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An  extended  series  of  dinuclear  lanthanide  �-diketonate  complexes  of the  type  [Ln2(fod)6(�-bpm)]
(Ln  =  Nd,  Sm,  Eu,  Gd,  Tb, Dy,  Ho,  Er,  Tm,  Yb  and  Lu;  fod  is  the  anion  of  6,6,7,7,8,8,8-
heptafluoro-2,2-dimethyl-3,5-octanedione;  bpm  =  2,2′-bipyrimidine)  and  polymeric  complexes  of  the
type [Ln(fod)3(bpm)]n (Ln  =  La  and  Pr)  have  been  isolated  and  thoroughly  investigated  in  solution,  by
means  of 1H  NMR  and  steady-state  luminescence  spectroscopies.  The 1H NMR  chemical  shift  for  the  pro-
eywords:
inuclear lanthanide complex
ipyrimidine
aramagnetic NMR
uminescence
nergy transfer

tons of  paramagnetic  complexes  is  analysed  and  discussed.  The  typical  sensitized  red,  pink, green  and
yellow emission  of Pr(III)/Eu(III),  Sm(III),  Tb(III)  and  Dy(III)  complexes,  respectively,  is  observed  upon  the
excitation  of  the coordinated  ligands.  The  comparison  of  the  steady-state  luminescence  intensities  of  the
complexes  reveals  that  ligand-to-metal  energy  transfer  is  most  efficient  in  Eu(III) complex  followed  by
Sm(III) and  Pr(III)  complexes.  The  Tb(III)  and  Dy(III)  complexes  show  relatively  weak  luminescence  due
to inefficient  energy  transfer.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The design and synthesis of lanthanide complexes with organic
igands is a fascinating area of research owing to the unique lumi-
escence and paramagnetic properties associated with Ln(III) ions
1–3]. The luminescent lanthanide complexes find a range of appli-
ations such as light-emitting devices [4],  sensors [5,6], liquid
rystalline materials [7] and imaging agents [8].  The luminescence
f lanthanide complexes can be tuned from visible to near infrared
egion of the spectrum simply by choice of the individual lan-
hanide. Provided that a suitable organic ligand coordinates to the
anthanide ion, red emission can be observed from europium(III)
omplexes, green emission from terbium(III), pink emission from
amarium(III), yellow emission from dysprosium(III) and near
nfrared emissions from neodymium(III), erbium(III) and ytter-

ium(III). Several of the paramagnetic lanthanide �-diketonate
helates, especially Pr(III), Eu(III) and Yb(III) are useful as NMR  shift
eagents [9].  When an organic molecule with a second order NMR
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spectrum is coordinated to one of these complexes, the large mag-
netic moment of the ion causes displacement and spreading out of
the spectrum making it amenable to a first order spectrum.

�-Diketones have been widely used in lanthanide chemistry and
they give thermodynamically stable and photoluminescent com-
pounds [6,10].  They have a typical strong �–�* absorption band in
the UV region and their excited states possess suitable energy levels
to effectively sensitize the lanthanide luminescence. Moreover, the
lipophilic shell formed by �-diketones around the lanthanide ions
enables the dissolution of the chelates in non polar-solvents. Since
lanthanide tris �-diketonates are coordinatively unsaturated, they
can rapidly react with an additional neutral ligand such as 1,10-
phenanthroline (phen) and 2,2′-bipyridyl (bpy) or their derivatives
to form coordinatively saturated complexes [11–16].  However, if
the neutral ligand offers two equivalent sites for the coordina-
tion, unique dinuclear lanthanide complexes could be obtained
[6,17–19].

2,2′-Bipyrimidine (bpm) is a planar heterocyclic ligand which
offers two  equivalent NN chelating sites for the metal coordina-
tion. Apart from acting as neutral ancillary ligand, it can also link
the two Ln(�-diketonate)3 fragments to form facile dinuclear lan-
thanide(III) complexes [20–23].  The bpm has also been used to
connect Ln(�-diketonate)3 units with transition metal complexes

to form heterodinuclear d/f complexes [24,25]. In these complexes,
bpm has been used to connect the two  metal sites in order to keep
the metal–metal separation short and to facilitate d → f energy
transfer. We  have recently described in one of our preliminary

dx.doi.org/10.1016/j.jphotochem.2011.09.011
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:kiftikhar@jmi.ac.in
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ommunications [20] the synthesis of four new homodinuclear
anthanide complexes of the type [Ln2(fod)6(�-bpm)] (Ln = Nd,
u, Tb, and Lu) in which bpm was employed to connect two
oordinatively unsaturated Ln(fod)3 chelates, where fod is the
nion of 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedione.
ubsequently, we studied the 4f–4f absorption and luminescence
roperties of the dinuclear Pr, Sm,  Eu, Tb, Ho and Er complexes and
heir mononuclear [Ln(fod)3(bpy)] and [Ln(fod)3(phen)] analogues
n a series of coordinating and non-coordinating solvents and have
eported on the effect of environment on the 4f–4f absorption and
mission process [26–29].  The role of ancillary ligands (phen, bpy
nd bpm) in the sensitization process of lanthanide luminescence
as also investigated and discussed.

In the present work, we extend the synthesis to the rest of the
anthanides (except Ce and Pm)  and report the 1H NMR studies
f all the diamagnetic and paramagnetic complexes of the series
long with their parent Ln(fod)3 chelates. The comparative emis-
ion study of visible light emitting complexes, Pr(III), Sm(III), Eu(III),
b(III), Dy(III) and Tm(III) is also being reported by taking into con-
ideration the triplet state of the coordinated ligands (fod and bpm)
nd the resulting energy gap between the triplet states and the
mitting level of the Ln(III) ion.

. Experimental

.1. Materials

The commercially available chemicals that were used with-
ut further purification are: Ln2O3 (Ln = La, Nd, Sm,  Eu, Gd,
b, Dy, Ho, Er, Tm,  Yb and Lu 99.99%) from Aldrich, Pr6O11
rom Leico Chem., USA. These oxides were converted to their
orresponding chlorides, LnCl3·nH2O, n = 6–7 by the standard pro-
edure. 6,6,6,7,7,8,8,8-Heptafluoro-2,2-dimethyl-3,5-octanedione
as purchased from Lancaster and 2,2′-bipyrimidine (bpm) was
urchased from Aldrich. The Ln(fod)3 chelates of La and all triva-

ent lanthanides (except Ce and Pm)  were synthesized according to
 published procedure [30] with the modification that LnCl3·nH2O
as used instead of Ln(NO3)3·nH2O. All the solvents used in this

tudy were AR/spectroscopic grade.

.2. Methods

Infrared spectra were recorded on a Perkin-Elmer spectrum
X I FT-IR spectrophotometer as KBr disc in the range
000–400 cm−1. Elemental analyses were performed by Sophisti-
ated Analytical Instrumentation Facility (SAIF), Punjab University,
handigarh, India. Melting Points were recorded by conventional
apillary method and confirmed by the DSC 6220 Exstar 6000
nstrument from SIINT, Japan. The thermograms were recorded
n TG/DTA 6300 Exstar 6000 from SIINT, Japan. The NMR  spec-
ra of the complexes and their parent chelates were recorded on a
RUKER AVANCE II 400 NMR  Spectrometer. The electrospray ion-

sation mass spectra of the complexes in positive ion mode were
ecorded on a Waters Micromass Q-Tof Micro mass spectrometer.
he magnetic susceptibilities were measured at Banaras Hindu Uni-
ersity, Varanasi, India, at room temperature (30.5 ◦C) using the
araday method with a Cahn-Ventron RM-2 balance standardized
ith HgCo(NCS)4; diamagnetic corrections were calculated from

ascal constants. Steady state room temperature emission and exci-
ation spectra (5 × 10−3 M)  were recorded on Horiba Jobin Yvon
luorolog 3–22 Spectrofluorimeter using a 450 W Xenon lamp as

he excitation source and equipped with a R928P Hamamatsu pho-
omultiplier tube as detector. The samples were contained in a
0 mm Quartz Fluorometer Cell with stopper from Starna Cells,

nc.
d Photobiology A: Chemistry 224 (2011) 91– 101

2.3. Syntheses of the complexes

The synthesis of the dinuclear complexes [Nd2(fod)6(�-bpm)]
(mp  = 203 ◦C) [Eu2(fod)6(�-bpm)] (mp  = 216 ◦C) [Tb2(fod)6(�-
bpm)] (mp  = 219 ◦C) and [Lu2(fod)6(�-bpm)] (mp = 230 ◦C), is
reported in our preliminary communication [20]. The synthe-
sis of [Pr(fod)3(bpm)]n (mp  = 161 ◦C) and [Sm2(fod)6(�-bpm)]
(mp  = 212 ◦C), is given in Refs. [27,29]. The rest of the lanthanide
complexes have been synthesized by similar procedure [20,27,29].
The synthesis of [Er2(fod)6(�-bpm)] given below is representative.

2.3.1. [Er2(fod)6(�-bpm)]
Er(fod)3 (0.3 g, 0.285 mmol) was  dissolved in 40 mL  of ethanol.

To this solution was slowly added an ethanol solution of 2,2′-
bipyrimidine (22.5 mg,  0.142 mmol  of bpm in 20 mL  ethanol) with
continuous stirring. The reaction mixture was stirred for 4 h on
the hot plate at 40 ◦C. The resulting solution (approx. 40 mL) was
left for slow evaporation of the solvent at room temperature.
The bright pink coloured crystals appeared after 24 h. The crys-
tals were filtered off, washed twice with 0.5 mL hexane and cold
ethanol and dried in vacuo over P4O10. The final product was
obtained by repeated crystallization from absolute ethanol. Yield
(0.28 g, 86%). Anal. calc. for Er2C68H66F42O12N4: C, 36.07; H, 2.93;
N, 2.47. Found: C, 36.14; H, 2.95; N, 2.74%. TOF MS-ES+: m/z  1074.1
[Er(fod)2(bpm)2]+ (100%); m/z 1234.2 (54%); m/z 1394.3 (21%).
Melting point 227 ◦C. �m·T (31.5 ◦C) = 20.08 cm3 mol−1 K.

2.3.2. [La(fod)3(bpm)]n

Colour (white). Yield (0.070 g, 41%). Anal. calc. for
LaC38H36F21O6N4: C, 38.59; H, 3.06; N, 4.73. Found: C, 38.69;
H, 2.99; N, 4.48%. TOF MS-ES+: m/z 1047.2 [La(fod)2(bpm)2]+ (1%).
Melting point 215 ◦C.

2.3.3. [Pr(fod)3(bpm)]n

Colour (green). Yield (0.11 g, 41%). Anal. calc. for
PrC38H36F21O6N4: C, 38.52; H, 3.06; N, 4.73. Found: C, 38.73;
H, 3.06; N, 4.73%. TOF MS-ES+: m/z = 889.1 [Pr(fod)2(bpm)]+ (4%);
m/z = 1049.2 [Pr(fod)2(bpm)2]+ (19%). Melting point 161 ◦C.

2.3.4. [Gd2(fod)6(�-bpm)]
Colour (white). Yield (0.070 g, 81%). Anal. calc. for

Gd2C68H66F42O12N4: C, 36.40; H, 2.96; N, 2.50. Found: C, 36.50; H,
2.93; N, 2.56%. TOF MS-ES+: m/z 906.2 [Gd(fod)2(bpm)]+ (4%); m/z
1066.2 [Gd(fod)2(bpm)2]+ (13%); m/z 1224.2 (16%); m/z 1384.2
(10%). Melting point 217 ◦C. �m·T (31.5 ◦C) = 15.34 cm3 mol−1 K.

2.3.5. [Dy2(fod)6(�-bpm)]
Colour (white). Yield (0.095 g, 82%). Anal. calc. for

Dy2C68H66F42O12N4: C, 36.23; H, 2.95; N, 2.48. Found: C, 36.33;
H, 2.91; N, 2.61%. TOF MS-ES+: m/z 912.2 [Dy(fod)2(bpm)]+

(1%); m/z 1072.2 [Dy(fod)2(bpm)2]+ (10%); m/z  1230.3 (10%);
m/z 1390.3 (6%); m/z 1405.3 (1%). Melting point 224 ◦C. �m·T
(31.5 ◦C) = 27.48 cm3 mol−1 K.

2.3.6. [Ho2(fod)6(�-bpm)]
Colour (light yellow). Yield (0.28, 86%). Anal. calc. for

Ho2C68H66F42O12N4: C, 36.15; H, 2.94; N, 2.48. Found: C, 36.24;
H, 2.98; N, 2.59%. TOF MS-ES+: m/z 913.2 [Ho(fod)2(bpm)]+

(1%); m/z 1073.2 [Ho(fod)2(bpm)2]+ (23%); m/z 1231.3 (15%);
m/z 1391.3 (13%); m/z 1407.3 (5%). Melting point 225 ◦C. �m·T
(31.5 ◦C) = 28.50 cm3 mol−1 K.
2.3.7. [Tm2(fod)6(�-bpm)]
Colour (white). Yield (0.075 g, 82%). Anal. calc. for

Tm2C68H66F42O12N4: C, 36.02; H, 2.93; N, 2.47. Found: C, 36.20;
H, 2.92; N, 2.59%. TOF MS-ES+: m/z 917.2 [Tm(fod)2(bpm)]+
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6%); m/z 1077.1 [Tm(fod)2(bpm)2]+ (100%); m/z 1093.1 (12%);
/z 1235.2 (46%); m/z  1395.2 (15%). Melting point 227 ◦C. �m·T

31.5 ◦C) = 14.92 cm3 mol−1 K.

.3.8. [Yb2(fod)6(�-bpm)]
Colour (white). Yield (0. 090 g, 82%). Anal. calc. for

b2C68H66F42O12N4: C, 35.89; H, 2.92; N, 2.46. Found: C, 36.03; H,
.95; N, 2.68%. TOF MS-ES+: m/z  1082.2 [Yb(fod)2(bpm)2]+ (33%);
/z 1098.1 (6%); m/z 1240.3 (11%); m/z 1400.2 (7%). Melting point
p  229 ◦C. �m·T (31.5 ◦C) = 5.56 cm3 mol−1 K.

. Results and discussion

.1. Synthesis and characterization

The syntheses of the complexes are outlined in Scheme 1.
he reaction of Ln(fod)3 chelates and bpm in 2:1 molar ratio in
thanol yields air and moisture stable dinuclear complexes of gen-
ral formula [Ln2(fod)6(�-bpm)] (Ln = Nd, Sm,  Eu, Gd, Tb, Dy, Ho,
r, Tm,  Yb and Lu) in high yield (80–85%). The micro analyses
esults are in excellent agreement with the theoretically calcu-
ated values. Furthermore, the experimental room temperature
30.5 ◦C) molar magnetic susceptibility (�m·T) values of param-
gnetic Nd–Nd, Gd–Gd, Tb–Tb, Dy–Dy, Ho–Ho, Er–Er, Tm–Tm
nd Yb–Yb complexes are 3.52, 15.34, 25.68, 27.48, 28.50, 20.08,
4.92 and 5.56 cm3 mol−1 K, respectively. These values are close
o that expected for two non-interacting Ln(III) ions. This con-

rms the presence of two paramagnetic ions per molecule in
hese complexes. The solubility of these complexes is lower than
heir mononuclear [Ln(fod)3(bpy)] and [Ln(fod)3(phen)] analogues
12]. It is important to note that La(fod)3 and Pr(fod)3 chelates

NN
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O
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+
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Scheme 1. Synthesis o
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could not form dinuclear complexes under similar reaction condi-
tions; instead mononuclear complexes of the type [Ln(fod)3(bpm)]
(Ln = La and Pr) were formed as shown by their elemental analysis.
The yield of the mononuclear complexes is lower (ca.  around 40%)
and these were isolated as light powders and unreacted chelates
are left in the reaction mixture after isolation of the complexes.
The solubility of the La and Pr complexes is comparatively lower
than the dinuclear complexes of the series.

3.2. IR spectra

The IR spectra of complexes exhibit very strong bands around
1620 and 1520 cm−1 which have been assigned to C O and C C
stretching modes, respectively, and are typical of lanthanide tris �-
diketonates [11,13] (Table S1 in Supporting information). However,
the most striking difference noted in the IR spectra of the new com-
plexes from their respective chelates is the appearance of the bands
around 1580 cm−1 (strong) and 1540 cm−1 (weak) as an asymmet-
ric doublet. These bands are due to the ring stretching modes of
bipyrimidine and indicate that both sides of bpm are coordinated
to the metal ions [31,32].  Another strong ring stretching band in
free bipyrimidine at 1403 cm−1 is shifted to higher frequency as
medium intensity band at ca. 1414 cm−1.

It is noteworthy that the IR spectra of the lanthanum and
praseodymium complexes are similar to the other complexes of
the series displaying asymmetric doublet for the ring stretching
modes of bpm. However, elemental analysis corresponds to the

formula unit [Ln(fod)3(bpm)]. Therefore, these complexes are pre-
sumed to adopt a coordination polymeric structure of the form
[Ln(fod)3(bpm)]n as shown in Chart 1. This presumption is strongly
supported by the recent report on [Nd(tta)3(bpm)] [22] (tta is the

3
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Chart 1. Representation of one dimensional coordination array structure of La and
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the lutetium complex (0.48 ppm for H-2) (Table 1) [20]. The larger
downfield shift of bpm protons in the lutetium complex is related
to the smaller size and greater electropositive charge density on
r  complexes. Red semicircles attached with pink O–atoms at the ends represent
he  fod units attached to Ln(III) ion. (For interpretation of the references to colour
n  this figure legend, the reader is referred to the web  version of this article.)

nion of 2-thenoyltrifluoroacetone) where X-ray crystal structure
f this complex has shown that it adopts a polymeric array of the
ype [Nd(tta)3(bpm)]n and by one-dimensional structure for the
nalogous bpm-bridged complexes [33,34]. It is, therefore, con-
luded that La(III) and Pr(III) complexes are ten-coordinate in a
olymeric array in which each metal ion is coordinated to three
od ligands and two NN donors from two bpm units as represented
n Chart 1. This is in contrast to the eight-coordinate dinuclear com-
lexes formed by the rest of the lanthanides (Nd–Lu). The reasons
or the unusual reactivity shown by La(III) and Pr(III) chelates are
ikely the large size of these metal ions which are capable of achiev-
ng higher coordination than the rest of the lanthanide ions and
he lower basicity of bpm (pKa = 0.6) which would facilitate these
arger tripositive lanthanide ions to coordinate with two  NN donors
f bpm instead of one NN donor to attain greater electron affluence.
he ten-coordinate complexes with lanthanum and praseodymium
ave been recently reported with hexafluoroacetylacetone (hfaa)
nd phenanthroline [13,15].

.3. ES+–MS

Electrospray mass spectra of all the complexes in positive ion
ode were recorded in chloroform. None of the complexes dis-

lays intact molecular ion peak. The various lanthanide containing
eaks observed on the mass spectra could not be assigned by
he general rules of fragmentation of lanthanide �-diketonates,
ossibly due to fragmentation of fod moieties. The mass spec-
ra of the fluorinated �-diketonate complexes are complicated
ue to easy splitting of CF3 fragments and by the possibility of
igration of the F atoms [35]. However, the peaks representing
ononuclear fragments [Ln(fod)2(bpm)]+ and [Ln(fod)2(bpm)2]+

re easily assigned for all the complexes. The [Ln(fod)2(bpm)2]+

ragment of Er and Tm complexes are observed with 100% abun-
ance (Figs. S1 and S2 in Supporting information). None of the
pectra displayed the peak for the fod+ ion which strengthens the
dea for the partial fragmentation of fod moieties.

.4. Thermal studies

The thermograms of the complexes were studied under a N2
tmosphere at a heating rate of 10 ◦C/min. The complexes exhibit
imilar thermal behaviour which is consistent with the one step
vaporation. The TGA/DTA plots of some representative complexes
re given in Fig. 1. The complexes are thermally stable and melting
oints of the dinuclear complexes are in the range between 203
nd 230 ◦C (Nd–Lu) with increasing trend across the lanthanide
eries. These melting points are much higher than the mononu-

lear [Ln(fod)3(bpy)] and [Ln(fod)3(phen)] analogues [13] which
eflects that these dinuclear complexes are thermally more stable
han their mononuclear phen and bpy analogues. However, it is
nteresting to point out that the melting point of the polymeric
Fig. 1. TGA/DTA plot of representative new complexes.

praseodymium complex (mp  = 161 ◦C) is lower that the melting
point of the polymeric lanthanum complex (mp  = 215 ◦C), although
the radius of the La(III) ion (∼121.6 pm)  is larger than the radius of
Pr(III) ion (∼117.9 pm). This could be related to the larger steric
crowding around the smaller Pr(III) ion due to ten-coordinated
polymeric structure. Since the radius of the La(III) ion is larger,
lesser steric congestion is expected and hence higher melting point.
It may  be emphasized that the steric crowding has a strong influ-
ence on the thermal stability of the complexes. The DTA curve of the
complexes shows two endothermic peaks; one sharp lower tem-
perature peak corresponds to the melting of the complex and the
other peak at higher temperature is consistent with the volatiliza-
tion. The volatile nature and improved stability of these complexes
over their mononuclear analogues makes them very good can-
didate to form luminescent thin films for their possible use in
electroluminescent devices.

4. 1H NMR  studies

4.1. Diamagnetic La(III) and Lu(III) complexes

The 1H NMR  spectra of lanthanum and lutetium complexes in
CDCl3 gave an insight into the solution structure of these com-
plexes. The 1H NMR  spectrum of the lanthanum complex (Fig. 2)
exhibits only one set of signals for the bipyrimidine and diketo-
nate moiety, suggesting that a single species exists in the solution.
The signals observed are assigned to tert-butyl (0.92 ppm); methine
(5.79 ppm) protons of the fod moiety and H-2/H-2′ (9.28 ppm) and
H-3 (7.55 ppm) protons of the coordinated bpm in the intensity
ratio of 27:3:4:2, respectively. The H-2/H-2′ and H-3 proton reso-
nances are shifted to downfield, as compared to their position in
free bpm (Table 1) and these shifts are consistent with the ligand
binding to the metal ion. The magnitude of the diamagnetic shift is
smaller for the lanthanum complex (e.g. 0.25 ppm (ı) for H-2) than
Fig. 2. 300 MHz 1H NMR  spectrum of [La(fod)3(bpm)]n in CDCl3. * represents some
impurity.
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Table 1
The chemical shifts (ı) and paramagnetic shifts (�ı) of dinuclear lanthanide complexes [Ln2(fod)6(�-bpm)] and their precursor Ln(fod)3 chelates.

Compound ıH-2/�ı(H-2) ıH-3/�ı(H-3) ıCH/�ı(CH) ıBut/�ı(But)

2,2′-Bipyrimidine 9.03, t 7.45, d – –
[La(fod)3(bpm)]n 9.28 7.55 5.79 0.93
La(fod)3 – – 5.94 1.09
[Lu2(fod)6(�-bpm)] 9.46, t 7.72, d 5.83 0.96
Lu(fod)3 – – 6.05 1.10
[Pr(fod)3(bpm)]n −26.50 (−35.78) −2.10 (−9.65) 21.71 (15.92) 1.25 (0.32)
Pr(fod)3 – – 19.6 0.35
[Nd2(fod)6(�-bpm)] −0.79 (−10.28) 2.16 (−5.39) 11.36 (5.57) 0.68 (−0.25)
Nd(fod)3 – – 11.83 0.95
[Sm2(fod)6(�-bpm)] 8.52 (−0.76) 7.15 (0.40) 7.02 (1.23) 0.88 (−0.05)
Sm(fod)3 – – 7.50 1.07
[Eu2(fod)6(�-bpm)] 13.56 (4.28) 12.02 (4.47) 2.64 (−3.15) 1.82 (0.89)
Eu(fod)3 – – 23.14 1.56
[Tb2(fod)6(�-bpm)] a a 124.65 (118.82) −3.17 (−4.13)
Tb(fod)3 – – – −7.61
[Dy2(fod)6(�-bpm)] a a a −13.66 (−14.62)
Dy(fod)3 – – a −13.45
[Ho2(fod)6(�-bpm)] a a 69.73 (63.90) −4.31 (−5.27)
Ho(fod)3 – – 79.07 −8.98
[Er2(fod)6(�-bpm)] 39.10 (29.64) 31.47 (23.75) −19.43 (−25.26) 6.32 (5.36)
Er(fod)3 – – −24.46 1.19
[Tm2(fod)6(�-bpm)] a a −34.12 (39.95) 6.53 (5.57)
Tm(fod)3 – – −70.41 6.42
[Yb2(fod)6(�-bpm)] 12.21 (2.75) 21.94 (14.22) −10.19 (−16.02) 5.17 (4.21)
Yb(fod)3 – – −19.66 4.59
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and (bpm and fod) nuclei, which does not vanish for magnetically
anisotropic systems. As a consequence of this dipolar-interaction
the resonances of fod and bpm protons are markedly shifted from
the position observed in the corresponding diamagnetic lanthanum

Fig. 3. 400 MHz 1H NMR  spectrum of [Nd2(fod)6(�-bpm)] in CDCl3.
he paramagnetic shifts (�ı) of the complexes are calculated as the deviation of ch
nd  paramagnetic Tb–Yb complexes from diamagnetic Lu complex.

a These resonances are broadened beyond detection.

he Lu(III) ion than the La(III) ion which results in more deshielding
f the bpm protons.

The lanthanum complex (Fig. 2) was expected to display three
ignals for the coordinated bpm in the intensity ratio of 1:1:1 for
-2, H-2′ and H-3 protons. However, the NMR  spectrum displays
nly two resonances for bpm protons with the area under the peak
n 1:2 ratio. This reflects that H-2 and H-2′ protons are equivalent.
t is only possible if all four nitrogen atoms of bpm are coordinated
o lanthanum. It leads towards existence of a dinuclear species
ut the elemental analysis gives a mononuclear complex of the
ype [La(fod)3(bpm)]. Therefore, only way to explain its structure
s to consider a long polymeric chain of repeating [Ln(fod)3(bpm)]
nits as shown in Chart 1. This corroborates with the IR result and
ets support from the literature on similar lanthanide complexes
22,33,34] (vide supra).

The tert-butyl and methine resonances of both lanthanum and
utetium complexes are shifted to upfield as compared to their
ositions in La(fod)3 and Lu(fod)3 chelates, respectively (Table 1).
he shielding of these resonances occurs because after withdraw-
ng the electron density from N donors of the bipyrimidine, the
n(III) ion becomes more polarized and transfers some charge via
he � system of the diketonate ring and this can be very conve-
iently accommodated by the fluorine atoms (due to their large
lectronegativity).

.2. Paramagnetic complexes

The NMR  spectra of all the paramagnetic complexes and their
arent chelates are recorded in CDCl3 and the representative spec-
ra of Nd and Eu complexes are shown in Figs. 3 and 4, respectively.
he chemical shifts, ı (ppm) and paramagnetic shifts, �ı  (ppm)
re given in Table 1. The spectra are the first order and assignments
re based on relative intensities and comparison with their par-

nt chelates. More structural information may  be obtained from
he analysis of moderate to huge paramagnetic shifts, observed
or these complexes. The paramagnetic shifts in case of trivalent
anthanides are predominantly dipolar (pseudo-contact) in nature
al shift (ı) in paramagnetic Pr–Eu complexes from that of diamagnetic La complex

since the radial extension of 4f orbitals is exceedingly small and the
electrons in the 4f-orbitals are shielded from the ligands by 5s and
5p electrons. These paramagnetic shifts arise from a through-space
dipolar interaction between the electronic magnetic moment and
the nuclear magnetic moment of the resonating diamagnetic lig-
Fig. 4. 400 MHz 1H NMR  spectrum of [Eu2(fod)6(�-bpm)] in CDCl3.



9 try an

o
l
c
l
t

i

i

v

4

i
c
A
p
w
s
N
f
n
t
a
p
n
e
p
u
t
o
p
u
a
t

m
H
s
b
c
t

6 M. Irfanullah, K. Iftikhar / Journal of Photochemis

r lutetium complex. The paramagnetic shifts (arising out of dipo-
ar mechanism) provide information relating to the geometrical
onfiguration of the ligands about a metal ion in solution and are
imited by the geometry of the complex species. The following fea-
ures of the spectra of the complexes investigated are obvious:

i Only one set of signals is observed for the aromatic as well as
�-diketonate protons which substantiates the presence of only
one species in the solution.

ii The spectra of the complexes generally display four resonances;
one each due to tert-butyl, methine, H-2 and H-3 protons in
the intensity ratio of 54:6:4:2, respectively (indicating that the
�-diketonate to bpm ratio, in the complexes, is 6:1). This sub-
stantiates the presence of intact dinuclear species present in the
solution.

ii The spectra of the complexes show sizable downfield shifts in
Eu, Er, Tm and Yb complexes or upfield shifts in Pr, Nd, Tb, Dy
and Ho complexes for bpm and tert-butyl resonances. The Sm
complex shows very small upfield shifts for these protons and
the spectrum is comparable with the diamagnetic analogues.

v The room temperature paramagnetic shift obtained for methine
protons of the �-diketone moiety has the opposite sign with
respect to that of paramagnetic shifts of aromatic and tert-butyl
protons.

v The bpm resonances could not be observed for Tb, Dy, Ho and
Tm complexes even in the 200 to −200 ppm range. It could be
due to much higher magnetic moment of these metal ions lead-
ing to paramagnetically enhanced relaxation of the nuclei which
broadens the lines beyond detection limits.

i No change in signal line width or position is seen on keeping
the solutions for few days. This proves that both the ends of
both bpm and fod remain coordinated in solution and there is
no dissociation of any of the ligands present.

.3. Relative shifting

For all the complexes studied the changes produced in the chem-
cal shift of bpm protons is a function of the central atom which
an be related to the magnetic anisotropy of the lanthanide(III) ion.
mong early lanthanides, relatively large upfield shifts are noted for
raseodymium complex then becoming very small for samarium
ith the change in the sign at europium which causes downfield

hifts of slightly smaller magnitude. It is to be mentioned for Pr,
d and Sm complexes that the upfield paramagnetic shift is larger

or H-2 protons than H-3, reflecting the fact that the paramag-
etic shift decreases with increasing distance of the proton from
he metal. However, in the case of europium complex, the param-
gnetic shift is slightly larger for H-3 protons as compared to H-2
rotons (Table 1). Sizable down field displacements of bpm reso-
ances are noted for Er and Yb complexes with the largest one for
rbium. It is to be pointed out that the chemical shifts of the bpm
rotons induced by the various metal ions in these complexes are
niformly directed, i.e. the paramagnetic shift is larger for H-2 pro-
ons as compared to H-3 protons. However, as found in the case
f [Yb(hfaa)3(phen)] [14], the paramagnetic shifts of H-2 and H-3
rotons of bpm in the case of [Yb2(fod)6(�-bpm)] complex is not
niformly directed. In spite of being closer to Yb the H-2 protons
re much less displaced than H-3 protons and appear at higher field
han H-3.

The paramagnetic shift of the tert-butyl resonance of the fod
oieties followed the similar trend as observed for bpm protons.
owever, the Pr complex is an exception where this resonance is
hifted to downfield despite Pr being an upfield shifter. The tert-
utyl resonance is slightly shifted to upfield in the case of Nd and Sm
omplexes. The triad Tb, Dy and Ho are known upfield shifters, so
he tert-butyl resonance of these complexes is significantly upfield
d Photobiology A: Chemistry 224 (2011) 91– 101

shifted. The triad Er, Tm and Yb (known down field shifters) shift
this resonance to down field.

The opposite direction shift of the methine resonance of these
complexes reflects importance of the geometric factor 3 cos2 � − 1,
in changing the sign of the shift. Therefore, it seems likely that the
average geometric factor of the aromatic and the methine protons
have opposite sign and the paramagnetic shift is exclusively due
to dipolar interaction. This gets support from our earlier observa-
tions [13,36] and observation noted on Ln(C5H5)3B (where B is an
uncharged aprotic Lewis base), where the signal positions of the
ligand B have their sign opposed to that of ring protons [37].

The direction and magnitude of the paramagnetic shifts
observed for dinuclear complexes (Table 1) are comparable to the
mononuclear analogous with [Ln(fod)3(bpy)] and [Ln(fod)3(phen)]
[36]. This indicates that the two Ln sites in the dinuclear complexes
are independent of each other and behave as isolated centers and
the interaction between two  paramagnetic Ln centers is negligible
for the interpretation of 1H NMR  spectra. This is supported by the
work of Ishikawa et al. [38] who  observed that paramagnetic shifts
in the Ln(III)–Ln(III) complexes are independent of the presence of
two Ln centers due the negligible interaction between them and
observed magnetic moment of these complexes.

A comparison of the NMR  resonances of fod moieties (tert-
butyl and methine) in dinuclear complexes is made with their
parent Ln(fod)3 chelates (Table 1). The chemical shifts of these
protons in the complexes are different from their chemical shifts
in the chelates. This variation of the chemical shifts in the com-
plexes as compared to their chelates is attributed to the change
in the geometry around Ln(III) ion after the coordination with
bpm.

4.4. Line broadening

The extent of line broadening is essentially a function only of
the lanthanide ion. The signal line broadening of the protons near
a paramagnetic lanthanide ion is governed by both the dipolar
interaction and Curie-spin relaxation; and the line width depends
upon the magnetic field and the inverse sixth power of the cor-
responding proton lanthanide distance [39,40]. The difference in
relative broadening reflects different metal proton distances, the
broader peaks being associated with the proton nuclei of the lig-
ands closer to the lanthanides. We  first discuss the effect of line
broadening on bpm resonances because of their proximity to the
metal ions and the absence of spin–spin splitting. We  observed that
the bpm resonances are broad in the present dinuclear complexes
as compared to resonances of aromatic amines in the mononu-
clear complexes [Ln(fod)3(phen)] and [Ln(fod)3(bpy)] [13,36].  Of
the early lanthanides the Sm and Eu causes least signal broadening
while the bpm resonances of Nd complex are relatively broader.
In the case of Pr complex, very broad resonance are observed
for H-2 protons while the H-3 resonance is observed with lesser
broadening. The bpm resonances observed in Yb and Er complexes
are severely broadened. As already mentioned, the resonances
due to bpm protons of Tb, Dy, Ho and Tm complexes were not
observed at all. It is important to mention that the resonances
due to aromatic heterocyclic ligands in cases of heavy lanthanide
(Tb, Dy, Ho and Tm)  in mononuclear complexes [Ln(fod)3(phen)],
[Ln(fod)3(bpy)] and [Ln(hfaa)3(phen)] are observed, except H-2
protons in Dy complexes. Furthermore, the tert-butyl resonance
of the heavy lanthanide dinuclear complexes is much broader
than this resonance in the corresponding chelate. This resonance
is very sharp in the chelate (Fig. S3 in Supporting information).

Therefore, it is concluded that the severe line broadening in the
dinuclear complexes is possibly due to the presence of two param-
agnetic Ln(III) ions which lead to much enhanced relaxation of the
nuclei.
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.5. Shift ratios

The intramolecular shift ratios, Rij of the shift of the nucleus i
o another j in an isomorphous series of the complexes remain the
ame for all the lanthanides, if the shift is dipolar in nature and
hould reveal stereochemical arrangement of protons with respect
o the central ion and principal axis of the complex [13,36,41].
mong the complexes where bpm resonances are detected (Pr, Nd,
m,  Eu, Er and Yb) we  observe that the intra-molecular chemical
hift ratios of H-2 and H-3 protons of only dinuclear Sm,  Eu, and
r complexes are constant, i.e. ∼1.2. This favours that these com-
lexes have similar geometry in solution, the geometric factors
re fairly fixed for these three complexes and shifts are predom-
nantly pseudocontact in origin. We  also compare intermolecular
hift ratios of H-2 and H-3 protons of these complexes; for example
-2(Sm)/H-2(Eu) = 0.62 and H-3(Sm)/H-3(Eu) = 0.60; H-2(Sm)/H-
(Er) = 0.21 and H-3(Sm)/H-3(Er) = 0.22; H-2(Eu)/H-2(Er) = 0.34 and
-3(Eu)/H-3(Er) = 0.38, and found that ratios are fairly constant
hich strongly support that shifts are dipolar in origin and the three

omplexes have fixed geometric factors and adopt similar struc-
ure in the solution. However, the chemical shift ratios for Pr, Nd
nd Yb complexes are not constant. This may  be either due to a dif-
erent geometry adopted by these complexes in solution or some
ontact contribution to the paramagnetic shift. The intramolecu-
ar chemical shift ratio of H-2 and H-3 protons of bpm, calculated
rom the 1H NMR  data of [Eu2(nta)6(�-bpm)] [42] {nta is the anion
f 1-(2-naphthoyl)-3,3,3-trifluoroacetone} is also ∼1.2. The X-ray
tructure of this complex has been reported to be distorted square
ntiprismatic. Therefore, distorted square antiprismatic structure
ay  be predicted for the Sm,  Eu and Er complexes since the chem-

cal shift ratios for the H-2 and H-3 protons of these complexes
re similar to [Eu2(nta)6(�-bpm)] [42]. This geometry is common
or bipyrimidine-bridged lanthanide tris �-diketonate complex
eported in the literature [21–23].

. Photoluminescence properties

The steady state luminescence properties of the Pr(III), Sm(III),
u(III), Tb(III) and Dy(III) complexes at equimolar concentration
ere investigated in chloroform solution. The excitation spectra of

he complexes (Fig. S4 in Supporting information) display a broad
and (330–420 nm)  with maxima at 349, 355, 362, 356 and 357 nm
or Pr(III), Sm(III), Eu(III), Tb(III) and Dy(III) complexes, respec-
ively. These bands correspond to the excitation of the organic
igands (S0 → S1). The excitation spectra of the complexes show

 good overlap with the ligand centered �–�* absorption bands
240–410 nm)  of the complexes in chloroform. This confirms that
n energy transfer takes place from the ligands to the Ln(III) ion
antenna effect). The excitation spectra of the complexes were
ecorded by monitoring the most intense f–f emission transition
f the given complex. The luminescence spectra of the complexes
ere recorded by selecting the excitation wavelength at S0 → S1

and maxima to get the maximum intensity.
The emission spectrum of [Sm2(fod)6(�-bpm)] in chloroform is

hown in Fig. 5. The complex exhibits intense characteristic emis-
ion of Sm(III) ion upon excitation with a wavelength of 355 nm.
he three peaks are assigned to (i) 4G5/2 → 6H5/2 (564 nm); (ii)
G5/2 → 6H7/2 (605 nm)  and (iii) 4G5/2 → 6H9/2 (646 nm)  transitions
f Sm(III). The 4G5/2 → 6H9/2 is an electric-dipole hypersensi-
ive transition. The 4G5/2 → 6H5/2 transition has a predominant

agnetic-dipole character. The hypersensitive transition is most

ntense in the spectrum followed by 4G5/2 → 6H7/2 transition. The
G5/2 → 6H7/2 transition shows three stark components at 600,
05 and 610 nm.  The high intensity of the hypersensitive transi-
ion and stark splitting in 4G5/2 → 6H7/2 indicates a low symmetry
Wavelength (nm)

Fig. 5. Emission spectrum of [Sm2(fod)6(�-bpm)] in chloroform.

coordination around Sm(III) centers in the dinuclear complex
[43]. The emission spectrum of [Eu2(fod)6(�-bpm)] (Fig. 6) dis-
plays transitions originating from the 5D0 emitting state of Eu(III)
to 7Fj (j = 0, 1, 2, 3, and 4) manifolds. The most intense tran-
sition in the emission spectrum of the complex is the induced
electric-dipole, 5D0 → 7F2 hypersensitive transition. This transition
is notably much more intense than the magnetic-dipole, 5D0 → 7F1
transition, which reflects a low symmetry of the Eu(III) site. Fur-
thermore, the emission spectrum of the complex shows only one
peak for the 5D0 → 7F0 transition indicating the presence of a single
chemical environment around the Eu(III) ion. The [Tb2(fod)6(�-
bpm)] complex (Fig. 7) displays transitions originating from the
5D4 emitting state of Tb(III) to 7Fj (j = 6, 5, 4, and 3) manifolds.
The spectrum is dominated by the 5D4 → 7F5 transition at 543 nm
which is responsible for the green luminescence of this complex.
The 5D4 → 7F4 and 5D4 → 7F3 transitions have weak intensities as
compared to other two  transitions in the spectrum and display
stark splitting. Both transitions are sensitive to the coordination
and the stark splitting is indicative of a very low symmetry around
Tb(III) centers in the complex [44]. The [Dy2(fod)6(�-bpm)] com-
plex (Fig. 8) consists of three transitions due to the deactivation of
4F9/2 emission level to the lower energy levels. These are assigned

4 6 4 6
690660630600570

Wavelength (nm)

Fig. 6. Emission spectrum of [Eu2(fod)6(�-bpm)] in chloroform.
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Fig. 7. Emission spectrum of [Tb2(fod)6(�-bpm)] in chloroform.

lectric-dipole transition and is most intense transition in the
mission spectrum. It may  be emphasized that the 4F9/2 → 6H13/2
ransition is prominent only when the Dy(III) ion is located at a low
ymmetry site which allows the intensification of this transition.
herefore, this transition is used as a probe for the site symmetry
n Dy(III) systems [45].

The red and green luminescence of Eu(III) and Tb(III) com-
lexes, respectively, and to a lesser extent the pink and yellow

uminescence of Sm(III) and Dy(III) complexes, respectively, have
een thoroughly investigated and these complexes are exploited in
lectroluminescent devices and many other applications [1–8,10].
n contrast, reports on the emission spectrum of the Pr(III) com-
lexes is scarce [13,46–48].  The excitation and emission spectra of
Pr(fod)3(bpm)]n are shown in Fig. 9. The emission spectrum dis-
lays a series of transitions in the visible region. The most intense
eak centered at 605 nm is assigned to 1D2 → 3H4 hypersensitive
ransition. This transition is also believed to be overlapped by a

uch weaker 3P0 → 3H6 transition [47]. The other emission bands
orrespond to the 3P0 → 3H4 (488 nm), 3P0 → 3H5 (543 nm) and
P0 → 3F2 (646 nm)  transitions. It is interesting to note that the
mission spectrum of the Pr complex displays transitions from two
ifferent excited levels (i.e. 3P0 and 1D2) to three different mani-
olds (i.e. 3H4, 3H5 and 3F2).
A comparison of the luminescence intensity of the Sm(III),
u(III), Tb(III), Dy(III) and Pr(III) complexes gives the follow-
ng order: Eu(III) ≫ Sm(III) > Pr(III) > Tb(III) ≈ Dy(III) (Table 2). The
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Fig. 8. Emission spectrum of [Dy2(fod)6(�-bpm)] in chloroform.
Wavelength (nm)

Fig. 9. Excitation and emission spectra of [Pr(fod)3(bpm)]n in chloroform.

5D0 → 7F2 hypersensitive transition of Eu(III) complex is 38 times
more intense than the 4G5/2 → 6H9/2 hypersensitive transition of
Sm(III) and 54 times more intense than the 1D2 → 3H4 hypersensi-
tive transition of Pr(III). It is noteworthy that this transition of Eu(III)
is 213 and 218 times more intense than the most intense 5D4 → 7F5
transition of Tb(III) and 4F9/2 → 6H13/2 transition of Dy(III) com-
plex, respectively. These results indicate that the energy transfer
from the organic ligands (fod and bpm) to Eu(III) is most effi-
cient followed by the energy transfer to Sm(III) and Pr(III) while
inefficient or partial energy transfer takes place from antenna lig-
ands to Dy(III) and Tb(III). The weaker luminescence of the Tb(III)
complex than Sm(III) and Pr(III) complexes is surprising. It is well
documented [3,10] that Pr(III), Sm(III) and Dy(III) complexes have
inherent weaker luminescence intensity as compared to Eu(III) and
Tb(III) complexes. It is due to the smaller energy gap between the
emitting level and the next lower energy level: ca.  ∼7400 cm−1 for
Sm(III); ∼7850 cm−1 for Dy(III) and ∼6940 cm−1 for Pr(III) versus
ca. ∼12,300 cm−1 for Eu(III) and ∼14,800 cm−1 for Tb(III) [49–51].
The smaller energy gap results in a more efficient quenching of the
excited states in the case of Pr(III), Sm(III) and Dy(III) ions.

However, it is a well known fact that the luminescence effi-
ciency of the lanthanide complexes also depends upon the effective
match between the emitting level of the Ln(III) ion and lig-
and centered triplet state [52]. There are two  types of ligands
attached to the Ln(III) ions in these complexes with different
energy of the triplet states. The energy level of the fod centered
triplet level lies around 22,500 cm−1 [26] while the bpm centered
triplet level has been estimated around 24,100 cm−1 [22,53]. These
triplet energy levels are well above the main emitting levels of
Sm(III) {4G5/2, ∼17,900 cm−1}, Eu(III) {5D0, ∼17,280 cm−1}, Dy(III)
{4F9/2,∼21,100 cm−1}, Tb(III) {5D4, ∼20,500 cm−1} and Pr(III) {1D2,
∼16,840 cm−1} (Fig. 10)  [49–51].  The energy difference between
the fod centered triplet level and the emitting levels of Ln(III) ions

−1
is approximately 4600, 5220, 1400, 2000 and 5660 cm for Sm(III),
Eu(III), Dy(III), Tb(III) and Pr(III) ions, respectively, while energy dif-
ference between the bpm centered triplet level and emitting levels
of Ln(III) is approximately 6200, 6820, 3000, 3600, and 7260 cm−1

Table 2
Emission intensity of the most intense transitions of the complexes.

Complex Transition Energy (nm) Intensity (a.u.)

Eu 5D0 → 7F2 612 12,886,825
Sm 4G5/2 → 6H9/2 646 339,030
Pr 1D2 → 3H4 605 237,014
Tb 5D4 → 7F5 545 60,426
Dy 4F9/2 → 6H13/2 573 58,955
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Fig. 10. Simplified energy diagram showing lanthanide excited states a

or Sm(III), Eu(III), Dy(III), Tb(III) and Pr(III) ions, respectively. It
as been reported that an optimal ligand-to-metal energy transfer
rocess for Tb(III) needs �E (3��* − 5D4) = 2500–4500 cm−1 [52].
herefore, these investigations point out that the triplet level of
he main sensitizer (fod) is too close to the emitting level of Tb(III)
hich should lead to the efficient back energy transfer from Tb(III)

mitting level to triplet level of fod [52].
The inefficient sensitization by the fod ligand to the Tb(III)

uminescence is confirmed by the weak emission observed from
he spectrum of Tb(fod)3 chelate in chloroform upon excitation
t 350 nm within a �–�* transition of fod. Since the triplet level
f bpm ligand matches well with the 5D4 emitting level of Tb(III)
�E = 3000 cm−1) [52] and emission of the dinuclear complex is
nhanced as compared to the emission of Tb(fod)3 chelate, it con-
rms that the Tb(III) emission of [Tb2(fod)6(�-bpm)] is primarily
ensitized by bpm. Elsewhere, bpm has been reported to be very
fficient sensitizer for the Tb(III) luminescence [53]. The very low
ntensity of the Tb(III) emission as compared to the Eu(III) emission
ould be related to the presence of single bpm sensitizer attached to
wo Tb(III) ions in the terbium complex while there are three units
f fod sensitizers attached to each Eu(III) ion in addition to a bridg-
ng bpm unit which also acts as sensitizer in the case of europium
omplex. Furthermore, the lower intensity of Tb(III) emission in the
resent complex could also be related to the loss of energy due to

nterligand energy transfer [22]. It is postulated that upon excita-
ion of the singlet state of bpm, part of the energy is absorbed by the
xcited states of fod since their position lies lower than the excited
tates of bpm. Subsequently, from the populated excited states of
pm, part of the energy is transferred to the excited states of fod.
ince fod is inefficient in transferring this energy to the 5D4 emit-
ing level, the Tb(III) ions receive lesser energy than expected from
he bpm ligand.

The strongest emission intensity noted for the Eu(III) complex
s not surprising since the energy difference between the triplet
evels of the ligands (fod and bpm) and the emitting level of Eu(III)
s optimum [52–54] and energy transfer originates from both the
igands and results in largest luminescence.

The bright luminescence of the Sm(III) complex also reflects an
fficient energy transfer from both fod and bpm centered triplet
evels and 4G5/2 emitting level of this metal ion possibly due to
 good energy match. In fact, the excitation of Sm(fod)3 around
50 nm in chloroform gives characteristic Sm(III) emission and the

ntensity of this emission is further enhanced many times upon its
oordination to bpm [29]. These results confirm that both fod and
ir position with respect to the triplet states of fod and bpm sensitizers.

bpm are good ligands for the sensitization of Sm(III) emission. Fur-
thermore, it was  recently shown that bpm could sensitize Sm(III)
emission which was relatively more intense in [Sm(NO3)3(bpm)2]
having two  bpm molecules in the first coordination sphere, than
in the [Sm(NO3)3(bpm)(CD3OD)2] which contains only one bpm
molecule [53].

Although the characteristic emission of Sm(III) is observed from
the 4G5/2 level, there are two  more excited states for the Sm(III)
ion lying very close to this level. These are 4G7/2 (∼20,050 cm−1)
and 4F3/2 (∼18,900 cm−1) (Fig. 10). The energy difference between
the triplet state of fod and 4G7/2 and 4F3/2 excited levels of Sm(III)
are ∼2450 cm−1 and ∼3600 cm−1, respectively, while the energy
difference between the triplet state of bpm and 4G7/2 and 4F3/2
excited levels of Sm(III) are ∼4050 cm−1 and ∼5200 cm−1, respec-
tively. These energy differences between triplet levels of the ligands
and 4G7/2 and/or 4F3/2 levels are lower than the difference between
4G5/2 and fod and/or bpm levels. It is, therefore, postulated that
the energy transfer to the 4G5/2 emitting level of Sm(III) ion occurs
via population of these higher energy (4G7/2 and 4F3/2) states and
subsequent relaxation to the 4G5/2 emitting level. Therefore, the
bright emission of Sm(III) comes from 4G5/2 level. The fact that a
very weak emission transition, 4F3/2 → 6H5/2 is noted at 537 nm fur-
ther strengthens the contention that the energy transfer occurs via
population of higher energy states.

The Dy(III) emission is not thoroughly investigated and there-
fore, no definite data are available regarding optimum energy gap
between the triplet state of the antenna ligand and 4F9/2 emitting
level of Dy(III) ion for an efficient energy transfer [55]. We  find
that fod is an inefficient ligand for the sensitization of dysprosium
emission since its triplet state lies too close to the 4F9/2 emitting
level of Dy(III) ion (�E = 1400 cm−1). This is confirmed by the weak
emission observed in the spectrum of Dy(fod)3 chelate in chloro-
form upon excitation within a �–�* transition of fod. Therefore,
the emission spectrum of [Dy2(fod)6(�-bpm)] reveals that it is pri-
marily sensitized by bpm due to its suitable energy difference with
the 4F9/2 emitting level of Dy(III) ion (�E = 3000 cm−1). However,
the loss of energy due the interligand energy transfer as proposed
for the terbium complex could also be responsible for the lower
emission intensity of the dysprosium complex since the efficient
sensitization of Dy(III) emission by bpm has been reported [53].
The emission spectrum of the praseodymium complex reveals
that fod plays a major role in the sensitization process as compared
to bpm since the emission intensity of 1D2 transition of Pr(III) in the
complex is slightly enhanced as compared to its intensity in Pr(fod)3
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Fig. 11. Emission spectrum of [Tm2(fod)6(�-bpm)] in chloroform.

helate. Furthermore, it has been reported that the emission prop-
rties of Pr(III) complexes can be controlled by the position of the
riplet state of the ligand with respect to the 3P0 and 1D2 emitting
evels of Pr(III) [45]. Since the triplet states of both fod and bpm lie

ell above the 3P0 level (∼20,600 cm−1) (�E = ∼1900 cm−1 for fod
nd �E = ∼3500 cm−1 for bpm) and 1D2 level (�E = ∼8160 cm−1 for
od and ∼7260 cm−1 for bpm), it is remarkable that emission from
oth these levels is observed. However, it is surprising that despite

 large energy difference between the triplet states of the ligands
nd the 1D2 emitting level, the 1D2 emission band is more promi-
ent than the 3P0 band. This is explained by the fact that there are
wo additional excited states above 3P0 level of Pr(III) (Fig. 10)  and
hese are 1I6 (∼21,350 cm−1) and 3P1 (∼21,125 cm−1) (Fig. 10). It
s believed that the 1I6, 3P1, and 3P0 excited states after receiving
nergy from the ligand centered triplet state rapidly transfer this
nergy to the 1D2 emissive level of Pr(III) via non-radiative relax-
tion. The emission spectrum of the Pr(III) complex, also witnesses
trong ligand fluorescence possibly from the coordinated bpm.

The emission spectrum of the chloroform solution of
Tm2(fod)6(�-bpm)] is dominated by the ligand fluorescence
Fig. 11). However, the shoulder at 474 nm in the broad fluores-
ence band matches with the 1G4 → 3H4 blue emission transition
f Tm(III), indicating a partial energy transfer from the coordi-
ated ligands. A partial energy transfer from the triplet state of
pm to the 1G4 emitting level of Tm (III) is also observed for
Tm(NO2)3(bpm)2] [53].

. Conclusions

In this paper, dinuclear lanthanide complexes of the type
Ln2(fod)6(�-bpm)] (Ln = Nd–Lu) and polymeric complexes of the
ype [Ln(fod)3(bpm)]n (Ln = La and Pr) have been isolated and
horoughly investigated in solution by 1H NMR  and steady-state
mission studies. The 1H NMR  spectra of all the complexes and
he respective chelates have been analysed in detail. The proton
esonances of the coordinated bpm and fod ligands of the param-
gnetic complexes are substantially shifted from their position in
he diamagnetic complexes (La and Lu) while the magnitude and
irection of the shift is dependent on the paramagnetic Ln(III) ions.
he methine resonance of the paramagnetic complexes is shifted in
pposite direction to the resonances of bpm and tert-butyl protons.

he tert-butyl resonances are broader for the dinuclear complexes
s compared to their precursor mononuclear chelates, reasonably
ue the twofold increase in the paramagnetic relaxation. The shift
atios of H-2 and H-3 proton resonances of the Sm,  Eu and Er

[
[
[
[
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complexes are similar indicating that shifts are predominantly
dipolar in nature and the three complexes are isostructural in solu-
tion. The steady-state emission spectra of the Pr, Sm, Eu, Tb, Dy and
Tm complexes in chloroform are discussed by taking into consider-
ation the triplet levels of the coordinated ligands and their energy
match with the emitting levels of Ln(III) ions. The work empha-
sizes that the combination of fod and bpm is most effective for
the sensitization of red and pink emissions of Eu(III) and Sm(III)
ions, respectively. Despite bpm being an efficient sensitizer for the
luminescence of Tb(III) and Dy(III) ions, a combination of bpm and
fod is not much effective for the sensitization of these ions as com-
pared to Eu(III) and Sm(III) ions. Among the many reasons including
the energetic one, the depopulation of bpm centered excited states
to the excited states of fod in terbium and dysprosium complexes
could be one of the reasons.
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