanide ions.”** In our recent
work, it was demonstrated that replacement of the hydrogen
atoms of the NH, moiety of p-aminobenzoic acid by benzyl
groups had a significant influence on the distribution of the 7-
electron density within the ligand system and resulted in the
development of a novel solid-state photosensitizer for Tb**
with an overall quantum vyield of 82%.* Subsequent
investigations from our group also revealed that the presence
of electron-releasing or -withdrawing groups on position 3 of
the 4-benzyloxybenzoic acid ligand has a profound effect on the
m-electron density of the ligands and consequently on the
photosensitization of Ln** ions. Specifically, the presence of a Received: March 29, 2012
methoxy substituent in this position results in a significant Published: August 3, 2012
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aminobenzoate complexes of lanthanides were structurally
characterized by single-crystal X-ray diffraction. The lumines-
cent properties of the designed lanthanide benzoates have been
systematically investigated and correlated with the triplet
energy level of the newly developed benzoate molecule.

Energy-transfer processes involving two lanthanide ions in
heterodinuclear complexes have been widely studied because
they are proving useful in the design of miniature laser devices.”
Remarkable enhancements and quenching of the photo-
luminescent emissions have been found recently in various
mixed lanthanide carboxylate polymers.”>® Cahill and co-
workers reported terbium sensitization of europium in
heterolanthanide coordination polymers.” The tunable emis-
sion of a widely varied family of lanthanide coordination
polymers based on lanthanide terephthalate has been
investigated, and it is proposed that Tb*" can assist sensitization
of Eu*."® Exploration of PL from polymer solid solutions has
just started to emerge. Herein, we report energy transfer from
4-(dipyridin-2-yl)aminobenzoate-sensitized Tb** to Eu’* in
coordination polymers.

2. EXPERIMENTAL SECTION

Materials and Instrumentation. Europium(III) nitrate hexahy-
drate (99.9%), terbium(II) nitrate hexahydrate (99.9%), and
gadolinium(III) nitrate hexahydrate (99.9%) were procured from
Triebacher. Methyl 4-aminobenzoate (98%) and 2-bromopyridine
(99.9%) were purchased from Sigma-Aldrich and used without further
purification. All of the other chemicals used were of analytical reagent
grade.

The C, H, and N elemental analyses were performed on a Perkin-
Elmer series 2 elemental analyzer 2400. The IR spectra were recorded
as KBr pellets on a Perkin-Elmer Spectrum One FT-IR spectrometer
operating between 4500 and 400 cm™. A Bruker 500 MHz NMR
spectrometer was used to record the '"H NMR (500 MHz) and "*C
NMR (125.7 MHz) spectra of the new compound in a chloroform-d
solution. The chemical shifts are reported in parts per million relative
to tetramethylsilane (SiMe,) for 'H and '3C NMR spectra. The mass
spectra were recorded on a JEOL JSM 600 fast atom bombardment
(FAB) high-resolution mass spectrometer (FAB-MS), and thermog-
ravimetric analyses (TGA) were performed on a TG/DTA-6200
instrument (SII Nano Technology Inc., Japan) in a nitrogen
atmosphere. Powder X-ray diffraction (XRD) patterns were recorded
in the 26 range of 10—70° using Cu Ka radiation (Philips X'pert). The
quantitative microanalysis of the mixed lanthanide complex was carried
out on an energy-dispersive spectrometer (Technai G* 30LaB,, ST
with EDAX). UV—vis absorption spectra were recorded with a
Shimadzu UV-2450 UV—vis spectrophotometer. All spectra were
corrected for the background spectrum of the solvent. The
absorbances of the ligand and complexes were measured in a
CH;CN/water mixture. PL spectra were recorded on a SPEX
Fluorolog FL22 spectrofluorometer (HORIBA Jobin Yvon) equipped
with a double-grating 0.22 m SPEX 1680 monochromator and a 450
W xenon lamp as the excitation source operating in the front-face
mode. The lifetime and phosphorescence measurements were carried
out at room temperature using a SPEX 1040 D phosphorimeter. The
overall quantum yields for complexes 1 and 2 were determined under
ligand excitation (355 nm) and are based on the absolute method
using a calibrated integrating sphere in a SPEX Fluorolog
spectrofluorometer as described elsewhere.'”'> Each sample was
measured several times under slightly different experimental
conditions. The estimated error for the quantum yields is +10%."

The single-crystal XRD data were collected with a Bruker AXS
Smart Apex CCD diffractometer at 293 K. The X-ray generator was
operated at 50 kV and 35 mA using Mo Ka (4 = 0.71073 A) radiation.
The data were reduced using SAINT+,'* and an empirical absorption
correction was applied using the SADABS program.'® The structure
was solved and refined by using SHELXL-97 in the WINGX suit of
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programs (v.1.63.04a).'® All of the hydrogen positions were initially
located in the difference Fourier maps, and for the final refinement, the
hydrogen atoms were placed in geometrically ideal positions and
refined in the riding mode. Final refinement included the atomic
positions of all of the atoms, anisotropic thermal parameters for all of
the non-hydrogen atoms, and isotropic thermal parameters for all of
the hydrogen atoms. Full-matrix least-squares refinement against F>
was carried out using the WINGX package of programs.'” Selected
crystal data and data collection and refinement parameters are listed in
Table 1.

Table 1. Crystallographic and Refinement Data for 1 and 2

1 2
formula Cs1H,NgOgEu CsH3¢NyO,Th
fw 1058.88 1077.81
cryst syst monoclinic monoclinic
space group C2/c C2/c
cryst size (mm?®) 0.12 X 0.04 X 0.03 0.12 X 0.03 X 0.02
temp (K) 296 293
a (A) 30.2598(9) 29.502(3)

b (A) 14.9444(4) 15.9006(10)
c (A) 10.2439(3) 10.0813(8)
a (deg) 90 90

B (deg) 102.862(1) 102.716(9)
7 (deg) 90 90

V (A%) 4516.2(2) 4613.2(6)
V4 4 4

Dy (g em™) 1.557 1.552
#(Mo Ka) (mm™) 1.457 1.602
F(000) 2144.0 2168.0

RL [I > 26(1)] 0.0178 0.0770
wR2 [I > 26(I)] 0.0448 0.1547

RI (all data) 0.0226 0.1070
wR2 (all data) 0.0475 0.1691
GOF 1.039 0.974

Synthesis of Methyl 4-(Dipyridin-2-yl)Jaminobenzoate. The
ester methyl 4-(dipyridin-2-yl)aminobenzoate was synthesized by a
modified procedure reported elsewhere.'® Potassium carbonate (1 g),
potassium iodide (0.1 g), CuSO,-SH,0 (0.1 g), and phenanthroline
(0.1 g) were added to a solution of methyl 4-aminobenzoate (1 g, 6.6
mmol) in toluene (50 mL) followed by the addition of 2-
bromopyridine (1.25 mL, 13.03 mmol). The resulting reaction
mixture was refluxed for 24 h at 150 °C, and the solvents were
evaporated to dryness. The residue was then dissolved in dichloro-
methane and washed with water. The resulting aqueous layer was
further extracted with dichloromethane, and the combined organic
extracts were dried with sodium sulfate, filtered, and evaporated at
reduced pressure. The resulting residue obtained was purified by silica
gel column chromatography using hexane/ethyl acetate, thereby
affording the desired product as an off-white solid. Yield: 0.8 g
(42%). "H NMR (500 MHz, CDCL,): § 8.29 (m, 2H, Ar—H), 7.92 (d,
2H, ] = 8.5 Hz, Ar—H), 7.54 (m, 2H, Ar—H), 7.10 (d, 2H, ] = 9 Hz,
Ar—H), 6.94 (m, 4H, Ar—H), 3.83 (s, 3H, —OCHj,). *C NMR (125
MHz, CDCL): § 165.56, 156.65, 148.31, 147.86, 136.92, 129.95,
124.80, 123.90, 11820, 116.92, 50.96. FAB-MS: m/z 306.61 [(M +
1)*]. FT-IR (KBr): v, 1715 (v,(C=0)), 1587, 1465 (v,(C=0)),
1430, 1289, 1172, 1106, 769, 703, 522 cm ™.

Synthesis of 4-(Dipyridin-2-yl)aminobenzoic Acid (HL).
Methyl 4-(dipyridin-2-yl)aminobenzoate (0.8 g 2.62 mmol) was
refluxed for 24 h in a 50 mL methanolic solution of NaOH (0.63 g,
5.75 mmol). The reaction mixture was poured into ice cold water and
acidified with dilute HCI, and the resulting precipitate was filtered,
washed, dried, and recrystallized from dichloromethane. Yield: 0.6 g
(77%). "H NMR (500 MHz, CDCl,): & 8.40 (m, 2H, Ar—H), 7.93 (d,
2H, ] = 8.5 Hz, Ar—H), 7.64 (m, 2H, Ar—H), 7.17 (d, 2H, ] = 8.5 Hz,
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Scheme 1. Synthesis of Ligand HL
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4-(di(pyridin-2-yl)amino)benzoic acid

Ar-H), 7.05 (m, 4H, Ar—H). ®C NMR (125 MHz, CDCL): &
169.52, 157.49, 149.24, 148.69, 138.21, 131.60, 126.23, 125.28, 119.33,
118.07 (Figure S1 in the Supporting Information, SI). FAB-MS: m/z
292.59 [(M + 1)*]. Elem anal. Caled (found) for C;,H;;0,N,
(291.31): C, 70.09 (70.05) ; H, 4.50 (4.31); N, 14.42 (14.22). FT-
IR (KBr): v, 1699 (v,(C=0)), 1598, 1466, 1434 (v,(C=0)),
1286, 1172, 1009, 770, 741, 520 cm™".

Syntheses of Lanthanide Complexes. All metal complexes were
prepared in a similar manner in air by mixing stoichiometric amounts
of ligand (1.5 mmol) and Ln(NO,);-6H,0 (0.5 mmol; Ln = Eu, Tb,
or Gd) in ethanol in the presence of NaOH (1.5 mmol). Precipitation
took place immediately, and the reaction mixture was stirred
subsequently for 12 h at room temperature. The crude product was
filtered, washed with ethanol. and dried. The resulting complexes were
then purified by recrystallization from a dichloromethane/methanol
solvent mixture. Single crystals of the terbium and europium
complexes suitable for single-crystal X-ray study were obtained from
an ethanol/water solvent mixture after storage for 4 weeks at room
temperature.

[Eu(L)5(H,0),1(H,0) (1). Elem anal. Calcd (found) for
CH,,NoOgEu (1076.91): C, 56.88 (56.66); H, 3.93 (3.66); N,
11.70 (11.4S). FT-IR (KBr): v, 3402 (v(O—H)), 1643 (v, (C=
0)), 1594 (v, (C=0)), 1469, 1426 (v,(C=0)), 1400 (v,(C=0)),
1321, 1274, 1154, 773 cm™". FAB-MS: m/z 1022.22 {[Eu(L),]’;
Figure S2 in the SI}.

[Tb(L);(H,0)1(H,0) (2). Elem anal. Calcd (found) for
CHyoNyOsTh (1065.86): C, 57.46 (57.33); H, 3.78 (3.81); N,
11.82 (11.60). FT-IR (KBr): vy, 3391 (v(O—H)), 1643 (v, (C=
0)), 1594 (v, (C=0)), 1469, 1424 (v,(C=0)), 1404 (v,(C=0)),
1321, 1274, 1154, 773 cm™'. FAB-MS: m/z 1046.64 {[Tb-
(L);-(H,0)]*; Figure S2 in the SI}.

[Gd(L);(H,0),] (3). Elem anal. Caled (found) for Cg;H,N,OgGd
(1063.75): C, 57.57 (57.45); H, 3.79 (3.81); N, 11.85 (11.74). FT-IR
(KBr): vy 3409 (v(0—H)), 1643 (1,,(C=0)), 1594 (v,(C=0)),
1468, 1428 (v,(C=0)), 1402 (v,(C=0)), 1294, 1153, 774 cm™".
FAB-MS: m/z 1046.83 {{Gd(L);-(H,0O) + 1]*; Figure S2 in the SI}.

[EugsThgs(L)3(H,0),]1 (4). Elem anal. Caled (found) for
CsH,oNyOg EuyThys (1062.38): C, 57.66 (57.49); H, 3.79 (3.57);
N, 11.86 (12.00). FT-IR (KBr): v,,,, 3401 (v(O—H)), 1646 (v,,(C=
0)), 1595 (v, (C=0)), 1469, 1428 (v,(C=0)), 1405 (v,(C=0)),
1320, 1274, 1153, 854, 773 cm™'. FAB-MS: m/z 1041.36 {[Eu-
(L);-(H,0) + 1]*}, 1028.85 {[Tb(L),]*; Figure S2 in the SI}. The 1:1
molar ratios of Th*/Eu*" in a mixed Ln** complex were further
confirmed by energy-dispersive spectrometry (EDS) analysis (Eu/Tb
= 1.02).

3. RESULTS AND DISCUSSION

The ligand HL was synthesized (yield: 77%) in two steps
starting from commercially available 4-aminobenzoate, as
outlined in Scheme 1. The newly designed ligand was identified
on the basis of 'H and *C NMR spectroscopy (Figure S1 in
the SI), FAB-MS, FT-IR, and elemental analysis. The protocols
used for the syntheses of lanthanide 4-(dipyridin-2-yl)-
aminobenzoate complexes are summarized in the Experimental
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Section. The elemental analysis data of the complexes revealed
that in each case the Ln** ion had reacted with the
corresponding benzoate ligand in a metal-to-ligand mole ratio
of 1:3. The FT-IR spectrum of the ligand evidenced intense
absorption bands characteristic of the carboxylate groups at
1434 and 1699 cm™', which are assigned to the symmetric
v,(C=0) and asymmetric v,(C=0) vibrations, respectively.
These bands in the spectrum of the free ligand, which are
assigned to the stretching vibrations of the nonionized
carboxylic group, are shifted in the FT-IR spectra of 1—4,
thus confirming that the ligand is completely ionized and,
hence, in accordance with the single-crystal X-ray structures.
Moreover, the symmetric and asymmetric stretching vibrational
modes of the carboxylate groups in complexes 1—4 are further
split into two peaks (Table S1 in the SI). The differences
between the asymmetric and symmetric stretching vibrational
modes (Avc—p) = v, — ;) fall in the ranges 215—219 and
190—194 cm™’, which indicates that carboxylate groups are
coordinated to Ln** ions in bidentate bridging and chelating
modes.'” The broad band observed at 3400 cm ™! for complexes
1—4 is attributed to the characteristic vy stretching vibration
and is indicative of the presence of water molecules. The 1:1
molar ratios of Tb*/Eu** in a mixed Ln** complex 4 were
further confirmed by EDS analysis (Eu/Tb = 1.02; Figure S3
and Table S2 in the SI). The powder XRD patterns of
complexes 1—4 are similar to each other, thus implying that
these complexes are isostructural (Figure S4 in the SI).
Thermal Properties. The thermal stabilities of complexes
1, 2, and 4 were examined by TGA in the 30—1000 °C range,
and the corresponding thermograms are depicted in Figure S5
in the SI. It is interesting to note that compounds 1 and 2 are
thermally stable up to ~450 °C, with a first weight loss between
90 and 200 °C in complex 1 (found, 4.70%; calcd, 5.01%),
corresponding to the release of one uncoordinated and two
coordinated water molecules. On the other hand, the loss of
two water molecules was noted in the case of complex 2
(found, 3.40%; calcd, 3.38%) due to the elimination of one
lattice and one coordinated water molecules. It can be noted
from the thermogram of complex 4 that it is stable up to ~430
°C, with a first weight loss (found, 3.30%; calcd, 3.39%), which
accounts for the elimination of two coordinated water
molecules. The second weight loss, between 450 and 850 °C
for complex 1 (found, 79.80%; calcd, 80.87%), is attributed to
thermal decomposition of three ligand molecules. On the other
hand, in the case of complex 2, the second weight loss noted
between 450 and 770 °C (found, 81.90%; calcd, 81.71%) and
the loss occurring between 450 and 850 °C (found, 81.20%;
calcd, 81.98%) in complex 4 can also be due to the loss of three
ligand moieties. The total weight losses are compatible with
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formulas, and the masses of the final products correspond to
the complete combustion of the complexes to their
corresponding metal oxides (Eu,05 or Tb,0,). The differences
observed in TGA of complexes 1 and 2 are essentially due to
the different hydration states of the Ln®" cations and also can be
attributed to lanthanide contraction.*

X-ray Crystal Structures. Single-crystal XRD studies reveal
the 1D coordination polymeric nature of both 1 and 2 (Figures
1 and 2). However, these complexes have different coordina-

Figure 1. (a) 1D coordination polymer chain of complex 1. (b)
Coordination environment of complex 1. All hydrogen atoms are
omitted for clarity. Symmetry codes: A, 1 —x,y, 1.5 —2z; B, 1 —x,2 —
»2-2zCl—-x2-y1-2zDxyz

a) ®

b)

Figure 2. (a) 1D wavelike coordination polymer chain of complex 2.
(b) Coordination environment of complex 2. All hydrogen atoms are
omitted for clarity. Symmetry codes: A, x,2 —y, —'/, + z; B, —x, 2 —
»l—-z (& =% ) 1/2 -z D, X )y 2.

tion environments. The pertinent data collection parameters
and a listing of significant bond distances and angles for both
compounds are depicted in Tables 1 and 2, respectively.
Compounds 1 and 2 crystallize in the monoclinic space group
C2/c. The lanthanide centers in compounds 1 and 2 are doubly
bridged by carboxylate groups of the 4-(dipyridin-2-yl)-

aminobenzoate ligands and thereby form infinite 1D chains.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for 1
and 2

1 2
Eul—Eul 5.122 Tb1-Tbl 5.278
Eul-01 2.312(2) Tb1-01 2.240(2)
Eul-02 2.330(2) Tb1-02 2.428(2)
Eul-03 2.514(2) Tb1-03 2.325(2)
Eul-04 2.539(2) Tb1-04 2.349(2)
Eul-01# 2.312(2) Tb1-O1# 2.240(2)
Eul—-O2# 2.330(2) Tb1-02# 2.428(2)
Eul—-O03# 2.514(2) Tb1-03# 2.325(2)
Eul—O4# 2.539(2)

0O1-Eul-01 153.60(7) 02-Tb1-02 53.69(2)
O1-Eul-02 82.59(5) 01-Tb1-03 91.55(2)
01-Eul-02 101.23(5) 03-Tb1-03 156.2(2)
02—Eul-02 163.42(7) 01-Tb1-04 87.94(12)
O1-Eul-03 74.45(5) 03-Tb1-04 78.10(12)
O1-Eul-03 81.79(5) 01-Tb1-02 91.3(2)
02—Eul-03 73.68(4) 03-Tb1-02 75.05(17)
03—Eul-03 51.79(6) 03-Tb1-02 128.74(16)
01-Eul-04 134.22(5) 02-Tb1-04 153.15(11)
04—Eul-04 68.77(6)

It is interesting to note that compound 2 forms a 1D wavelike
strand; on the other hand, compound 1 forms a straight chain.
This may be due to the differences in their coordination
environments. The Eul center of 1 is coordinated to four
carboxylate oxygen atoms of the bridging 4-(dipyridin-2-
yl)aminobenzoate ligands, two carboxylate oxygen atoms of
the chelating 4-(dipyridin-2-yl)aminobenzoate ligand, and two
water molecules. The coordination geometry around the Eul
center can be described as a distorted square antiprism, with
O—Eul—0 bond angles ranging from 51.79° to 163.42°. In
contrast to the Eul center in 1, the Tbl center of 2 is
surrounded by seven oxygen atoms in a distorted pentagonal-
bipyramidal arrangement, with O—Tb1—O bond angles ranging
from 53.69° to 156.2°. The Tb1 center in 2 is coordinated to
four carboxylate oxygen atoms from the bridging benzoate
ligands, two carboxylate oxygen atoms from the chelating
benzoate ligand, and one oxygen atom from the water
molecule.

The longest Ln1—O bonds involve the oxygen atoms of the
bidentate chelating ligands [Eul—03, 2.514 A; Ful—-03#%,
2.514 A; Tb—02, 2.428 A; Tb—O2#, 2.428 A], and the shortest
bonds are associated with bridging carboxylate ligands [Eu—01,
2.312 A; Eu—02, 2.330 A, Eu—01#, 2.312 A; Eu—02#, 2.330
A; Tb—01, 2.240 A; Tb—O01#, 2.240 A, Tb—03, 2.325 A; Tb—
O3#, 2.325 A]. These trends in the distances are found to be
same as those observed in lanthanide carboxylate comlplexes
featuring bidentate chelating and bridging modes.'**" The
carboxylate bridges also adopt a syn—anti confirmation in both
1 and 2 to exhibit Ln1—Ln1 distances of 5.122 A in 1 and 5.278
A in 2. The distance between adjacent terbium centers is found
to be larger than the Eul—Eul distance. This can be attributed
to the differences in their coordination environments in view of
the presence of two inner-sphere water molecules in complex 1,
while complex 2 has only one. The most noteworthy structural
features of these compounds are the presence of free Lewis
basic pyridyl sites within the 1D coordination polymer, which
may have a potential utility of these compounds for the
recognition and sensing of metal ions.
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Electronic Spectra of the Ln®* Complexes. The
absorption spectra of the free ligand and corresponding Ln**
complexes (1—4) have been recorded in the CH;CN/water
mixture (CH,CN, 60%; water, 40%; ¢ = 2 X 107> M) at 298 K
and are depicted in Figure 3. The ligand displays an absorption

) (Lmel'1cm'1)

200 350
Wavelength (nm)
Figure 3. UV—vis absorption spectra of the ligand HL and complexes

1—4 in CH;CN/water mixture (CH;CN, 60%; water, 40%; ¢ = 2 X
1075 M).

band localized in the UV region with a molar absorption
coefficient (&) of 1.2 X 10* L mol™ em™ (4,,,, = 305 nm)
that is classically observed for zmz* transitions of benzoic acid
ligands. The trends in the absorption spectra of the complexes
are identical with those observed for the free ligand. The molar
absorption coefficients of 1—4 are found to be 3.5 X 10% 3.7 X
104 3.8 x 10% and 34 X 10* L mol™ cm™}, respectively,
showing the strong ability of the complexes to absorb light in
the 250—350 nm region, with maxima at 305 nm. The
absorption coeflicients for the complexes are about 3 times
higher compared that to the free ligand, in line with the
formation of 3:1 (ligand/metal) complexes. These features
point to the ligand being an adequate light-harvesting
chromophore for the sensitization of lanthanide luminescence.

Photophysical Properties. In the present study, the
gadolinium(**) 4-(dipyridin-2-yl)aminobenzoate complex (3)
has been utilized to probe the triplet energy level of the newly
developed sensitizer 4-(dipyridin-2-yl)aminobenzoate to assess
its efficiency in the energy-transfer process to the lanthanides. It
is widely recognized that Gd** complexes are a popular choice
for elucidating triplet energy levels of the ligand for the
following reasons: (1) Because of its heavy atom effect, the
Gd*" ion increases the rate of intersystem crossing. (2) The first
excited-state electronic levels of Gd*" are at high energies (SI] at
around 36900 cm™'), there is no gadolinium emission in the
visible range, and all luminescence observed is due to the ligand
part of the complex. Thus, radiative decay from a triplet excited
state becomes the predominant energy migration pathway.
Compound 3 exhibits ligand phosphorescence as a broad band
centered at 435 nm after excitation at 305 nm at 77 K (Figure
S6 in the SI). The triplet energy level (*zz*) of the ligand was
estimated by reference to its lower-wavelength emission edge
(422 nm; 23697 cm™') of the low-temperature phosphor-
escence spectrum of the Gd** complex 3. It can be noted that
the triplet energy level of the ligand is found to be higher than
that of the emitting levels of both *D, of Tb** or *D, of Eu*,
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thus indicating that the designed ligand can act as an antenna
for photosensitization of these Ln>* ions.”> To elucidate the
energy migration pathways in Ln®* complexes, it was also
necessary to determine the singlet energy level (‘zz*) of the
ligand. The singlet ('zz*) energy level of this ligand was
determined by reference to the UV—vis upper absorption edge
of the Gd*" complex 3 (Figure 3), and the value was found to
be 346 nm (28900 cm™'). It is well documented that an
efficient ligand-to-metal energy transfer requires a good
intersystem-crossing efficiency, which is maximized when the
energy difference between singlet and triplet states,
AE(zm*—*zr¥), is close to 5000 cm™.** Thus, in the present
study, it amounts to 5203 cm™}, and therefore the newly
developed ligand has a good intersystem-crossing efficiency.
The excitation spectrum of the Eu** complex 1 (in the solid
state) at room temperature, monitored around the peak of the
intense D, — ’F, transition consists of a broad band and
several narrow bands (Figure 4). The broad band peaking at
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0.0

I3
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Figure 4. Room-temperature excitation and emission spectra for
complex 1 (4 = 355 nm) with emission monitored at approximately
612 nm.

355 nm is attributed to the zz* ligand transition, and the
narrow bands are assigned to transitions of the Eu®" intra-*Fq
ion, from F, to *Lg (394 nm), °D; (414 nm), and °D, (464
nm) levels.”* However, these transitions are weaker than the
absorption of the organic ligand and are overlapped by a broad
excitation band, which proves that luminescence sensitization
via excitation of the ligand is much more efficient than the
direct excitation of the Eu®" ion absorption level. The emission
spectrum of 1 was recorded under the maximum excitation
wavelength at 355 nm. The emission spectrum is composed of
the first excited state, Dy, and the ground septet, 7F} (J=0-4)
of Eu**.*® The transition *D, — F, is very weak and is situated
at 582 nm. The moderately strong transition Dy — “F, splits
into three peaks at 589, 592, and 596 nm. The hypersensitive
transition *D, — ’F, consists of a strong band at 614 nm,
resulting in red luminescence. The peaks at about 650 and 656
nm correspond to the characteristic D, — ’F, transition. It is
also noted that four splitting peaks of the °D, — ’F, transition
occurs at 693, 697, 701, and 705 nm.

The steady-state excitation and emission spectra of the Tb**
complex 2 at room temperature are depicted in Figure 5. The
excitation spectrum of 2 monitored around the peak of the
intense *D, — "F; transition of the Tb*" ion displays a broad
band between the 250 and 400 nm range with a maximum at
approximately 355 nm, which can be assigned to the 'zz*
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Figure S. Room-temperature excitation and emission spectra for
complex 2 (A, = 355 nm) with emission monitored at approximately
545 nm.

transition of the antenna molecule. The absence of any
absorption bands due to the f—f transitions of the Tb** cation
proves that luminescence sensitization via excitation of the
ligand is more sensitive than the direct excitation of the Tb*"
ion. The room-temperature emission spectrum of the Tb*"
complex exhibits the characteristic emission bands of Tb** (A,
=355 nm) centered at 490, 545, 585, and 620 nm, which result
from deactivation of the °D, excited state to the corresponding
ground state 'F; (J = 6, S, 4, 3) of the Tb** ion.2“>?® The more
intense transition centered at 545 nm corresponds to the
transition of D, — ’F;. Moreover, the ligand-centered
emission is not detected, thus implying the existence of an
efficient ligand-to-metal energy-transfer process in this
complex.

The excited state D, (Eu®**) and 3D, (Tb>*) lifetime values
() were measured at both ambient (298 K) and low
temperatures (77 K) for the Ln** complexes 1 and 2, by
monitoring within the more intense lines of the *D, — F, and
D, — ’Fy transitions, respectively (Figures S7—S9 in the SI),
and the pertinent values are summarized in Table 3. The
observed luminescent decay profiles correspond to single-
exponential functions, thus implying the presence of only one
emissive Ln®" center. The shorter *Dj lifetime (7, = 428 + 2
us) noted for the Eu** complex 1 at 298 K may be due to the
dominant nonradiative decay channels associated with vibronic
coupling because of the presence of two water molecules in the
coordination sphere of this complex.”” This value is essentially
temperature-dependent, with 7, (759 + 7 us) approximately
doubled upon going from 298 to 77 K, thereby reflecting the
presence of thermally activated deactivation processes. This
effect has been well documented for many hydrated europium
carboxylate complexes.*> A longer °D, lifetime value at 298 K
(938 + 7 ps) has been observed for the Tb*" complex even
when the solvent molecules are present in the first coordination
sphere because they are well-known to be vibrational

deactivators of the excited states of the Ln** ions.*® The
energy gap between the luminescent and ground state
manifolds are approximately 12000 and 14800 cm™" for Eu®"
and Tb*", respectively. Relatively efficient coupling of the Eu®"
excited states occurs for the third vibrational overtone of the
proximate O—H oscillators (Vo ~ 3300—3500 cm™) and for
the fourth harmonic in the case of Tb**, which is consistent
with the less efficient quenching observed in the case of Tb*,
where the Franck—Condon overlap factor is less favorable.”
The D, lifetime value of the Tb** complex is found to be
essentially temperature-independent, with g, (970 + 7 us)
varying by ~3% upon going from 298 to 77 K, thereby
reflecting the absence of thermally activated deactivation
processes.

In order to understand the photophysical properties of the
designed ligand, it was apgropriate to analyze the luminescent
behavior in terms of eq 1 % where @, and @, represent the
ligand-sensitized and intrinsic luminescent quantum yields of
Ln**. @, represents the efficiency of the ligand-to-metal

energy transfer:
Cpreral = Len @y (1)

overall sen

Here, @y, can be calculated from the following equation:

b, = ( ARAD ) _ Tobs
Ln — =
Apap T Axr TRAD 2)

The intrinsic quantum yield of Eu** could not be determined
experimentally upon direct f—f excitation because of its very
low absorption intensity. Therefore, the radiative lifetime of
Eu®" can be calculated from eq 3,%! where n represents the
refractive index of the medium. An average index of refraction
equal to 1.5 was employed in the calculation. Ay (14.65
s™!) represents the spontaneous emission probability of the D,
— 7F, transition in vacuo, and I;oy/Iyp signifies the ratio of
the total integrated intensity of the corrected Eu®" emission
spectrum to the integrated intensity of the magnetic-dipole *D,
— F, transition.

1 3| Itor
= App,oft (
TRAD Lip

Agap =
(©)
The intrinsic quantum yield for Tb* (®,) was estimated
using eq 4 with the assumption that the decay process at 77 K
in a deuterated solvent is purely radiative.*®

Dy, = Tobs(298K)/ Tobs(77K) %)

Table 3 summarizes the @ o, Ppy Pyeny and radiative (Agap)
and nonradiative (Ayg) decay rates. Solid-state measurements
gave a quantum yield of 64% for the terbium(3+) 4-(dipyridin-
2-yl)aminobenzoate complex 2. Conversely, the corresponding
Eu* complex 1 shows poor luminescent efficiency with low
quantum yield (7%). A poor sensitization efficiency for the Eu®"
complex 1 has been noted for the newly constructed benzoate
ligand mainly because of the larger energy gap between the

Table 3. Radiative (Ag,p) and Nonradiative (Ayg) Decay Rates, ’D,/°D, Lifetimes (7,;), Radiative Lifetimes (zz,p), Intrinsic
Quantum Yields (®,), Energy-Transfer Efficiencies (@), and Overall Quantum Yields (®,,,;) for Complexes 1 and 2

complex Agap (s71) Axg (571 Tobs (#15)
1 282 2071 428 +2 759 + 7°
2 938 £ 7
77 K.

Trap (k) @y, (%) D, (%) Doverar (%)
3540 12 58 7407
970 + 7 97 66 64+ 6
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triplet state and the °Dj level of Eu** AE(*zz*—D,) = 6447
cm™ for 1. Therefore, a lower quantum yield has been
observed in the Eu’* complex. On the other hand, complex 2
exhibits a higher quantum yield (@, ..y = 64%) and an efficient
ligand-to-metal energy transfer (@, = 66%) because of the
superior match of the triplet energy level of HL to that of the
Tb*" emitting level [AE(*zz*—"D,) = 3197 cm™'].

Energy Transfer from Tb3* to Eu®*' in a Mixed
Lanthanide Complex. The PL emission spectrum of
compound 4 is compiled in Figure 6 along with the emission
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Figure 6. Room-temperature emission spectra for complexes 1, 2, and
4, excited at 355 nm.

spectrum of coordination polymers of complexes 1 and 2. The
mixed lanthanide complex exhibits an enhanced luminescent
intensity at 614 nm (5.48-fold) corresponding to the Dy — 'F,
transition of the Eu®* ion compared to the isostructural Eu®*
complex 1 because of the presence of the Tb*" ion in complex
4. On the other hand, a considerable decrease in the
luminescent intensity at 545 nm (22.7-fold) corresponding to
the °D, — ’Fj transition compared to the isostructural Tb**
complex 2, indicating the highest efficiency of Tb* to Eu**
energy transfer. Furthermore, the color in the luminescent
image of the mixed Ln*" complex shows bright-red emission
under UV light.

The lifetime measurements of the Ln®" emissions in mixed-
lanthanide systems represent an important tool for the
demonstration of energy transfer between the Ln*" ions.”**
Lifetime values for the excited-state energy levels for complex 4
were determined from their respective luminescent decay
profiles at room temperature (Figure S10 in the SI). The
lifetimes of Tb*" and Eu’* emissions in a mixed-Ln®" system
provides further evidence that energy transfer from the Tb*" to
Eu’* centers is indeed occurring because the lifetime of the
Tb*" emission decreases by approximately 86% (down to 132 +
1 us from 938 + 7 us in 2). In contrast, the lifetime of the Eu®*
emission increases moderately to 525 + 1 us (from 428 + 2 us
in 1). This can be explained as being due to a decrease of the
concentration quenching by dilution of the Eu® ions. The
energy-transfer efficiency (1) for the purely dipole—dipole,
through-space energy-transfer mechanism can be quantified by
egs 5 and 6:°*

n=1- (T/To) (5)

n=1/[1+ (R/R,)’] (6)

where 7 and 7, are the lifetimes of luminescence of the donor in
the presence and absence of the acceptor, R, is the distance
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required for 50% energy transfer, and R is the actual distance
between the donor and acceptor. The energy-transfer efficiency
estimated as per eq S was found to be 86% when 7 = 132 + 1
us and 75 = 938 + 7 us. On the other hand, as per eq 6, the
energy-transfer efficiency of 7 = 96% was obtained when it has
been assumed that R = 5.2 A and Ry = 9.0 A (the value for R,
usually lies between 8 and 10 A for Eu**/Tb** pairs in
helicates®*). This efficiency is approximately similar to the
value calculated experimentally for the mixed complex 4 system
based on lifetime values. It is therefore a strong possibility that
intrachain energy transfer occurs predominantly via a dipole—
dipole mechanism. The efficiency of energy transfer observed in
the present system is comparable to that of heterometallic
lanthanide helicates developed by Piguet and co-workers, which
display superior energy-transfer yields of 72% and 82%.>*

In addition to the above-mentioned Ln — Ln energy-transfer
pathways, it is well demonstrated that the general mechanism
for the sensitization of Ln** ion luminescence via the “antenna
effect” involves the following steps: (i) UV absorption by the
organic chromophore, which results in excitation to the first
excited-state singlet (S,); (ii) intersystem crossing from the
singlet to the triplet state (T,); (iii) intermolecular energy
transfer from the ligand-centered triplet state to the excited 4f
states of the Ln>" ions; (iv) radiative transition from the Ln*"
ion emissive states to lower energy states, which results in the
characteristic Ln** emission.>® Thus, the intramolecular energy
migration efficiency from the organic chromophore ligand to
the central Ln®" ion is one of the key factors that influences the
luminescent properties of these Ln®* complexes. Taking the
mixed Ln®" complex 4 as a typical example, the schematic
diagram representing energy-transfer pathways is summarized
in Figure 7.
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Figure 7. Schematic representation of the energy-transfer mechanism
for complex 4.

4. CONCLUSIONS

In summary, we have demonstrated the design, synthesis, and
characterization of a new class of highly luminescent thermally
stable lanthanide coordination polymers that utilizes a novel
HL ligand to indirectly excite the lanthanide metal center. The
terbium coordination polymers show high quantum yields
(Dgyeran = 64 + 6%) and long lifetimes (7, = 938 = 7 us),
supporting the hypothesis that the superior match of the triplet
state of the ligand with that of the *D, excited-state level of the
metal ion. In contrast to the foregoing, the Eu’* coordination
polymer features a weak luminescence efficiency (®ge = 7 +
0.7%) due to poor matching of the triplet state of the ligand
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with the emissive excited states of the metal ion. Another
noteworthy feature from the current study is an efficient Tb**-
to-Eu® energy transferability in a heteronuclear lanthanide
complex, and hence it is a potential candidate for applications
in the field of color displays, luminescence sensors, and
structural probes.
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