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Photophysical properties of dysprosium complexes with aromatic
carboxylic acids by molecular spectroscopy
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Abstract

A series of luminescent dysprosium complexes with different aromatic carboxylic acids have been synthesized and characterized. The
photophysical properties of these complexes have been studied with all kinds of molecular spectroscopy such as infrared spectra, ultraviolet
spectra, phosphorescence spectra and fluorescence spectra. Especially the energy match and intramolecular energy transfer process between
the triplet state energies of aromatic carboxylic acids and the resonant emissive energy level of Dy3+ was discussed in detail for the first time.
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hich indicates that the heterocyclic aromatic carboxylic acids (pyridine-carboxylic acids) are more suitable for the luminescenc
han benzoic acid derivatives.
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. Introduction

The photophysical properties of rare earth coordination
ompounds with organic ligands have been the subject of
reat interest because these functional complexes have great
otential applications in such fields as the active center of

uminescent materials[1–3] or as structural and functional
robe for the chemical and biological macromolecule sys-

ems [4–6]. A lot of reports were focused on the lumi-
escence, energy match and intramolecular energy transfer
echanism of rare earth complexes with�-diketones, aro-
atic carboxylic acids and heterocyclic ligands, which show
ood energy coupling and, afterwards good luminescent
roperties of rare earth ions[7–10]. We also have studied the
nergy match and intramolecular energy transfer mechanism
f binary and ternary lanthanide complexes with aromatic
arboxylic acids and 1,10-phenanthroline in detail[11–14].
he luminescence properties of rare earth complexes depend
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mainly on the intramolecular energy transfer efficiency f
organic ligand to the central rare earth ions. Among the
tors affecting the efficiency, the energy match between
triplet state energies of organic ligands and the resonan
ergy levels of rare earth trivalent ions is the most im
tant. Especially rare earth complexes of aromatic carbo
acids have higher thermal or luminescent stabilities for p
tical applications than other lanthanide systems becaus
readily form the dimer or infinite chain polymeric structu
[15–20]. But the most research was mainly reported on
europium and terbium complexes systems, and little a
tion has been paid on dysprosium complexes of arom
carboxylic acids[7–14,21]. Dysprosium ion exhibits cha
acteristic blue and yellow emissions locating at around
and 575 nm, separately, which are corresponded to the
acteristic4F9/2→ 6HJ (J= 15/2, 13/2) transitions of Dy3+.
The suitable control of blue/yellow intensity ratio can be
pected to realize a white luminescent system. In the con
a series of 12 dysprosium complexes were synthesize
the corresponding photophysical properties were studi
detail.
010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2004.10.012
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Table 1
Elemental analysis data for Dy complexes

Dysprosium complexes Found (%) Calculated (%)

C H N C H N

Dy(OABA)3(H2O)2 41.21 3.26 7.14 41.55 3.63 6.92
Dy(PABA)3(H2O)2 41.27 3.31 6.79 41.55 3.63 6.92
Dy(AMBA) 3(H2O)3 43.09 4.36 6.47 43.22 4.53 6.30
Dy(OMBA)3(H2O)2 48.14 3.88 47.72 4.14
Dy(MMBA) 3(H2O)3 48.03 3.86 47.72 4.14
Dy(NIC)3(H2O)2 38.61 2.55 7.69 38.28 2.86 7.44
Dy(PIC)3(H2O)2 38.69 2.61 7.75 38.28 2.86 7.44
Dy(BA)3(H2O)4 48.02 3.62 48.21 3.88
Dy(OCBA)3(H2O) 39.25 2.04 38.96 2.16
Dy(SAL)3(H2O)4 41.13 2.98 41.35 3.12
Dy(TBUBA)3 56.87 5.42 57.10 5.66

2. Experimental

Dy2O3 was converted to its nitrate by treating with con-
centrated nitric acid. The dysprosium complexes with aro-
matic carboxylic acids were prepared by homogeneous pre-
cipitation. The pH value of the mixed ethanol/water so-
lutions of aromatic carboxylic acids was adjusted to be
about 6.5 using sodium hydroxide. After stirring, dys-
prosium nitrate were dipped and then white precipitates
appeared. The resulting solid was filtered off, washed
with ethanol and water, dried and stored over silica
gel.

Elemental analysis (C, H, N) was carried out by an
Elementar Cario EL elemental analyzer. Infrared spec-
troscopy on KBr pellets was performed on a Nicolet
Nexus 912 AO446 model spectrophotometer in the range of
4000–400 cm−1. Ultraviolet absorption spectra of these com-
plexes (5× 10−4 mol L−1 ethanol solution) were recorded
with an Agilent 8453 spectrophotometer. Luminescence (ex-
citation and emission) spectra of these solid complexes and
phosphorescence spectra (5× 10−4 mol L−1 ethanol solu-
tion) at nitrogen atmosphere were determined with a Perkin-
Elmer LS-55 spectrophotometer whose excitation and emis-
sion slits were 10 and 5 nm, respectively.

3. Results and discussion

The compositions of the complexes were confirmed
by elemental analyses (shown inTable 1) and led to
Dy(A)3(H2O)x, where A = pyridine-3-carboxylate (NIC),
pyridine-4-carboxylate (PIC), 2,6-pyridine-dicarboxylate
(HDPA), ortho, para aminobenzoate (O(M,P)ABA),or-
tho, meta, methyl aminobenzoate acid (O(M)MBA), or-
tho cholobenzoic acid (OCBA), 3-amino-4-methylbenzoate
(AMBA), 4-tert-butylbenzoate (TBBA), benzoate (BA) and
ortho-hydroxylbenozate (SAL);x= 2–4.

All the IR spectra of these dysprosium complexes show
the similar features. Compared the IR spectra of free aromatic
carboxylic acids and their dysprosium complexes, the charac-
teristic absorption bands of CO and C O bands belonging to
the free carboxylic acids ligands disappear, while the charac-
teristic absorption peaks of carboxylic group COO− appear,
which suggest that the oxygen atoms of carbonyl groups of
aromatic carboxylic acids are coordinated with Dy3+. Be-
sides, it can be observed that the absorption frequencies of
Ln O bond lie at around 400 cm−1 in the low frequency
of IR spectra for some dysprosium complexes systems. It
is worthy pointing out that there exist some differences in
IR spectra for H2O molecules in different dysprosium com-

T
T boxylic

aS,COO

1513 95
1522 95
1524 95
1522 95
1522 88
1548 81
1548 88
1553 87
1520 88
1527 02
1535 88
1520
able 2
he IR absorption bands of dysprosium complexes with aromatic car

Dysprosium complexes VS,COO
− (cm−1) V

Dy(OABA)3(H2O)2 1395
Dy(PABA)3(H2O)2 1417
Dy(AMBA) 3(H2O)3 1525
Dy(OMBA)3(H2O)2 1404
Dy(MMBA) 3(H2O)3 1396
Dy(NIC)3(H2O)2 1424
Dy(PIC)3(H2O)2 1413
Dy(HDPA)3(H2O)2 1424
Dy(BA)3(H2O)4 1416
Dy(OCBA)3(H2O) 1411
Dy(SAL)3(H2O)4 1396
Dy(TBUBA)3 1414
acids
− (cm−1) VH2O (cm−1)

3397 1623 5
3405 1602 5
3385 1623 5
3433 1623 5
3433 1609 5
3377 1602 5
3398 1602 5
3433 1595 5
3426 1602 5
3426 1602 6
3398 1623 5
3433 1602
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plexes. For example, some apparent bands are noted at about
3450 and 1613 cm−1 in IR spectra of Dy(TBBA)3(H2O)2,
which are respectively attributed to the stretching vibration
band and in-plane bending band of H2O molecules. The ab-
sorption bands corresponded to the in-plane swing vibra-
tion of coordinated H2O molecules have not been observed
in the range of 605–585 cm−1, which verifies that the wa-
ter molecule is not coordinated to Dy3+ and corresponds to
crystal water molecule[15]. While other dysprosium com-
plexes show some in-plane swing vibration of coordinated
H2O molecules, the similar features have been observed in
the range of 605–575 cm−1, which verifies there exist both
coordinated water molecules and crystal water molecules in
these dysprosium complexes[15]. Table 2gives the detailed
data for the main absorption bands and assignments.

Fig. 1 shows the ultraviolet absorption spectra for dys-
prosium complexes with benzoates derivatives: dysprosium
complexes of aminobenzoates (A), dysprosium complexes
of methylbenzoates (B), and dysprosium complexes of other
benzoate derivatives (C), respectively. ForFig. 1(A), both
Dy(OABA)3(H2O)2 and Dy(PABA)3(H2O)2 show the simi-
lar absorption band except for a little distinction of intensi-
ties, corresponding to the same substituted amino group with
different substituted position. While Dy(AMBA)3(H2O)3
shows some band shift for the existence of substituted
m
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Fig. 1. Ultraviolet absorption spectra of dysprosium complexes of ben-
zoic acids derivatives. (A) Dy-aminobenzoate derivatives, (B) Dy-
methylbenzoate derivatives, (C) Dy-other benzoate derivatives.

at nitrogen atmosphere (77 K) (as shown inFigs. 3 and 4)
and the triplet state energy of them can be determined based
on the maximum phosphorescence band. The energy differ-
ences between the triplet state of aromatic carboxylic acids
and the resonant energy level of Dy3+ (4F9/2, 21,000 cm−1)
can be calculated and the detailed data have been shown in
Table 3. From these energy differences, it can be seen that all
these ligands can sensitize dysprosium ion effectively. Ac-
cording to the intramolecular energy mechanism[20–22],
the intramolecular energy transfer efficiency depends chiefly
on two energy transfer processes: the first one leads from the
triplet level of ligands to the emissive energy level of the Ln3+
ethyl group besides amino group. ForFig. 1(B), both
y(OMBA)3(H2O)2 and Dy(MMBA)3(H2O)3 show the sim

lar absorption band except for a little difference of intens
or the same substituted methyl group with different sub
uted position. While Dy(AMBA)3(H2O)3 show some shi
ecause of the three-substituted amino group besides m
roups. ForFig. 1(C), dysprosium complexes of benzo
erivatives with different substituted groups show diffe
ltraviolet absorption bands. Different aromatic carbox
cids molecules with different substituted groups have g

nfluence on the electron distribution and the propertie
lectron donor and acceptor of the corresponding del

zed conjugated systems, which gives rise to the chan
ltraviolet absorption and the band shift of ultraviolet spe
oordinated to Dy3+, the more extensive conjugated syste

orm between ligands and central Dy3+, leading to the mor
elocalized electron distribution and the red-shift of ul
iolet spectra.Fig. 2 shows the ultraviolet absorption sp
ra dysprosium complexes of pyridine-carboxylates, w
hows the similar feature to the above benzoate deriva
he heterocylic nitrogen atom causes the absorption
hift compared to phenyl cycle. The absorption bands a
257, 255) and 273 nm can be attributed to the characte
bsorption of pyridine group.

Molecular phosphorescence reflects to the excited
haracteristic of organic molecules and different phosph
ent emission bands correspond to the different aromati
oxylic acids ligands. So the excited triplet state energie
romatic carboxylic acids can be determined with their p
horescence spectra. The low temperature phosphores
pectra of these aromatic carboxylic acids were meas
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Fig. 2. Ultraviolet absorption spectra of dysprosium complexes of pyridine-
carboxylic acids.

ion by Dexter’s resonant exchange interaction; the second one
is just an inverse energy transfer by a thermal deactivation
mechanism. Both energy transfer rate constants depend on
the energy differences between the triplet level of the ligands
and the resonant emissive energy of Ln3+. Intramolecular en-
ergy transfer efficiency in lanthanide complexes conforms to
Dexter’s exchange energy transfer theory[23]:

KET =
(

2πZ2

R

)
exp(−2r/ l)

∫
Fd(E)Fa(E) dE (1)

KET is the rate constant of energy transfer,r the intermolecu-
lar distance between the energy donor and acceptor atoms,l
thevan der Waalsradius, the integral represents the overlap
between the luminescence spectrum of the ligands and the
absorption spectrum of Ln3+

, Fd(E) the luminescence spec-
trum of energy donor (ligand),Fa(E) the absorption spectrum
of energy acceptor (Dy3+), and 2πZ2/R is a constant relating
to the mutual distance between Dy3+ and coordinated atom.
r and l are both considered to be constant for intramolec-
ular energy transfer processes. From Eq.(1), with the de-
crease of energy difference�E(Tr-Dy3+) between the triplet
state energy of ligands and the resonance emission energy

Table 3
The phosphorescence spectra data of aromatic carboxylic acids

Fig. 3. Phosphorescence spectra of benzoic acids derivatives (A) aminoben-
zoic acids derivatives, (B) methylbenzoic acids derivatives, (C) other benzoic
acids derivatives.

of Dy3+, the overlap between the luminescence spectrum of
energy donor (ligand)Fd(E) and the absorption spectrum of
energy acceptor (Dy3+) Fa(E) increases. Subsequently,KET
increases for it is directly proportional to the overlap inte-
gral of Fd(E) andFa(E). Thus, ligands with a large energy
difference cannot sensitize rare earth ions effectively for the
overlap integral is too small to produce effectiveKET.

On the other hand, there exists an inverse energy transfer
process which affects luminescence intensity by temperature
Ligands Triplet state energies (cm−1) �E(Tr-Dy3+) (cm−1)

HOABA 24752 3752
HPABA 24242 3242
HAMBA 23447 2447
HOMBA 25000 4000
HMMBA 23923 2923
HNIC 23256 2256
HPIC 24038 3038
HBA 23557 2557
HOCBA 23895 2895
HSAL 24184 3184
HTBUBA 24125 3125
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Fig. 4. Phosphorescence spectra of pyridine-carboxylic acids.

[24], k(T) the rate constant of inverse energy transfer process
(thermal deactivation process),A the pre-exponential factor:

K(T ) = A exp

(
−�E(Tr-Dy3+)

RT

)
(2)

It can be seen that the activation energy is approximately
equal to�E(Tr-Dy3+) in the inverse energy transfer pro-
cess; therefore, a decreasing energy difference increasesk(T).
Based on this evidence, the conclusion can be drawn that
�E(Tr-Dy3+) is of opposite influence on the two energy trans-
fer processes and an optimal value can be assumed to exist
(around 3000± 500 cm−1). From the data inTable 3, it can be
primarily predicted that the energy transfer between OABA,
OMBA and Dy3+ is worse. Certainly the energy transfer is
only one factor determining the luminescence properties of
rare earth complexes, which also depend on the structure of
ligands.

The excitation spectra of these complex systems show
that there is no effective absorption in the 300–400 nm ul-
traviolet region.Fig. 5 gives the excitation spectrum of
Dy(HDPA)3·H2O. The effective energy absorption mainly
takes place in the narrow ultraviolet region of 200–280 nm.
Four main excitation bands are located at 222, 242, 257 and
271 nm, respectively. We further measured the corresponding
emission spectra by selective excitation into the four differ-
e ex-
c pec-
t -
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Fig. 5. Excitation spectrum of Dy(HDPA)3(H2O)2.

Fig. 6. Emission spectra of (A) Dy(PABA)3(H2O)2 and (B)
Dy(AMBA) 3(H2O)2.
nt components; they show a similar emission position
ept for different luminescent intensities. The emission s
ra were measured in detail.Figs. 6 and 7present the se
ected emission spectra of Dy(PABA)3(H2O)2 (Fig. 6(A)),
y(AMBA) 3(H2O)2 (Fig. 6(B)) and Dy(HDPA)3(H2O)2

Fig. 7), respectively. For Dy(PABA)3(H2O)2 complex, the
uminescence spectrum shows two apparent emission
nder excitation at 242 nm: one is located at 481 nm

he other at 572.5 nm, corresponding to the characte
F9/2→ 6HJ (J= 15/2, 13/2) emission transitions of Dy3+ ion.
he detailed data about the relative intensities for the blu
ellow emission of Dy3+ in their complexes were summariz
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Table 4
The luminescence intensities of dysprosium complexes of aromatic carboxylic acids

Complexes Blue emission intensities (a.u.) Yellow emission intensities (a.u.)

Dy(OABA)3(H2O)2 48.1 (482 nm) 14.0 (573 nm)
Dy(PABA)3(H2O)2 76.0 (483 nm) 33.0 (574 nm)
Dy(AMBA) 3(H2O)3 147 (481 nm) 39.2 (573.5 nm)
Dy(OMBA)3(H2O)2 20.1 (483 nm) 3.93 (574.5 nm)
Dy(MMBA) 3(H2O)3 65.1 (482 nm) 21.5 (575.5 nm)
Dy(NIC)3(H2O)2 522 (483 nm) 139 (574 nm)
Dy(PIC)3(H2O)2 745 (483.5) 183 (574 nm)
Dy(HDPA)3(H2O)2 983 (481 nm) 314 (572.5 nm)
Dy(BA)3(H2O)4 154.7 (478.5 nm) 44.5 (571.5 nm)
Dy(OCBA)3(H2O) 79.2 (484.5 nm) 27.5 (573.5 nm)
Dy(SAL)3(H2O)4 79.5 (482 nm) 26.9 (573 nm)
Dy(TBUBA)3 69.5 (482.5 nm) 20.4 (573.5 nm)

Fig. 7. Emission spectrum of Dy(HDPA)3(H2O)2.

in Table 4. Both blue and yellow emission intensities of Dy3+

complexes with pyridine-carboxylic acids are stronger than
those of Dy3+ complexes of benzoic acids derivatives, which
suggests that the triplet state energies of pyridine-carboxylic
acids are more suitable for the luminescence of Dy3+ than
those of benzoic acids derivatives.

4. Conclusions

In summary, a series of dysprosium complexes with aro-
matic carboxylic acids have been synthesized and character-
ized. The photophysical properties of these systems have been
studied with ultraviolet absorption, phosphorescent, fluores-
cent excitation and emission spectra. The energy match and
intramolecular energy transfer between aromatic carboxylic
acids and dysprosium ions were discussed in detail, which
indicate that the pyridine-carboxylic acids are more suitable
for the luminescence of Dy3+ than benzoic acids derivatives.
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