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ABSTRACT: Lanthanide coordination polymers of the general formula [Ln2(L)5(NO3)(H2O)4]n (Ln=Eu (1), Tb (2), Gd (3))
supported by a novel aromatic carboxylate ligand 4-((1H-benzo[d]imidazol-1-yl)methyl)benzoic acid (HL) have been
synthesized, characterized, and their photoluminescence behavior is examined. The powder X-ray diffraction patterns of
complexes 1-3 showed that 1-3 are isostructural; thus, 1 has been chosen as an example to discuss in detail about themolecular
structure by single-crystal X-ray diffraction. Complex 1 is a one-dimensional (1D) helical chain-like coordination polymer
consisting of unique unsymmetrical dinuclear lanthanide building blocks. The 1D chains are further linked by the significant
intermolecular hydrogen-bonding interactions to form a two-dimensional supramolecular network. The Tb3þ complex exhibits
bright green luminescence efficiency in the solid state with a quantum yield of 15%. On the other hand, poor luminescence
efficiency has been noted for Eu3þ-benzoate complex.

Introduction

In recent years, the rational design and synthesis of lantha-
nide organic coordination complexes have attracted great
interest for their fascinating architectures and potential appli-
cations as functional materials.1 Notably, because of their
unique photophysical properties (characteristic sharp emission,
long excited-state luminescence lifetimes up to milliseconds,
large Stokes shift > 200 nm), lanthanide-based coordination
polymers are excellent candidates for the development of
light-emitting diodes and sensors.2 However, the f-f transi-
tions that result in light emission from the lanthanides are
both spin- and parity-forbidden which, in turn, mandates the
use of antenna molecules for indirect excitation of the metal
center. This indirect excitation, also known as the antenna
effect, takes advantage of the coordinated ligands in the sense
that energy transfer from the ligand-centered excited states
to the metal center results in lanthanide ion luminescence.3 In
1942, Weissman observed that the use of organic ligands in
europium complexes increased the luminescence intensity
from the lanthanide ion when such complexes were irradiated
with ultraviolet (UV) light.4 The β-diketonates and aromatic
carboxylic acids are a novel class of ligands emerging as
important “antennas” in terms of high harvest emissions because
of the effectiveness of the energy transfer from this ligand type
to the Ln3þ cation.5

Lanthanide benzoates coordination complexes with unique
photophysical properties and intriguing structural features

have been disclosed recently.6 The benzoate ligands were
selected on the basis of the fact that carboxylate groups
interact strongly with the oxophilic lanthanoids and the fact
that the delocalized π-electron system provides a strongly
absorbing chromophore.7Our own latestworkhas focusedon
the potential application of terbium-4-(dibenzylamino)-
benzoate as luminescent materials with bright green emission
in the solid state with a quantum yield of 82%.8 In particular,
the enhanced emission quantumyield originated from a better
match between the pertinant ligand orbitals and terbium ion
excited states. Prior results also suggested that derivitization
of the benzoic acid analogues with thiophene had a beneficial
effect in terms of tuning the triplet state of the antenna.7b The
intense fluorescent emissions of homodinuclear lanthanide
complexes of 4-cyanobenzoic acid imply that the ligand-to-
Ln3þ energy transfer is efficient and that coordinated water
molecules do not quench the luminescence by nonradiative
dissipation of energy.9

Given the important potential applications of lanthanide
carboxylates and the fascinating properties of benzoate li-
gands,wewereprompted toprepare anewseries of lanthanide
complexes featuring the 4-((1H-benzo[d]imidazol-1-yl)met-
hyl)benzoic acid ligand. In order to modulate the light-
harvesting properties of the benzoic acid ligand, herein we
have anchored a benzimidazole moiety at the fourth position
of the benzoic acid through an alkyl linkage. The molecular
structure of the newly designed ligand has been elucidated by
single crystal X-ray analysis and utilized for the synthesis
of the desired Eu3þ, Gd3þ, and Tb3þ complexes. One of the
new lanthanide benzoate complexes has been structurally
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characterized by single-crystal X-ray diffraction, and the
photophysical properties of all the new lanthanide benzoate
complexes have been investigated and correlated with the
triplet energy levels of the designed ligand.

Experimental Section

Materials and Instruments. The following chemicals were pro-
cured commercially and used without further purification: terbium-
(III) nitrate hexahydrate 99.9% (Across Organics), europium(III)
nitrate hexahydrate, 99.9% (Across Organics); gadolinium(III)
nitrate hexahydrate (Treibacher); benzimidazole, 99% (Aldrich);
methyl 4-(bromomethyl)benzoate, 99% (Aldrich). All the other
chemicals used were of analytical reagent grade.

Elemental analyses were performed with a Perkin-Elmer Series 2
Elemental analyzer 2400. A Perkin-Elmer Spectrum One FT-IR
spectrometer using KBr (neat) was used to obtain the IR spectral
data and a Bruker 500MHzNMR spectrometer was used to record
the 1H NMR and 13C NMR spectra of the ligands in CD3OD and
dimethyl sulfoxide-d6 solution. Themass spectra were recorded on a
JEOL JSM 600 fast atom bombardment (FAB) high resolution
mass spectrometer (FABMS) and the thermogravimetric analyses
were performed on a TG/DTA-6200 instrument (SII Nano Tech-
nology Inc., Japan). PowderX-ray patterns (XRD)were recorded in
the 2θ range of 10-70�usingCu-KR radiation (PhilipsX’pert). The
absorbances of the ligands were measured in CH3OH solution on a
UV-vis spectrophotometer (Shimadzu, UV-2450) and the photo-
luminescence (PL) spectrawere recorded on a Spex-FluorologFL22
spectrofluorimeter equippedwith a double grating 0.22mSpex 1680
monochromator and a 450W Xe lamp as the excitation source
operating in the front face mode. The lifetime measurements were
carried out at room temperature using a Spex 1040D phosphori-
meter. The diffuse reflectance spectra of the new lanthanide com-
plexes and the standard phosphor were recorded on a Shimadzu,
UV-2450 UV-vis spectrophotometer using BaSO4 as a reference.
The overall quantum yields (Φoverall) were measured at room
temperature using the technique for powdered samples described
by Bril et al.,10 along with the following expression:

Φoverall ¼ 1- rst
1- rx

� �
Ax

Ast

� �
Φst ð1Þ

where rx and rst represent the diffuse reflectance of the complexes
and of the standard phosphor, respectively (with respect to a fixed
wavelength), andΦst is the quantumyield of the standard phosphor.
The terms Ax andAst represent the areas under the complex and the
standard emission spectra, respectively. To acquire absolute inten-
sity values, BaSO4 was used as a reflecting standard. Sodium
salicylate (Merck) was employed as the standard phosphor, the
emission spectrum of which comprises an intense broad bandwith a
maximumat approximately 425 nm, and a constantΦst value (60%)
for excitationwavelengths between 220 and 380 nm.Threemeasure-
ments were carried out for each sample, and the reported Φoverall

value corresponds to the arithmetic mean value of the three values.
The errors in the quantum yield values associated with this techni-
que were estimated to be (10%.10

The single-crystal X-ray diffraction 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-KR (λ=
0.71073 Å) radiation. The data were reduced using SAINTPLUS,11

and an empirical absorption correction was applied using the
SADABS program.12 The structure was solved and refined by
using SHELXL-97 in the WinGx suit of programs (v.1.63.04a).13

All 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
the atoms, anisotropic thermal parameters for all the non-hydro-
gen atoms, isotropic thermal parameters for all the hydrogen
atoms. Full-matrix least-squares refinement against |F2| was car-
ried out by using the WinGx package of programs.14 Selected
crystal data and data collection and refinement parameters are
listed in Table 1.

Synthesis of 4-((1H-Benzo[d]imidazol-1-yl)methyl)benzoic acid
(HL). a. Methyl 4-((1H-Benzo[d]imidazol-1-yl)methyl)benzoate.
Potassium carbonate (5.84 g, 42 mmol) and a catalytic amount
of KI were added to a solution of benzimidazole (1 g, 9 mmol) in
freshly distilled CH3CN (50 mL). The mixture was then refluxed
for 30 min, following which methyl 4-(bromomethyl)benzoate
(1.94 g, 8 mmol) was added and the solution was refluxed further
at 68 �C for 48 h. The resultingmixture was poured into water and
the precipitate was filtered off, washed with water, and dried. The
precipitate thus obtained is then purified by column chromato-
graphy on silica gel with mixture of ethylacetate and hexane
(3:10) as the eluent to get the product as a white solid. Yield, 0.93
g (41%): 1H NMR (500 MHz, DMSO-d6): δ (ppm) 8.433 (s, 1H),
7.937-7.921 (d, 2H, J=8Hz), 7.686-7.668 (m, 1H), 7.481-7.462
(m, 1H), 7.412-7.395 (d, 2H, J=8.5 Hz), 7.214-7.196 (m, 2H),
5.616 (s, 2H), 3.826 (s, 3H) 13C NMR (125 MHz, DMSO-d6): δ
(ppm) 165.86, 144.31, 143.47, 142.31,133.55, 129.57, 128.96,
127.51, 122.52, 121.71, 119.52, 110.58, 52.13, 47.20. m/z =
267.43 (M þ H)þ. FT-IR (KBr) νmax: 3093, 1710, 1605, 1492,
1421, 1360, 1282, 1182, 1103, 948, 731 cm-1.

b. Synthesis of 4-((1H-Benzo[d]imidazol-1-yl)methyl)benzoic
Acid. Methyl 4-((1H-benzo[d]imidazol-1-yl)methyl)benzoate (1.5 g,
6mmol) was refluxed for 24 hwithKOH (0.948 g, 17mmol) in 50mL
of ethanol. The reaction mixture was poured into ice cold water,
acidified with dilute HCl, and the precipitate was filtered, washed,
dried, and recrystallized fromCH3OH to yieldHL 3HCl 3H2O. Single
crystals of HL suitable for X-ray study were obtained from a
methanol solvent after storage for 2 weeks at ambient temperature.
Yield, 0.759 g (54%): 1H NMR (500 MHz, CD3OD): δ (ppm) 8.348
(s, 1H), 8.007-7.990 (d, 2H, J= 8.5 Hz), 7.718-7.701 (m, 1H),
7.434-7.416 (m, 1H), 7.351-7.335 (d, 2H, J=8 Hz), 7.298-7.276
(m, 2H), 5.612 (s, 2H). 13C NMR (500 MHz, DMSO): δ (ppm)
166.84, 144.23, 143.43, 141.76, 133.51, 130.07, 129.63, 127.26, 122.42,
121.59, 119.44, 110.52, 47.17. m/z= 253.52 (M þ H)þ. Elemental
analysis (%): Calcd for C15H15ClN2O3 (306.08): C, 58.73;H, 4.93; N,
9.13Found:C, 58.61;H, 5.27;N, 9.27. FT-IR (KBr) νmax: 3445, 1686,
1610, 1496, 1465, 1416, 1379, 1294, 1176, 1018, 738 cm-1.

Syntheses of Lanthanide Complexes. In a typical procedure, an
ethanolic solution of Ln(NO3)3 3 6H2O (0.5 mmol) (Ln=Eu, Tb, or
Gd) was added to a solution of the HL (1.5 mmol) in ethanol in the
presence of NaOH (1.5 mmol). Precipitation took place immedi-
ately, and each reactionmixture was stirred subsequently for 10 h at
room temperature. The crude products was filtered, washed with
ethanol, and dried. The resulting complexes were then purified by
recrystallization from a solvent mixture of dimethylsulfoxide and
ethanol. Single crystals of 1 suitable for X-ray study were obtained
from DMSO þ CH3CH2OH solvent mixture after storage for 5
weeks at ambient temperature. However efforts to grow single
crystals of complexes 2 and 3 were not fruitful.

Table 1. Crystallographic and Refinement Data for HL and 1

HL 1

formula C15H15ClN2O3 C79H55Eu2N11O20

fw 306.74 1782.29
cryst sys monoclinic triclinic
space group P21/c P1
cryst size (mm3) 0.37 � 0.18 � 0.12 0.16 � 0.10 � 0.08
temp/K 100(2) 293(2)
a/(Å) 4.9635(4) 12.2234(4)
b/(Å) 15.8250(10) 13.1332(5)
c/(Å) 18.8965(19) 25.6658(6)
R (�) 90 94.762(2)
β (�) 101.544(3) 96.865(2)
γ (�) 90 109.037(3)
V/Å3 1454.2(2) 3834.1(2)
Z 4 2
Dcalcd, g cm-1 1.401 1.544
μ/(Mo,KR) mm-1 0.274 1.696
F(000) 640 1784
R1 [I > 2σ(I)] 0.0536 0.0376
wR2 [I > 2σ(I)] 0.1439 0.0967
R1 (all data) 0.0573 0.0480
wR2 (all data) 0.1485 0.0540
GOF 1.044 1.043
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[Eu2(L)5(NO3)(H2O)4]n (1). Elemental analysis (%): calcd
(found) for C75H57N11O17Eu2 (1688.25): C, 53.36 (53.81); H, 3.40
(3.51); N, 9.13 (8.96). FT-IR (KBr) νmax: 3105 (ν (O-H)), 1618
(νas(CdO)), 1585 (νas(CdO)), 1411 (νs(CdO)), 1385 (νs(CdO)),
1510, 1295, 1187, 1088, 865, 738, 693 cm-1.

[Tb2(L)5(NO3)(H2O)4]n (2). Elemental analysis (%): calcd
(found) for C75H57N11O17 Tb2 (1702.17): C, 52.92 (53.10); H, 3.38
(3.21); N, 9.05 (9.16). FT-IR (KBr) νmax: 3093 (ν (O-H)), 1613
(νas(CdO)), 1595 (νas(CdO)), 1414 (νs(CdO)), 1385 (νs(CdO)),
1508, 1292, 1211, 1008, 865, 738, 693 cm-1.

[Gd2(L)5(NO3)(H2O)4]n (3). Elemental analysis (%): calcd
(found) for C75H55N10O14 Gd2 (1636.81): C, 55.03 (55.45); H, 3.51
(3.69); N, 8.56 (8.83). FT-IR (KBr) νmax: 3330(ν (O-H)), 1644(νas-
(CdO)), 1591(νas(CdO)), 1457 (νs(CdO)), 1410 (νs(CdO)), 1502,
1292, 1181, 1024, 853, 745, 693 cm-1.

Results and Discussion

Synthesis and Characterization of 4-((1H-benzo[d]imidaz-

ol-1-yl)methyl)benzoic Acid and Its Corresponding Lantha-

nide Complexes. The ligand 4-((1H-benzo[d]imidazol-1-yl)-
methyl)benzoic acid) was synthesized in 54%yield according
to the method described in the Experimental Section
(Scheme 1). The new ligand was characterized by single
crystal X-ray diffraction, 1H NMR and 13C NMR (Figure
S1, Supporting Information), FAB-MS, and elemental ana-
lysis. The synthetic procedures for the Ln3þ complexes 1-3

are described in the Experimental Section. The elemental
analyses for these complexes reveal that each Ln3þ ion has
reacted with the corresponding benzoic acid ligand in a
metal-to-ligand mole ratio of 2:5. In order to investigate
the coordination modes of the ligand to the Ln3þ ions, the
FT-IR spectra of complexes 1-3 were compared with those
of the free ligand. The FT-IR spectra of the coordinated
ligand HL exhibits two intense bands at approximately 1465
and 1686 cm-1, which are attributable to the symmetric
νs(CdO) and antisymmetric νas(CdO) vibration modes,
respectively. In each case, coordination of the ligand HL to
the respective lanthanide ion was confirmed by the absence
of the ν(COOH) absorption bands of the ligand at ∼1686
cm-1. Moreover, the asymmetric and symmetric stretching
vibrational modes of the carboxylate ligand in complexes
1-3 are further split into two peaks [νs(CdO): 1414, 1385
cm-1; νas(CdO): 1613, 1595 cm-1 in 1; νs(CdO): 1411, 1385
cm-1; νas(CdO): 1618, 1585 cm-1 in 2; νs(CdO):1457, 1410
cm-1; νas(CdO): 1644, 1591 cm-1 in 3]. The difference
between the asymmetric and symmetric stretching vibration
modes (Δν (CdO)=νas- νs) fall in the ranges 226-233 and
134-185 cm-1, which in turn implies that the carboxylate
groups are coordinated to the Ln3þ ions in three different
ways, namely, via monodentate, chelating and bidentate
bridging.15 Furthermore, the IR spectra of 1-3 also exhibit
a broad band around 3200 cm-1, which is characteristic of an
O-Hstretching vibration and thus indicative of the presence

of coordinated solvent molecules. The presence of coordi-
nated bidentate nitrate in these lanthanide complexes is
confirmed by the presence of six fundamental bands at
∼1292, 1508, 738, 693, 1008, and 865 cm-1, which are
assigned to ν1, ν4, ν3, ν5, ν2, and ν6, respectively. The
difference between the two highest bands ν4 and ν1 lies in
the range 210-216 cm-1, indicating the coordination of
nitrate group in a bidentate chelating fashion.16 It is clear
from the thermogravimetric analysis data for 1-3 (Figure
S2, Supporting Information) that each complex undergoes a
mass loss of approximately 4% (calcd ∼4.22%) in the first
step (75-126 �C), which corresponds to elimination of the
lattice ethanol and water molecules. Subsequent thermal
decomposition of 1-3 with the loss of four coordinated
water molecules takes place in the temperature region
130-370 �C. A weight loss in the temperature range
400-1000 �C corresponds to the decomposition of one
nitrate and five carboxylate ligand molecules. The powder
X-ray diffraction patterns of complexes 1-3 depicted in
Figure S3 (Supporting Information) are similar, indicating
that these complexes are isostructural.

X-ray Crystal Structures. The hydrochloride salt of
4-((1H-benzo[d]imidazol-1-yl)methyl)benzoic acid crystal-
lized in the monoclinic space group P21/c. The molecular
structure established by X-ray single-crystal of the ligand is
displayed in Figure 1. It is apparent from the established
structure that the benzimidazole nitrogen N2 is protonated,
and this forms a positive charge in the ligand molecule. The
charged chloride species present in the crystal lattice acts as
the counterion.

The scrutiny of the X-ray crystal structure of the ligand
highlights the existence of an intermolecular hydrogen-bonding

Scheme 1. Synthetic Procedure for Ligand HL

Figure 1. The asymmetric unit of the hydrochloride of 4-((1H-
benzo[d]imidazol-1-yl)methyl) benzoate ligand.
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interaction between two carboxylate ligand moieties involv-
ing O1-H1A and O2 with a distance of O2 3 3 3H1A=1.678 Å
and angle of 169.24� (Table 3). In addition to the above
intermolecular hydrogen-bonding interaction, a CH-π inter-
action also exists betweenC8-H8Aof the-CH2moiety of the
carboxylate and the phenyl ring C2-C7 of the neighboring
carboxylate ligand. These two van der Waals interactions
combine to produce a two-dimensional (2D) molecular array
arrangement (Figure 2).

The molecular structure of [Eu2(L)5(NO3)(H2O)4]n 3
(CH3CH2OH)2 3 (H2O) (1) was determined by single-crystal
X-ray diffraction (Figure 3). The pertinent data collection
parameters and a listing of significant bond distances and
bond angles for the metal coordination environments are
presented in Tables 1 and 2, respectively.

Compound 1 crystallizes in the triclinic space group P1.
Each asymmetric unit of compound 1 contains two crystal-
lographically independent Eu3þ ions (Eu1 and Eu2), five
carboxylate ligands, one nitrate, and four coordinated H2O
molecules. Two uncoordinated ethanol and one water mo-
lecules are also present in the crystal lattice. As shown in
Figure 3, Eu1 center is eight-coordinated with seven oxygen
atoms furnished by four bridging carboxylate ligands, one
nitrate and one water molecule, and one nitrogen atom from
the benzimidazolemoiety of the ligand. TheEu2 is also eight-
coordinated and surrounded by eight oxygen atoms from
four carboxylate ligands and three oxygen atoms furnished
by water molecules.

It is noteworthy to mention that the 4-((1H-benzo-
[d]imidazol-1-yl)methyl)benzoic acid ligand adopts only
bridging coordination mode around the Eu1 center. On the
other hand, carboxylates ligands adopt three different co-
ordinationmodes aroundEu2: bidentate chelating, bridging,
and monodentate (Scheme 2).

The longest Eu-O bonds involve the oxygen atoms of the
bidentate nitrate group which is coordinated to Eu1 in a
chelating mode [Eu1-O13: 2.506 Å], and the shortest such
bonds are associated with the bridging carboxylate ligands

Figure 2. View of ligandHL showing the intermolecular hydrogen-
bonding interactions involving O1-H1A andO2 of the carboxylate
groups and the CH-π interactions between C8-H8A of -CH2

moiety and the phenyl ring C2-C7. Symmetry code: -x, -y,
-1 - z.

Figure 3. Coordination environment of complex 1with capped stick model and all hydrogen atoms are omitted for clarity. Symmetry code A:
-x, -y, 1 - z; B: -1 þ x, -1 þ y, -1 þ z; C: 1 - x, 1 - y, 2 - z.

Table 2. Selected Bond Lengths (Å) and Angles (�) for 1

1

Eu1-Eu1 4.104 (4) Eu2-Eu2 4.869(4)
Eu1-O1 2.363(3) Eu2-O6 2.338(3)
Eu1-O3 2.363(3) Eu2-O17 2.369(3)
Eu1-O11 2.386(3) Eu2-O4 2.477(3)
Eu1-O14 2.332(3) Eu2-O5 2.517(3)
Eu1-O12 2.480(3) Eu2-O8 2.359(3)
Eu1-O13 2.506(3) Eu2-O7 2.448(3)
Eu1-O2 2.461(3) Eu2-O15 2.462(3)
Eu1-N4 2.559(3) Eu2-O16 2.420(3)

O1-Eu1-O11 76.81(11) O6-Eu2-O17 105.22(10)
O1-Eu1-O12 74.57(11) O6-Eu2-O16 142.44(11)
O12-Eu1-O13 50.94(11) O8-Eu2-O16 72.75(10)
N4-Eu1-O14 82.31(12) O16-Eu2-O15 68.76(10)
N4-Eu1-O13 72.66(11) O17-E2-O15 81.52(10)
O2-Eu1-O11 71.92(10) O7-Eu2-O15 140.99(10)
O2-Eu1-N4 71.84(12) O8-Eu2-O7 88.04(10)
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[Eu1-O14: 2.332 Å]. At the Eu2 center, the longest Eu-O
bonds are associated with the chelating carboxylate groups
[Eu2-O5: 2.517 Å] and the shortest bonds are formed by the
bridging carboxylate ligand [Eu2-O6 2.338 Å].17 Interest-
ingly, the two Eu1 centers are interconnected by four car-
boxylate groups in a bridgingmode resulting in the dinuclear
paddle-wheel building blocks with Eu1 3 3 3 3Eu1 separation
of 4.104 Å. In a similar fashion, the two Eu2 centers are also
connected by two bridging carboxylate groups to give other
types of dinuclear paddle-wheel building blocks with a
Eu2 3 3 3 3Eu2 separation of 4.869 Å. Finally, these two
unsymmetrical dinuclear building blocks are interconnected
via one of the carboxylate ligands through nitrogen of the
benzimidazole moiety to form an infinite one-dimensional
(1D) coordination polymer in a helical arrangement (Figure 4).
The scrutiny of the packing diagram of 1 further reveals
that these 1D helical chains are connected through an
intermolecular hydrogen bonding interaction between bi-
dentate chelating nitrate group and benzimidazole ring of
one the ligands, involving C28-H28 3 3 3O19 (D-A=3.340 Å,
H-A=2.719 Å and angle 124.93�) and C30-H30 3 3 3O13
(D-A = 3.545 Å, H-A = 2.719 Å and angle 148.46�,
Table 3). The contact between these helical chains are further
strengthened by another intermolecular hydrogen bonding
interaction between one of the benzimidazole moieties and a
carboxylate groupwhich is coordinated to themetal center in
a monodentate mode, involving C39-H39 3 3 3O9 (D-A=
3.362 Å, H-A=2.467 Å and angle 161.56�, Table 3).18 The
two infinite 1D coordination polymers which extend along

the directions of both b and c axes combine to form a 2D
network arrangement (Figure 5).

Ligand-Centered Electronic States. The UV-vis absorp-
tion spectrum of the free ligand and its corresponding Ln3þ

complexes 1-3 recorded in CH3OH solution (c=2 � 10-5

M) are shown inFigure 6. The trends in absorption spectra of
the complexes are identical to the one observed for the free
ligand, indicating that the singlet excited state of the free
ligand is not significantly affected by the complexation of
the Ln3þ ion.However, a small blue shift that is discernible in
the absorptionmaximumof the complexes is attributable to the
perturbation induced by the metal coordination. The ligand
displays three absorption bands at 233, 274, and 282 nm,
which are assigned to singlet-singlet 1π-π* absorptions of
the aromatic rings. The molar absorption coefficient values
for complexes 1-3 at 231 nm of 6.6 � 104, 7.7 � 104, and
6.7� 104 Lmol-1 cm-1, respectively, are approximately five
times higher than that of the ligand (1.5� 104 at 232 nm),
which is consistent with the presence of five carboxylate
ligands in each complex. These features point to the ligand
being an adequate light-harvesting chromophore for the
sensitization of lanthanide luminescence.

In one of the preferred energy migration paths in Ln3þ

complexes, excitation energy is funnelled to the metal ion
through the long-lived ligand-centered triplet state.19 Thus,
for a ligand to be a suitable sensitizer, its triplet state should
be situated above the Eu3þ (5D0=17500 cm-1) or Tb3þ (5D4=
20500 cm-1) emitting level and the energy gap between
them is often correlated with the overall quantum yield;
too large a gap leads to inefficient energy transfer, whereas
too small a gap results in back-energy transfer.20 In order to
understand the energy transfer process in the new Ln3þ

complexes, it was necessary to determine the singlet and
triplet energy levels of the ligand, 4-((1H-benzo[d]imidazol-
1-yl)methyl)benzoic acid. The singlet (1ππ*) energy level of

Scheme 2. Different Types of Binding Modes for the Ligand HL Observed in Complex 1

Figure 4. The 1D coordination polymer chain of complex 1 when
viewed along the b axis.

Table 3. Selected Hydrogen-Bond Lengths (Å) and Angles (�) for HL and

Complex 1
a

compounds contact type
H 3 3 3A
(Å)

D 3 3 3A
(Å)

D 3 3 3H 3 3 3A
(�)

HL O1-H1A 3 3 3O2i 1.678 2.673 169.24
C28-H28 3 3 3O19ii 2.719 3.340 124.93

1 C30-H30 3 3 3O13ii 2.719 3.545 148.46
C39-H39 3 3 3O9iii 2.467 3.362 161.56

a Symmetry codes: (i)-x,-y,-1- z ; (ii)-1- x,-1- y, 1- z; (iii)
-1 þ x, -1 þ y, z.
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this ligand was estimated by reference to the wavelength of
the UV-vis upper absorption edge of the Gd3þ complex 3.
The pertinent value was found to be 286 nm (34 965 cm-1) in
the case of the ligand. The triplet energy level (3ππ*=23 980
cm-1) of this ligand was calculated by reference to the lower
wavelength emission edge (417 nm) from the low-tempera-
ture phosphorescence spectra of the Gd3þ complex of ligand
(FigureS4,Supporting Information).According toReinhoudt’s
empirical rule, the intersystem crossing process becomes
effective when ΔE (1ππ*-3ππ*) is at least 5000 cm-1.21

The energy gap ΔE (1ππ*- 3ππ*) for the ligand is 10985 cm-1.
With respect to the aim of this work, the energy gap between
triplet state and 5D0 state of Eu

3þ is 6730 cm-1, which is not
an ideal situation for the sensitization of Eu3þ luminescence.
On the other hand, the gap between the triplet state and
5D4 state of Tb3þ is 3480 cm-1, which is almost an ideal
situation for Tb3þ luminescence.

Steady-State Photoluminescence.Under ligand excitation,
the Eu3þ complex emit characteristic metal-centered lumi-
nescence in the solid state, and the corresponding spectrum is

shown in Figure 7. The excitation spectrum displays promi-
nent ligand bands in the UV range and faint f-f transitions
at 364 (5G6 r

7F0), 380 (5H4 r
7F0), 395 (5L6 r

7F0,1), and
463 nm (5D2 r

7F0,1), thus confirming the sensitization of
Eu3þ luminescence by the ligand.22 The emission spectrumof
the Eu3þ complex 1 exhibits characteristic sharp bands of the
metal ion in the 590-720 nm spectral range.18 The intensity
of the 5D0 f

7F2 transition (electric dipole) is greater than
that of the 5D0 f 7F1 transition (magnetic dipole), which
indicates that the coordination environment of the Eu3þ ion
is devoid of inversion center.23 Furthermore, the absence of
π-π* transition of the ligandwas evident from the emisssion
spectrum, which is typically diagnostic of the sensitization of
the ligand toward the Eu3þ ion.

The solid-state excitation and emission spectra of complex
2 recorded at room-temperature are depicted in Figure 8.
The excitation spectrum monitored at the characteristic
emission of the Tb3þ ion in the solid state overlaps with the
absorption spectrum in the 230-300 nm region, which
indicate that energy transfer from the ligand to the metal

Figure 5. The 2Dmolecular array formed by the hydrogen bonding involving C39-H39 3 3 3O9 (D-A=3.362 Å, H-A=2.467 Å and angle
161.56�), C28-H28 3 3 3O19 (D-A=3.340 Å, H-A=2.719 Å and angle 124.93�), and C30-H30 3 3 3O13 (D-A=3.545 Å, H-A=2.719 Å
and angle 148.46�) when viewed along the c axis (some of the ligand atoms were omitted for clarity). Symmetry codes A:-1- x,-1- y, 1- z;
B: -1 þ x, -1 þ y, z.

Figure 6. UV-visible absorption spectra of HL and Complexes
1-3 in CH3OH solution (2 � 10-5 M).

Figure 7. Room-temperature excitation and emission spectra for
complex 1 (λex = 290 nm) with emission monitored at approxi-
mately 612 nm.
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ion is operative. The excitation spectrum of 2 shows a broad
band between 250 and 400 nm, which is attributable to the
π-π* transition of the aromatic carboxylate ligand. A series
of sharp lines that are assignable to transitions between the
lanthanide 7F5 and

5G6,
5L10 and

5L9 levels are also observed
in the excitation spectrumof complex 2.5d,6b,24 The foregoing
transitions are less intense than the absorptions due to the
organic ligand and are overlapped by a broad excitation
band. In turn, this proves that luminescence sensitization via
ligand excitation is considerably more efficient than the
direct excitation of the Tb3þ absorption level. The room-
temperature emission spectrum of complex 2 exhibits the
characteristic emission bands of the Tb3þ cation (λex 288 nm)
centered at 488, 545, 585, and 620 nm which result from
deactivation of the 5D4 excited state to the corresponding

7FJ

ground state of the Tb3þ cation (J = 6, 5, 4, 3).5d,8,24

Interestingly, no emission bands from the organic ligand
were observed, which leads to the conclusion that energy
transfer from the ligand to the Tb3þ center is efficient.

The luminescence decays measured at both ambient
(298 K) and low temperatures (77 K) are single exponential
functions for the Ln3þ complexes 1-2 (Figure 9 and Figure
S5, Supporting Information) and the pertinent values are
summarized in Table 4. Collectively, these data imply the

existence of a single chemical environment around the Ln3þ

ion in each case. Shorter 5D0 lifetime for Eu3þ (τobs=1.14
ms) noted may be due to the dominant nonradiative decay
channels associatedwith the vibronic coupling because of the
presence of solvent molecules in the coordination sphere of
the complex 1, as well documented in many of the hydrated
Eu3þ carboxylate complexes.5d,e On the other hand, longer
5D4 lifetime value (τobs = 1.24 ms) has been observed for
complex 2 even in the presence of solvent molecules in the
first coordination sphere, as they are essential vibrational
deactivators of the excited states of Ln3þ ions. The energy
gap between the luminescent state and the ground statemani-
fold is approximately 12000 cm-1 for Eu3þ and 14800 cm-1 for
Tb3þ. Relatively efficient coupling of the Eu3þ excited states
occurs to the third vibrational overtone of the proximate OH
oscillators (νOH∼3300-3500 cm-1), and to the fourthharmon-
ic in the case of Tb3þ, which is consistent with the less
efficient quenching observed for Tb3þ where the Franck-
Condon overlap factor is less favorable.25

The overall quantum yield (Φoverall), radiative (ARAD),
and nonradiative (ANR) decay rates, intrinsic quantum yields
(ΦLn), and the energy transfer efficiencies (Φsen) for com-
plexes 1 and 2 are calculated by the methods described in our
earlier publications,5b-e,8 and the values are summarized in
Table 4. Poor luminescence efficiency noted in complex 1

(Φoverall = 1.22%) may be due to the weak sensitization
efficiency of 4-((1H-benzo[d]imidazol-1-yl)methyl)benzoic
acid with respect to the Eu3þ ion. The latter observation
can be explained on the basis of larger energy gap (6730 cm-1)
between the triplet state of the ligand and 5D0 level of
Eu3þ ion. Furthermore, the complex 1 having solvent mole-
cules in the coordination sphere exhibits lower overall quan-
tum yield and lifetime values. This is due to the presence of
O-H oscillators in this system, which effectively quenches
the luminescence of the Eu3þ ion. Relatively higher quantum
yield (Φoverall = 15%) and lifetime values (τobs= 1.24 ms)
have been noticed in Tb3þ complex as compared to Eu3þ

complex. This can be explained on the basis of better energy
transfer efficiency of the ligand toward Tb3þ ion due to the
smaller energy gap between the triplet state and 5D4 level
(3480 cm-1).

Conclusions

A new chromophore ligand 4-((1H-benzo[d]imidazol-1-
yl)methyl)benzoic acid has been designed and utilized for
the construction of a unique 1D lanthanide coordination
polymer for the indirect excitation of lanthanide metal center.
Single-crystal X-ray diffraction analysis revealed that different
coordination modes of the carboxylate ligand with lanthanide
atoms could promote the formation of a 1D coordinational

Figure 8. Room-temperature excitation and emission spectra for
complex 2 (λex = 288 nm) with emission monitored at approxi-
mately 545 nm.

Figure 9. Luminescence decay profiles for complexes 1 and 2

excited at 290 and 288 nm, respectively, and monitored at ∼612
and 545 nm, respectively.

Table 4. Radiative (ARAD) andNonradiative (ANR)DecayRates, 5D0/
5D4

Lifetimes (τobs), Radiative Lifetime (τRAD), Intrinsic Quantum Yields

(ΦLn), Energy Transfer Efficiencies (Φsen), and Overall Quantum Yields

(Φoverall) for Complexes 1-2

compounds

photophysical parameters 1 2

ARAD/s
-1 683

ANR/s
-1 192

τobs/μs 1141 ( 12 1237 ( 17
τRAD/μs 1460 ( 12 1324 ( 30
ΦLn (%) 78 93
Φsen (%) 1.5 16
Φoverall (%) 1.22 ( 0.20 14.55 ( 1
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polymer, which is constructed from unsymmetrical dinuclear
lanthanidebuildingblocks.The coordinationpolymerpossess
helical chain structure that is further interlinked to the neigh-
boring coordination polymers based on hydrogen bonding
interactions, which results into a 2D architecture. The new
benzimidazole anchored benzoate complex of Tb3þ exhibits
bright green luminescence efficiency in the solid state with a
quantum yield of 15%, thus rendering it as promising candi-
date for use in various photonic applications. By contrast, the
poor sensitization observed for the corresponding Eu3þ com-
plex is mainly due to the larger energy gap between the ligand
triplet state and 5D0 level of Eu

3þ.
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