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Four new lanthanide(Ill) complexes of 2-thiopheneacetic
acid (HTPAC), [Tb(TPAC)3-H,0], (1), [Gd(TPAC)3-H,0], (2),
[Tb(TPAC)3(phen)], (3) and [Tb(TPAC);z(bath)], (4) (phen =
1,10-phenanthroline; bath = bathophenanthroline) have
been synthesized and characterized by various spectroscopic
techniques. The X-ray structure of 1 reveals that each Th3*
ion is connected to two neighboring ions by six thio-
pheneacetic acid ligands via the carboxylate groups to form
an infinite one-dimensional polymer. The unit cell contains
only one independent crystallographic site for the Tb ions.
The carboxylate groups of the six molecules of the thio-
pheneacetate ligands are coordinated in both bidentate
bridging and tridentate chelate-bridging modes. Each Th3*

ion is coordinated by nine oxygen atoms in an overall dis-
torted tricapped trigonal-prismatic geometry. Eight of the
oxygen atoms are furnished by the carboxylate moieties, and
the remaining oxygen atom is provided by the water mole-
cule. The photophysical properties of these complexes in the
solid state at room temperature have been investigated. The
quantum vyields of 3 (4.43+0.44%) and 4 (9.06*=0.90 %)
were found to be significantly enhanced by the presence of
the bidentate nitrogen donor ligands in comparison with that
of 1 (0.07=0.01 %) due to effective energy transfer from the
secondary ligands.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The fascinating optical properties of lanthanide ions have
promoted the use of such complexes in a wide variety of
technological applications ranging from biomedical analysis
to materials science.l'-® Furthermore, lanthanide ions exhi-
bit characteristically sharp emissions in the visible and
near-infrared regions, long luminescence lifetimes, and large
Stokes shifts, which renders them very attractive candidates
for the development of optical devices.””) However, the us-
ual impediment to the use of such lanthanide ion systems
is that the direct absorption of the f—f excited states is very
inefficient. In the case of the lanthanide ions, the f—f transi-
tions are parity forbidden which results in very low absorp-
tion coefficients. In order to overcome this drawback, suit-
able chromophores have been employed as antennas or sen-
sitizers that have the capability of transferring energy indi-
rectly to the lanthanide ions.'”? The photophysical proper-
ties of Ln3" ions therefore depend critically on their ligand
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environments. In particular, it is important to protect the
lanthanide metal center from solvent molecules which can
quench the desired emissions. In this context, numerous li-
gands have been shown to serve as the “antenna”. The list
includes B-diketones,”!?l and aromatic carboxylic acids.!'3

In the recent past, aromatic carboxylate coordination
complexes possessing unique photophysical properties and
intriguing structural features, have attracted considerable
attention.'¥ In the case of lanthanide monocarboxylate
complexes, the carboxylate groups can bind to the lantha-
nide ion in monodentate, chelating, bridging, and bridging-
chelating modes. As a consequence, such complexes can ex-
hibit mononuclear, dinuclear, polymeric chain, or network
structures. Generally speaking, the lanthanide complexes of
monoacids form coordination polymers with bridging car-
boxylato groups. Examples include Eu?* and Tb3* nitro-
benzoate complexes,'”) Ln3* p-aminobenzoates,'® Eu’*
2,3-dimethoxybenzoates!!'”! and Ce3*/Sm**/Pr3*  2-thio-
pheneacetate complexes.['8] On the other hand, the lantha-
nide complexes of a monoacid and 1,10-phenanthroline
(phen) or 2,2'-bipyridine (2,2'-bpy) are typically dimeric
and feature the carboxylato groups as bridging ligands, as
exemplified by [Eu,(3,4-DMBA)¢-(phen),]!'7 (3,4-DMBA =
3,4-dimethylbenzoate) and [Tb(2-FBA);-phen], (2-FBA =
2-fluorobenzoate).”’! The lanthanide carboxylates that in-
volve 2,2’-bpy or phen ligands have particularly interesting
structures. They also exhibit high stabilities and intense
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fluorescence emissions. Bipyridines and phenanthrolines,
can serve as co-chelating and co-sensitizing ligands, and, as
such, circumvent solubility or volatility problems by form-
ing new molecular geometries. Moreover, these types of li-
gand shield the immediate chemical environment of the
metal ion from the ingress of water, which is known to di-
minish luminescence efficiencies.

It has been recognized that thiophene-derivatization in
nitrobenzoic and isophthalic acids exhibited enhanced ter-
bium-centered luminescence as compared to unsubstituted
ligands.??2l A preliminary study by Malta and co-
workerst>3l  demonstrated that thiopheneacetic acid
(HTPAC) can be used as a potential sensitizer for lantha-
nide emissions. However, to the best of our knowledge, sys-
tematic investigations of the luminescent properties of ter-
bium thiopheneacetate complexes in the presence of biden-
tate nitrogen donors and the structural characterization of
such complexes by single-crystal X-ray diffraction have not
been reported previously. This has prompted us to synthe-
size a series of terbium complexes featuring the thio-
pheneacetic acid ligand. Herein, we describe the syntheses,
characterization and photophysical properties of three ter-
bium thiopheneacetate complexes that also involve the co-
ordination of bidentate nitrogen donors. The Tb3* thio-
pheneacetate aqua complex was structurally characterized
by single-crystal X-ray diffraction.

Results and Discussion

Characterization of Lanthanide Complexes

The elemental analysis and spectroscopic data for 1 and
2 indicate that Ln3* ion has reacted with HTPAC in a
metal-to-ligand mol ratio of 1:3. On the other hand, the
microanalyses and FAB-MS studies of the compounds 3
and 4 revealed that Tb3* ion has reacted with HTPAC in a
metal-to-ligand mol ratio of 2:6 along with two molecules
of the bidentate nitrogen ligand. Similar binuclear terbium
carboxylate complexes, namely [Tb(2-FBA);-2,2'-bpy], and
[Tb(2-FBA);-phen], (2-FBA = 2-fluorobenzoate), which
also feature bidentate nitrogen donors have been reported
elsewhere and characterized by means of single-crystal X-
ray analysis.”?? In order to investigate the coordination
modes of the HTPAC anion to the Ln?* ion, the IR spectra
of 1-4 were compared with that of the HTPAC ligand. The
FT-IR spectrum of the HTPAC ligand evidences two in-
tense bands at approximately 1450 and 1704 cm™!, which
are attributable to the symmetric vy (C=0) and anti-symmet-
ric v,(C=0) vibration modes, respectively. In the cases of
the IR spectra of 1-4, both of these C=0 vibrational modes
are shifted to lower wave numbers and split into two peaks
(1384, 1412 cm ™" and 1554, 1630 cm™! in 1; 1381, 1426 cm™!
and 1557, 1607 cm ™' in 2; 1384, 1427cm! and 1563,
1610 cm ! in 3; 1393, 1428 cm ! and 1560, 1619 cm™! in 4),
thus indicating coordination of the carbonyl oxygen to the
Ln* cations. Furthermore, the IR spectra of these com-
plexes exhibit a separation of the asymmetric and symmet-
ric stretching vibrations [Avc=p) = Va5 — Ug] at approxi-
4388
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mately 240 and 142 cm™! for 1, 226 and 131 cm™! for 2, 226
and 136 cm™' for 3, 226 and 132 cm™! for 4, which implies
coordination of the carboxylate group to the Ln* cation in
a bidentate bridging and chelate mode in each case.[!>-20-21]
The IR spectra of 1 and 2 also exhibit a broad band at
approximately 3451 and 3412 cm™!, which is characteristic
of an O—H stretching vibration v(O-H), and thus suggestive
of the presence of a coordinated water molecule in both
complexes. Moreover, the red shifts observed for the C=N
stretching frequencies of the nitrogen donors in the com-
plexes 3 and 4 (1591 cm™! in 3 and 1590 cm™! in 4) in com-
parison with those of the free ligands phen (1613 cm™') and
bath (1608 cm™') imply coordination of these ligands to the
Tb3" cation in each case.

[Tb(TPAC)sH,0], [GA(TPAC)5H,0],
1 2

[Tb(TPAC)s(phen)l,  [Th(TPAC)(bath)]
3 4

HTPAC = 2-thiopheneacetic acid
phen = 1,10-phenanthroline
bath = bathophenanthroline

The thermal decomposition behavior of the complexes
1-4 was investigated by means of TGA. Although no at-
tempt has been made to identify the intermediate products
formed during the thermal analysis, it is clear that the first
step in the thermograms of complexes 1 and 2 (Figure S1,
Supporting Information) corresponds to the loss of a coor-
dinated water molecule in the temperature range 30-200 °C.
Subsequent thermal decomposition takes place in two steps,
and leaves a residue of approximately 60% of the initial
mass for 1 and 2, which corresponds to the formation of the
corresponding lanthanide oxides. In contrast, complexes 3
and 4 are stable up to 260 and 275 °C, respectively. Both
complexes undergo decomposition in two steps, and leave a
residue that corresponds to terbium oxide (36% for 3 and
31% for 4).

The X-ray powder diffraction patterns of complexes 1
and 2 are similar, indicating they are isostructural (Figure
S2, Supporting Information). Similarly, from the XRD pat-
terns of complexes 3 and 4 (Figure S2, Supporting Infor-
mation), one can conclude that they are isostructural and
crystalline.

X-ray Crystal Structure of [Tb(TPAC);-H,0], (1)

The polymeric structure of complex 1 is illustrated in
Figure 1 and Figure 2, and the details of the crystal data
and data collection parameters are given in Table 1. A selec-
tion of pertinent bond lengths and bond angles is presented
in Table 2. Compound 1 crystallizes in the orthorhombic
space group Pnma with a = 7.835(10) A, b = 19.378(10) A,
¢ =13.539(10) A, a = f =y = 90° and ¥ = 2055.6(3) A3
The unit cell features only one crystallographically indepen-
dent site for the Tb cations and is labeled as Tbl. Interest-
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ingly, other polymeric thiopheneacetate complexes of Ce3™,
Pr3*, Nd**, Sm3* and Eu’* feature two independent Ln3*
complexes.'®! The X-ray structure of 1 reveals that each
Tb3* ion is connected to two neighboring cations by six
carboxylate ligands to form an infinite one-dimensional
chain along the « axis. Some of the HTPAC ligands are
disordered, which has been treated in the normal fashion.
The carboxylate groups of the six molecules of thio-
pheneacetate exhibit bidentate bridging and tridentate che-
lating-bridging modes, which corroborates well with the IR
spectroscopic data. Two of the six carboxylate groups
simultaneously bridge the two Tb** ions, while the other
four carboxylate groups are chelated to two Tb** ions and
simultaneously bridge two Tb3* ions. Each Tb3" is further
surrounded by one H,O molecule to form an overall nine-
coordinate array around the metal. As shown in Figure 2,
the coordination polyhedron of Tbl is a distorted
tricapped-trigonal prism. The intra-chain Tbl--Tbl1?* dis-
tance of 4.048 A, is smaller than the Ln--Ln distances re-
ported for lanthanide thiopheneacetate complexes (4.274—
4311 A for Ce’*, 4.274-4312A for Nd** and 4.159-
4.261 A for Eu®*).l'8231 This trend can be explained on the
basis of the lanthanide contraction. Since the Tb1*-Tbl-
Tbl? angle is 150.86° it can be regarded as representing a
linear chain along the a axis. The Tb—O (CO) bond lengths
of the bidentate bridging carboxylate groups [2.292(10)—
2.406(10) A] are smaller than those of the tridentate chelat-
ing-bridging moieties [2.453(8)-2.502(7) A]. On the other
hand, the Tb-O distance of the coordinated water molecule
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Table 1. Crystal data, collection, and structure refinement param-
eters for complex 1.

Parameters 1

Empirical formula C,gH;0+S;Tb
Fw 600.42
Crystal system orthorhombic
Space group Pnma

Crystal size [mm]? 0.10x0.15%0.10
Temperature 153(2)

a[A] 7.835(10)
b[A] 19.378(10)

c [A] 13.539(10)
a[°] 90

B 90

7] 90

VA3 2055.6(3)

Z 4

Pealed. [gcmi?] 1.940

4 [mm!] 3.783

F(000) 1176

R, [I>20(D)] 0.0724

WR, [I>20(D)] 0.1410

R, (all data) 0.1281

wR, (all data) 0.1552

GOF 1.24

Table 2. Selected bond lengths and bond angle of the complex 1.

1
Tb1-03 2.292(10)
Tbl-O12 2.369(7)
Tbl-O1' 2.369(7)
Tb1-042 2.406(10)
Tb1-05 2.430(13)
Tb1-02 2.453(8)
Tb1-O1 2.502(7)
Tb1-02" 2.453(8)
Tb1-O1" 2.502(7)
Tbl-Tb1® 4.048
02-Tb1-O1 52.0(2)
05-Tb1-O1 68.7(3)
04*-Tb1-05 141.6(4)
044-Tb1-01" 79.0(2)
02"-Tb1-O1" 52.002)
01>-Tb1-02" 71.4(2)
03-Tb1-O1 75.9(3)
03-Tb1-O1° 75.9(3)
Tb12-Tbl-Tb1® 150.86

Figure 2. Coordination environment of the Tb3* ions in this complex with atom-labeling scheme. All hydrogen atoms were omitted for

clarity.
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[2.430(13) A] is shorter than those of the tridentate bridging
ligand and longer than those of bidentate bridging ligand.
Similar trends in bond lengths have been reported else-

wherel!823 for polymeric thiopheneacetate complexes of
Ce?*, Pr3*, Nd**, Sm>* and Eu?".

UV/Vis Absorption Spectra

The UV/Vis absorption spectra of the free ligand
HTPAC and the corresponding thiopheneacetate lantha-
nide complexes were measured in DMSO solution (¢ =
2% 1073 M), and are displayed in Figure 3. The absorption
spectra of the neutral donors (phen, bath) are shown in
Figure S3 of the Supporting Information. The absorption
maxima for 1 (287 nm), 2 (287 nm), 3 (286 nm), and 4
(286 nm) which are attributable to singlet—singlet 'n—n* ab-
sorptions of the aromatic rings, are slightly red-shifted with
respect to that of the free ligand HTPAC (4,,.x = 276 nm).
The spectral contours for the complexes are similar to that
of the free ligand, suggesting that the coordination of Ln3*
ion does not have a significant influence on the 't—n* tran-
sition. However, a small red-shift observed in the absorp-
tion band of each complex is a consequence of the enlarge-
ment of the conjugate structure of the ligand following co-
ordination to the metal ion. The molar absorption coeffi-
cient values (¢) for 1 and 2 at A, are 1.64X10* and
1.72%10* Lmol 'ecm™!, respectively, and thus approxi-
mately three times larger than that of the free ligand
HTPAC (6.44 X 103 at 276 nm), are indicative of the pres-
ence of three HTPAC ligands in both complexes. In con-
trast, the molar absorption coefficient values for complexes
3 and 4 (3.64x10* and 3.72X10* Lmol'ecm™), are six
times larger than that for HTPAC, implying the presence of
six thiopheneacetate ligands. Furthermore, the large molar
absorption coefficient for HTPAC indicates that the carbox-
ylic acid ligand has a strong ability to absorb light.

0.75

0.50

Absorbance

0.25

0.00 L
260 280 300 320 340

Wavelength (nm)

Figure 3. UV/Vis absorption spectra of ligand and complexes 1-4
in DMSO (c = 2% 105 m).

PL Properties of Complexes 1-4
The photophysical properties of the HTPAC donor states
in the Tb3* complexes have been investigated on the basis
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of the phosphorescence spectrum of the [Gd(TPAC)s:
H»0], (2) complex. Because there is a large energy gap
(ca. 32000 cm ') between the 3S;/, ground state and the first
%P, excited state of the Gd** ion, it cannot accept any
energy from the first excited triplet state of the ligand via
intramolecular ligand-to-metal energy transfer. Thus the
phosphorescence spectra of complex 2 actually reveals the
triplet energy level (*nn*) of HTPAC in the Tb*" complexes.
The excitation spectrum of the complex 2 exhibits a broad
band between 250 and 450 nm (Figure S4, Supporting In-
formation), with a maximum around 330 nm which may be
attributed to the ligand-centered So—S, (w,m*) transition of
the thiophene moiety. The phosphorescence spectrum of the
complex 2 (Figure S5, Information) also displays a broad
band between 350 and 650 nm with a maximum around
550 nm when excited in the Sy—S; transition (330 nm). On
the basis of the phosphorescence spectra of complex 2, the
triplet energy level of HTPAC corresponds to the lower
emission edge wavelength and appear at 22321 cm™!
(448 nm). The singlet energy level (‘nn*) of HTPAC can be
estimated by referencing its higher absorption edge, which
appear at 31250 cm™! (320 nm). It is interesting to note that
the triplet energy level of HTPAC is above the energy of the
main emitting level of D, of Tb3*, indicating that the
HTPAC ligand can act as an antenna to photosensitize the
Tb** ion.

The normalized excitation spectra for the Tb3* com-
plexes, which were recorded at 303 K, and monitored
around the intense D,—"F5 transition of the Tb3* ion, are
shown in Figure 4. The excitation spectra for all three com-
plexes exhibit a broad band between 250 and 450 nm, which
is attributable to the ligand centered Sy—S; (m,n*) transi-
tion of the aromatic thiophene moiety.>’! The excitation
spectrum of 1 also exhibits a series of sharp bands arising
from 4f—4f transitions from the ground state "F5 level to the
SLe (341), °Lo (351), 3L (369), Gg (378), °D5 (380) and
5D, (488) excited. However, these transitions are less intense
than that of the broad band attributable to the ligand levels,
which proves that luminescence sensitization via ligand exci-
tation, is more efficient than the direct excitation of the
Tb3* ion absorption levels. Interestingly, in the excitation
spectra of complexes 3 and 4 the intensity of the absorption
band at 340 nm due to the "Fs—>L¢ 4f—4f transitions (inset
of Figure 4) is considerably less than that of the free ligand.
Thus, the luminescence sensitization via excitation of the
ligand is more effective than direct excitation of the Tb3*
ion in these particular complexes.

The emission spectra of the complexes 1, 3 and 4 (1o, =
290, 330 and 330 nm, respectively) exhibit the characteristi-
cally narrow band emissions for Tb** and correspond to the
SD,~"Fy (J = 6-3) transitions (Figure 5). The most intense
emission which is centered at 545 nm, corresponds to the
SD,—"F;5 transition and is responsible for the brilliant green
emission color of these complexes.'?! Furthermore, the fact
that the ligand emission in the region 250-450 nm could
not be detected in the emission spectra of these complexes
indicates that efficient energy transfer between the ligand
excited states and the emissive level of the Tb?* ion.

Eur. J. Inorg. Chem. 2008, 4387-4394
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Figure 4. Room-temperature excitation spectra of complexes 1, 3
and 4.
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Figure 5. Room-temperature emission spectra of complexes 1, 3
and 4.

The overall quantum yield (@gyera) for a lanthanide
complex treats the system as a “black box” in which the
internal process is not considered explicitly. Given that the
complex absorbs a photon (i.e. the antenna is excited), the
overall quantum yield can be defined as shown.P% @, .
is the efficiency of energy transfer from the ligand to Tb3*
and @y, represents the intrinsic quantum yield for the lan-
thanide cation. The overall quantum yields (@gyeran) for 1,
3 and 4 were found to be 0.07*+0.01, 4.43+0.44 and
9.06 = 0.90%, respectively.

®overal] = ¢transfer ®Tb

It is clear that 1, which has water molecules in the one-
dimensional coordination sphere exhibits a lower quantum
yield. This is due to the presence of O—H oscillators in this
system, which effectively quenches the luminescence of the
Tb3* cation. Furthermore, the energy transfer between the
lanthanide ions themselves is a nonradiative process and
would account for the decrease in the terbium cation emis-
sion intensity, particularly when the metal ion concentra-
tion is high.?”! In contrast, 3 and 4 exhibit high quantum
yields due to the displacement of solvent molecules from
the coordination sphere by the bidentate nitrogen donor li-
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gands. Additionally, the bidentate nitrogen donor present in
the coordination sphere of these complexes may also cause
energy transfer to the neighboring HTPAC ligand. Follow-
ing this, the HTPAC ligand subsequently transfers energy
to the Tb3* cation via the usual triplet pathway thus ex-
plaining the increased luminescence intensity in the present
study. Of 3 and 4, the latter exhibits a particularly high
quantum yield due to the extended conjugation induced by
the introduction of two phenyl groups in the 4- and 7-posi-
tions of the phenanthroline ligand.

The °D, lifetime values (7,psq ) were determined from the
luminescent decay profiles for 1, 3 and 4 at room tempera-
ture by fitting the data with a monoexponential curve. This
analysis indicated the presence of single chemical environ-
ment around the emitting Tb3* cation. Typical decay pro-
files for 1 and 4 are shown in Figure 6. The somewhat
shorter lifetime observed for complex 1 than for complexes
3 and 4 (r = 1.05£0.01 ms for 1; 1.35+0.01 ms and
1.73 £0.01 ms for 4) may be due to the dominant nonradia-
tive decay channels associated with vibronic coupling due
to the presence of water molecules, as has been well docu-
mented in the case of several hydrated terbium complexes.
On the other hand, longer lifetime values were observed for
complexes 3 and 4 due to the absence of nonradiative decay
pathways. The observed quantum yields and lifetime values,
especially those for 4, are promising when compared with
the recently reported 5-(thiophen-3-yl)isophthalate—terbium
complex (@ = 7.46% and 7 = 213.9 ps in aqueous solu-
tion),[??  terbium-thiophenyl-derivatized  nitrobenzoate
complexes (@ = 4.7-9.8% and 7 = 208-725 ps in methanol
solution)?!! and the terbium complex of thiophenecarbox-
ylic acid (z = 230 ps in solid state).!'¥]

y

Normalized Intensity (a. u)

0.5 1.0 1.5 2.0
Time (ms)

Figure 6. Experimental luminescence decay profiles of complexes 1
and 4 monitored around 545 nm and excited at their maximum
emission wave lengths.

Energy Transfer Between Ligands and Terbium(III)

In general, the sensitization pathway in luminescent ter-
bium complexes consists of excitation of the coordinated
ligands into their excited states, subsequent intersystem
crossing of the ligands to their triplet states, and energy
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transfer from the triplet state of the ligand to the Dy mani-
fold of the Tb3* cation. This is followed by internal conver-
sion to the emitting °D, state, and finally the Tb3* cation
emits radiation. Therefore, the energy level match between
the triplet states of the ligands to the *Dy, state of the Tb*
cation is one of the key factors which governs the lumines-
cence properties of terbium complexes. It is well known that
in organolanthanide complexes neutral ligands often play a
role in terms of absorbing and transporting energy to other
ligands or to the central metal ion.[?® It is clear from Fig-
ures 7 and 8 that there is a large area of overlap between
the room-temperature emission spectrum of the bidentate
nitrogen donor and the phosphorescence spectrum of
[GA(TPAC);-H,0], and hence any secondary ligand present
in the coordination sphere of the 3 and 4 can efficiently
transfer its absorbed energy to the triplet state of the
HTPAC. Furthermore, the bidentate nitrogen donor ligand
can also transfer energy to itself and thus undergo singlet-
triplet excitation. A schematic energy level diagram based
on the foregoing is presented in Figure 9.

1.0 a b

08|

0.6 -

Intensity (a.u.)

041

0.2

0 X 0 1 L 1 1 1
300 350 400 450 500 550 600

Wavelength (nm)

Figure 7. Emission spectra of phen (solid state) 303 K (a); and
emission spectra of [Gd(TPAC);-H>0], at 77 K (CDCl; solution,
b).
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Figure 8. Emission spectra of bath (solid state) 303 K (c); and emis-
sion spectra of [Gd(TPAC);°H,0], at 77 K (CDCl; solution, b).

In order to elucidate the energy transfer process, the
phosphorescence spectra of the complexes [Gd(TPAC)s-
H,O0], (Figure S4, Supporting Information) and Gd(bath),-
4392
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Figure 9. Schematic energy-level diagrams and energy-transfer pro-
cesses for complexes 3 and 4. S| represents the first excited singlet
state and T, represents the first excited triplet state.

(NOs); (Figure S6, Supporting Information) were measured
for the triplet energy levels of the ligands. On the basis of
the phosphorescence spectra, the triplet energy levels of
[GA(TPAC)5*H,0],, and Gd(bath),(NO3)3, correspond to
their lower emission edge wavelengths and appear at
22321 cm™! (448 nm) and 21000 cm™! (476 nm), respectively.
The singlet energy levels (‘nn*) of HTPAC and bath can be
estimated by referencing their higher absorption edges,
which appear at 31250 cm™' (320 nm) and 29000 cm™!
(344 nm), respectively. The singlet and triplet energy levels
for phen (31000 and 22100 cm ') were taken from the litera-
ture.”®l According to Reinhoudt’s empirical rule,* the in-
tersystem crossing process becomes effective when
AE('nm* Srn*) is at least 5000 cm!. The energy gaps
AE('nn* — 3nn*) for HTPAC, phen, bath are 8929, 8900
and 8000 cm™!, respectively. Thus, the intersystem crossing
processes are effective for all of the ligands. Latva’s empiri-
cal ruleB" states that an optimal ligand-to-metal energy
transfer process for Ln** needs AE (Prnn* — °D;) = 2500—
4500 cm™! for Tb3*. The energy gaps, AE (Prn* — °Dy) are
found to be 1821, 1500 and 500 cm™' for HTPAC, phen and
bath, respectively. Thus these energy gap values clearly indi-
cate that a ligand-to-metal energy transfer process is effec-
tive in these systems. However, due to narrow energy gaps
between 3nr* and the *Dj energy level of the Tb* ion, back
transfer of energy may also take place.

Conclusions

Three new complexes of Tb3* with 2-thiopheneacetic
acid, and in which 1,10-phenanthroline or bathophen-
anthroline serve as co-ligands have been synthesized and
investigated on the basis of their photophysical properties.
The Tb3* complex 1 crystallizes in the orthorhombic space
group Pnma with a = 7.835(10) A, b = 19.378(10) A, ¢ =
13.539(10) A, a = = y = 90° and V = 2055.6(3) A3. The
unit cell contains only one crystallographically independent
site for Tb* cations, contrary to those of previously re-
ported Ce**, Pr3*, Nd3* and Eu’* thiopheneacetate coordi-
nation polymers. Relatively short Tb-Tb distances are evi-
dent in 1 which features a triply coordinated carboxylate as
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a bridging-bidentate ligand. Weak luminescence has been
detected for the Tb3* coordinated polymer due to the pres-
ence of a water molecule in the coordination sphere. This
could also be due to the transfer of energy between the
Ln3* ions themselves which is a nonradiative process that
becomes significant at high lanthanide concentrations. In
the presence of bidentate nitrogen donor co-ligands, ther-
mally stable binuclear complexes of the type [Tb(TPAC);-
(phen)], or [Tb(TPAC);(bath)], were produced. The overall
quantum yields of these complexes were significantly en-
hanced by the displacement of coordinated water molecules
from the coordination sphere of the thiopheneacetatoter-
bium complex by a highly conjugated bidentate nitrogen
donor. Another factor contributing to the enhanced quan-
tum yields might be the effective energy transfer of the sec-
ondary ligand to the triplet state of the primary ligand due
to overlap of the singlet and triplet levels of the bidentate
nitrogen ligand and primary ligand. Moreover, the observed
quantum yields and lifetime values, especially those for 3
and 4, were found to be promising when compared with
those reported recently for a terbium 5-(thiophen-3-yl)-
isophthalate complex (@ = 7.46% and 7 = 213.9 ps in aque-
ous solution),?? a terbium-thiophenyl-derivatized nitroben-
zoate complexes (@ = 4.7-9.8% and 7 = 208-725 ps in
methanol solution)?!! and a terbium complex of thiophene
carboxylic acid (z = 230 ps in solid state).l'¥) However, the
luminescent efficiencies observed in the present systems are
found to be inferior to the p-aminobenzoate complexes of
Tb3* in the presence of bidentate nitrogen donor (@ =
90%).[11

Experimental Section

Materials and Methods: The commercially available chemicals ter-
bium(I1I) nitrate hexahydrate, 99.9% (Acros Organics); gadolini-
um(IIl) nitrate, 99.9% (Acros Organics); 2-thiopheneacetic acid,
98% (Aldrich); 1,10-phenanthroline monohydrate, 99.5% (Merck);
4,7-diphenyl-1,10-phenanthroline, 97% (Aldrich); were used with-
out further purification. All the other chemicals used were of ana-
lytical reagent grade.

Elemental analyses were performed with a Perkin—Elmer Series 2
Elemental Analyser 2400. A Nicolet FT-IR 560 Magna Spectrome-
ter using KBr (neat), was used to obtain the IR spectroscopic data.
Thermogravimetric analyses were carried out using a TGA-50H
instrument (Shimadzu, Japan). The diffuse reflectance spectra of
the new lanthanide complexes and the standard phosphor were re-
corded with a Shimadzu, UV-2450 UV/Vis spectrophotometer
using BaSOy as a reference. The absorbance of the ligands and the
corresponding complexes were measured in DMSO solution with
a UV/Vis spectrophotometer (Shimadzu, UV-2450). The photolu-
minescence (PL) spectra were recorded using a Spex-Fluorolog
DM3000F spectrofluorometer with a double grating, 0.22-m Spex
1680 monochromators, and a 450-W Xe lamp as the excitation
source (front face mode). The excitation and emission spectra of
the complexes were corrected for instrumental function. The life-
time measurements were carried out at room temperature using
a Spex 1934 D phosphorimeter. X-ray powder diffraction (XRD)
analyses were performed with a Philips X'Pert Pro diffractometer.
The XRD patterns were recorded in the 5-70° 20 range using Ni-
filtered Cu-K, radiation.
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The overall quantum yields (@qyeran) Were measured at room tem-
perature using the technique for powdered samples described by
Bril et al.,?*4 and the following expression:

1-r st Ax
(Doverall = (1 _ I’x)(Zm)¢s‘

where ry and r, represent the diffuse reflectance (with respect to a
fixed wavelength) of the complexes and of the standard phosphor,
respectively, and @, is the quantum yield of the standard phosphor.
The terms A, and A4 represent the areas under the complex and
the standard emission spectra, respectively. In order to acquire ab-
solute intensity values BaSO, was used as a reflecting standard.
The standard phosphor used was sodium salicylate (Merck), the
emission spectrum of which comprises an intense broad band with
a maximum at approximately 425 nm, and a constant @ value
(60%) for excitation wavelengths between 220 and 380 nm. Three
measurements were carried out for each sample, and the reported
Doyeran Values correspond to the arithmetic mean of the three val-
ues. The errors in the quantum yield values associated with this
technique were estimated to be =10%.24

The X-ray diffraction data were collected at 153 K with a Nonius
Kappa CCD diffractometer equipped with an Oxford Cryostream
low-temperature device and a graphite-monochromated Mo-K, ra-
diation source (1 = 0.71073 A). Corrections were applied for Lo-
rentz and polarization effects. All structures were solved by direct
methods®®! and refined by full-matrix least-squares cycles on F2.
All non-hydrogen atoms were allowed anisotropic thermal motion,
and the hydrogen atoms were placed in fixed, calculated positions
using a riding model (C—H 0.96 A). Selected crystal data and data
collection and refinement parameters are listed in Table 1. Selected
metrical parameters are presented in Table 2.

CCDC-665725 (for 1) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Syntheses of Complexes

[Th(TPAC)5-H,0],, (1): An ethanolic solution of Tb(NO3);6H,O
(0.5340 g, 0.5 mmol) was added to a solution of HTPAC (0.5029 g,
1.5 mmol) in ethanol in presence of NaOH (0.1414 g, 1.5 mmol).
The reaction mixture was stirred for 24 h at room temperature. Af-
ter one week colorless crystals of X-ray diffraction quality were
obtained. C;3H;707S;Tb (600.45): calcd. C 36.00, H 2.85, S 15.98;
found C 36.24, H 2.79, S 15.84. IR (KBr): V,,,, = 3451, 1630, 1554,
1412, 1384, 1274, 1252, 1127, 1034, 945, 700 cm ™.

|Gd(TPAC)3-H,0],, (2): Complex 2 was synthesized according to
the procedure described for complex 1. CsH;;GdO,S; (598.76):
caled. C 36.10, H 2.86, S 16.06; found C 36.42, H 2.66, S 15.84.
IR (KBr): V. = 3412, 1607, 1557, 1486, 1426, 1381, 1281, 1105,
696 cm 1.

Th,(TPAC)4(phen), (3): An ethanolic solution of Tb(NO;);-6H,O
(0.5421 g, 0.25mmol) and 1,10-phenanthroline (0.2372 g,
0.25 mmol) were added to an aqueous solution of HTPAC
(0.5105g, 0.75mmol) in the presence of NaOH (0.1436 g,
0.75 mmol). Precipitation takes place immediately and the reaction
mixture was stirred at room temperature for 10 h. The solid pro-
duced was isolated by filtration, washed with water, followed by
ethanol, then dried and stored in a desiccator. CqoH46N401>S¢Tb,
(1524.01): caled. C 47.24, H 3.03, N 3.67, S 12.61; found C 46.92,
H 2.95, N 3.78, S 12.58. IR (KBr): V. = 3411, 1610, 1591, 1563,
1517, 1427, 1401, 1348, 1276, 1247, 1103, 923, 848 cm™'. MS: m/z
=1524.01 (M™).
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Th,(TPAC)g(bath), (4): Complex 4 was prepared using the same
procedure as that described for complex 3. CgqsHgrN4O2S6Th,
(1829.68): calcd. C 55.14, H 3.41, N 3.06, S 10.51; found C 54.83,
H 3.27, N 3.01, S 10.58. IR (KBr): V,.x = 3435, 1619, 1560, 1520,
1492, 1428, 1393, 1357, 1279, 1180, 1091, 935, 853 cm!. m/z =
1829.96 [M*]. Unfortunately, all efforts to grow single crystals of
complexes 2-4 were unsuccessful.

Supporting Information (see also the footnote on the first page of
this article): TGA analysis of the complexes 1-4 (Figure S1), XRD
patterns of complexes 1-4 (Figure S2), UV/Vis absorption spectra
of neutral donors (Figure S3), excitation spectra of the [Gd(TPAC);*
H,0], at 77 K (Figure S4), phosphorescence spectra of the
[GdA(TPAC)5°H,0], at 77 K (Figure S5), and phosphorescence spec-
tra of Gd(bath),*(NOs); at 77 K (Figure S6).
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