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Abstract

The praseodymium (III) b-diketonate and carboxylate chelates emit visible and infrared luminescence in organic
solutions at room temperature. Depending on the position of triplet level of the ligand the ff-emission of Pr3+ was

observed either from two excited states (3P0 and
1D2) at 490, 605, 610, 645, 890 and 1060 nm or from the 1D2 state only

at 605, 890 and 1060 nm. For all chelates studied, the emission has low quantum yield, e.g. 50.2% for 1D2-
luminescence of Pr(TTA)3 � 2H2O in DMSO. # 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recent interest for the luminescent lanthanide
chelates is driven by their application as light-
converting molecular devices [1–11], as emitters in
electroluminescence cells [9] and for the analytical
determination of Ln3+ ions [11]. One of the main
pathways for the deactivation of the excitation
energy of Ln3+ ions is the multiphonon relaxation
on the vibrations of ligand or solvent molecules
[12,13]. The efficiency of emission from the given
excited level of Ln3+ is higher, the larger is the
energy gap between it and the lower lying level.
Thus, >99% of the ff-luminescence intensity of
the Ln3+ ions in solvents containing high-energy

oscillators, e.g. O–H/C–H bonds, usually origi-
nates only from one state that has the largest gap
[12,13].
For praseodymium (III), there are three possible

emitting ff-states, e.g. 3P0,
1D2 and

1G4 (Fig. 1).
However, the energy gap for 1D2 state is twice
as large as for the other two levels and it could
be expected that Pr3+ would emit from 1D2-
state only (assuming in first approximation
similar values of radiative transition proba-
bilities for all states). However, Pr3+ emits
luminescence with comparable efficiency from
two excited states (3P0 and

1D2) in solutions [14],
and from three excited states (3P0,

1D2 and
1G4) in

solids [15–17]. Moreover, Pr3+ also emits efficient
ultraviolet 5d–4f-luminescence [16,18] used for the
fluorimetric determination of the Pr3+ in solutions
[18,19].
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The ff-emission of Pr3+ in solvents containing
O–H/C–H bonds is inefficient, due to a low value
of energy gaps (57000 cm�1) for all of its emitting
states [14]. Moreover the excited Pr3+ may lose
energy in cross-relaxation processes, e.g.
Pr3+(1D2)+Pr3+(3H4)!Pr3+(1G4)+Pr3+(3F4)
[21,22]. A limited number of studies of Pr3+

luminescence in solutions include Na7Pr-
W10O35 �xH2O in water [20] and inorganic salts
of Pr3+ in d6-DMSO [14] or in laser liquids, i.e.
POCl3 : SnCl4 [21–23], SO2Cl2–GaCl3 [24], and
PBr3 :AlBr3 : SbBr3 [25]. In contrast to the other
lanthanide ions, e.g. Eu3+ and Tb3+ [1–
3,6,8,10],Yb3+ [11], and Nd3+ [5], the ff-lumines-
cence of the organic chelates of Pr3+ was not given
much attention. Few previous studies include
luminescence of the Pr3+ chelates with m-
terphenyl ligands in CD3OD [7], of solid acetate
[26] and N-oxide [27,28] chelates, and the chemi-
luminescence of the Pr3+ b-diketonates in toluene
[29,30].
Herein, we report the unusual two-excited state

luminescence of Pr3+ b-diketonates, their triphenyl-
phosphineoxide or o-phenanthroline (TPPO, Phen)
adducts and carboxylates in organic solutions.

2. Experimental

Purification of the solvents and synthesis of the
Pr3+ chelates were previously described [30].
The luminescence spectra were registered on

spectrofluorimeter MPF-4 ‘‘Hitachi’’ (450–700 nm,
emission collected at 908 to the excitation beam),
or on home-built equipment (450–700 and 800–
1100 nm, emission collected at 1808 to the excita-
tion beam). The excitation of Pr3+ luminescence
was performed only into the intense absorption
band of ligand due to the weak intensity of
ff-absorption lines of Pr3+ and the poor efficiency
of Pr3+ luminescence.

To measure the luminescence quantum yield (f)
of Pr(TTA)3 � 2H2O in visible and infrared region
at 258C, the 10�3M solutions of Eu(BTFA)3 � 2H2O
emitting at 611nm (f=1.9% in MeCN) or
Yb(TTA)3 � 2H2O emitting at 980nm (f=0.35% in
toluene [11]) were used as standards. In these
experiments, the excitation to the ligand absorption
band with lexc=365nm in optically thick solutions
was performed and emission was collected at 1808.
The luminescence lifetime (t) of the Pr3+

chelates studied is shorter than the detection limit
(4 ms) of our available equipment. The short
lifetime of the Pr3+ emission in solutions is not
unexpected [14,21]. In fact, even in POCl3 : SnCl4

Fig. 1. Energy scheme of the ff-levels of praseodymium (III)

[31] and of the ligand’s triplet states. The luminescence of Pr3+

in this work was observed from the levels marked with (*). The

4f–5d transitions of Pr3+ are not included, since they are

expected to be situated above 40 000 cm�1 [18,32].
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laser liquid the t for the 1D2 and
3P0-luminescence

of Pr3+ is 72.0 and 27.4 ms, respectively, at room
temperature [21].

3. Results and discussion

3.1. Three types of the luminescence spectra of
praseodymium (III) chelates

The absorption spectra of Pr3+ chelates consist
of the intense broad ligand bands in UV with
104–105 M�1 cm�1 and weak ff-absorption lines of
Pr3+ with e510 M�1 cm�1. The luminescence of
Pr3+ was registered only at excitation into the
ligand absorption band, that results in the
population of the excited ff-levels of Ln3+ by
intramolecular energy transfer from the triplet
state of the ligand L*

S! L*
T! Ln3þ* (where

L*
S =L

*
T are the first excited singlet/triplet ligand

states and LT
* is formed from LS

* by rapid
intersystem crossing) [1,8]. Thus, we were expect-
ing that by changing the ligand’s triplet state
energy, the selective tuning of the Pr3+ emission
from several excited states would be observed.
All the Pr3+ chelates studied can be divided

into three groups according to the energy of the
L*
T state relative to that of the 3P0 level of Pr

3+

(Fig. 1). The first group includes those Pr3+

chelates which conform to the energy term (1).

L*
T >3P0: ð1Þ

The energy condition (1) is true for the DPM,
FOD, AA, Benz and NPhen chelates of Pr3+.
These chelates emit blue (lmax¼ 490 nm) and red
(605, 610 and 645 nm) ff-luminescence of Pr3+ and
emission spectrum of Pr(DPM)3 is shown in Fig. 2
as an example, representative of the whole group.
It is expected that these chelates would show
infrared emission from 1D2 state (vide infra),
however, we made no attempt to measure it. The
assignment of radiative transitions of Pr3+ given
in Fig. 2 was made by considering the energy
positions of its ff-levels (Fig. 1) and results of the
previous studies [14]. The broad band at 590–
630 nm in the luminescence spectrum of Pr(DPM)3
(Fig. 2) is a superposition of the transitions
originating from the 3P0 (lmax=610 nm) and 1D2

(lmax=605 nm) states of Pr3+. The radiative
transitions at 490, 610 and 645 nm originate from
the upper-lying 3P0-level of Pr

3+, and efficiency of
3P0-luminescence is comparable to that from the
lower-lying 1D2 state (Fig. 2). The luminescence
efficiency decreased in the order FOD�
DPM	AA> carboxylates. Probably, these che-
lates might be used as emitters in white-light
electroluminescence cells.
The second group is formed by the chelates,

which met energy term (2).

L*
T �3P0: ð2Þ

Fig. 2. The luminescence spectra of the 10�3M solutions of

Pr(DPM)3, Pr(BTFA)3 � 2H2O and Pr(TTA)3 � 2H2O in DMSO

at 258C at excitation into the ligand (lexc are 345, 400 and

410 nm and emission slits are 1.5, 1 and 1 nm, respectively,

excitation slit is 20 nm). The luminescence of Pr(DPM)3 and

Pr(BTFA)3 � 2H2O is observed from 1D2 and
3P0 states, while

emission of Pr(TTA)3 � 2H2O originates from 1D2 state only.
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The Pr(BTFA)3 � 2H2O conforms to the term (2)
and with this chelate depopulation of the 3P0 state
occurs by the back energy transfer to the ligand
triplet state 3P0!LT

* . As a result, the 3P0-
luminescence of the BTFA chelate is almost
completely quenched, showing only a weak peak
at 645 nm (Fig. 2), while red/infrared emission
from unquenched 1D2 state is clearly observed at
605, 890 and 1060 nm (Figs. 2 and 3). It should be
noted that infrared luminescence of Pr3+ at
1060 nm (Fig. 3) could be ascribed to the emission
from 1G4 level (i.e.

1G4!
3H4 transition). How-

ever, Sveshnikova and Timofeev [14] assigned this
peak to 1D2!

3F4 emission and in the absence of
additional information we would adhere to their
conclusion.
The chelates of the third group, e.g.

Pr(TTA)3 � 2L (L=H2O, Phen, TPPO) conform
to the energy term (3).

3P0> L*
T5

1D2: ð3Þ

Excitation of Pr(TTA)3 � 2L results in the red/
infrared luminescence of Pr3+ at 605, 890 and
1060 nm originating only from the 1D2-level

(Figs. 2 and 3). The luminescence quantum yields
for the 10�3M solution of Pr(TTA)3 � 2H2O in
DMSO in the emission bands 605 and 1060 nm
were found to be 
0.006% and 50.18% corre-
spondingly. Thus, luminescence of Pr(TTA)3 � 2H2O
is more efficient in IR than in the visible range of
spectrum. Probably, infrared emission band of
Pr(TTA)3 � 2L might be used for the fluorimetric
determination of Pr3+.
For Pr(TTA)3 � 2H2O, the luminescence effi-

ciency decreases by 2 orders of magnitude on
passing from coordinating polar DMSO and
CH3CN solvents to nonpolar CCl4, benzene and
toluene (Table 1). Probably, the enhanced emis-
sion of Pr(TTA)3 � 2H2O in coordinating polar
solvents is caused by the formation of anhydrous
solvates Pr(TTA)3 � n(Solvent), while in nonpolar
solvents the Pr(TTA)3 � 2H2O stays intact and
coordinated H2O molecules efficiently quench
excited Pr3+. In accord with this explanation, the
emission intensity of anhydrous Phen and TPPO
adducts of Pr(TTA)3 does not depend on the
solvent polarity being comparable to that of
Pr(TTA)3 � 2H2O in DMSO. Deuteration of
DMSO solvent enhances the emission efficiency
of Pr(TTA)3 � 2H2O twofold (Table 1), thus
indicating that excited Pr3+ is partially quenched
on the vibrations of C-H bonds of DMSO [12–14].

Fig. 3. Infrared luminescence spectrum of 10�3M solution of

Pr(TTA)3 � 2H2O in DMSO at 258C at excitation into the ligand

band (lexc is 365 nm, emission slit is 5 nm). Similar spectrum is

observed with Pr(BTFA)3 � 2H2O.

Table 1

Relative efficiency of 1D2-luminescence of the 10
�3M solutions

of Pr3+ b-diketonates at 258Ca

Chelate Solvent Luminescence intensityb

Pr(TTA)3 � 2H2O DMSO 100

} d6-DMSO 220

} CH3CN 20

} CCl4 55

} Benzene 55

Pr(BTFA)3 � 2H2O DMSO 75

Pr(TTA)3 � (TPPO)2 } 90

Pr(TTA)3 �Phen } 90

Pr(TTA)3 � (TPPO)2 Benzene 140

Pr(TTA)3 �Phen Toluene 80

aExcitation (lexc=365nm) to the ligand absorption band in

optically thick solutions was performed and emission was

collected at 1808.
bThe luminescence intensity of the emission band at 605 nm

(1D2!
3H4 transition) was measured. The quantum yield of the

Pr(TTA)3 � 2H2O luminescence at 605 nm is 
0.006%.
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Till date, the luminescence of Pr3+ from 1G4

level in solutions could not be registered [7].
Probably, to observe it one should use the ligands,
which fit the energy condition (4).

1D2 > L*
T >1 G4: ð4Þ

With such ligands, direct population of 1G4-
level of Pr3+ from the ligand triplet would be
possible. Since the 1G4 state of Pr

3+ is isoenergetic
to the emitting 2F5/2 state of Yb

3+, these could be
the ligands already developed for sensitization of
ytterbium (III) luminescence [4].

3.2. The temperature and concentration
dependencies of the spectra and intensity
of the Pr3+ luminescence

It was noted previously that the 1D2-lumines-
cence of Pr3+ in contrast to the 3P0-luminescence
undergoes concentration quenching due to cross-
relaxation in POCl3 : SnCl4 solutions [21–23], and
in La1�xPrxP5O14 [15] and Pr(CH3COO)3 �H2O
[26] crystals.
However 1D2-luminescence of Pr(TTA)3 � 2H2O

in DMSO does not show concentration quenching
in the 10�3–3� 10�2M range and the lumines-
cence spectra of all Pr3+ chelates studied in
DMSO do not depend neither on the chelate
concentration (10�3–5� 10�2M) nor on the tem-
perature (25–858C). Probably, absence of concen-
tration quenching in the system studied can be
accounted for by the shielding of Pr3+ ions from
interaction with each other by bulky ligands and
by the coordinated DMSO molecules. Actually
cross-relaxation of Ln3+ is efficient only in Ln3+–
Ln3+ ion pairs at short distances 510 Å [13].
At last, it may be noted that for DMSO

solutions of the Pr3+ chelates the temperature rise
in the 25–858C range results in a 
15% decrease
of luminescence intensity.

4. Conclusions

We have demonstrated that Pr3+ might show
sensitized ff-luminescence from two excited states
(3P0 and

1D2) at room temperature even in protic
solvents and in complexes with ligands that

contain high-energy C–H oscillators, notwith-
standing the low energy gaps 57000 cm�1 asso-
ciated with both emitting levels. Another finding is
that the emission of Pr3+ in organic chelates from
two/one excited state(s) could be tuned by choos-
ing a ligand with an appropriate position of the
triplet level relative to the 3P0 and

1D2 states of
Pr3+.
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