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Bing Xu, Bing Yan ∗
Department of Chemistry, Tongji University, Shanghai 200092, PR China

Received 30 November 2005; accepted 22 February 2006

bstract

In this paper, a series of 12 binary luminescent lanthanide coordination compounds with long chain p-carboxyphenol ester were assem-
led. Both elemental analysis and infrared spectroscopy allowed to determine the complexes formula: LnL3, where Ln = Tb, Dy, Eu; L = p-
odecanoyloxybenzoate (12-OBA), p-myristoyloxybenzoate (14-OBA), p-palmitoyloxybenzoate (16-OBA) and p-stearoyloxybenzoate (18-OBA),
espectively. The photophysical properties of these complexes were studied in detail with various of spectroscopies such as ultraviolet–visible
bsorption spectra, low temperature phosphorescence spectra and fluorescent spectra. The ultraviolet–visible absorption spectra showed that some
ands shift with the different chain length of p-carboxyphenol ester. From the low temperature phosphorescent emission, the triplet state energies
or these four ligands were determined to be around 24,242 cm−1 (12-OBA), 24,612 cm−1 (14-OBA), 24,084 cm−1 (16-OBA) and 24,125 cm−1
18-OBA), respectively, suggesting they are suitable for the sensitization of the above lanthanide ions, especially for Tb3+ and Dy3+. The fluo-
escence excitation and emission spectra for these lanthanide complexes of the four ligands take agreement with the above predict from energy
atch.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The study of the trivalent rare earth ions (RE3+) com-
lexes continues to be an active research area, which may be
ttributed to the luminescent properties of these compounds
nd their applications as optical signal amplifiers, electrolumi-
escent devices and luminescent probes or labels in biological
ystems [1–4]. Considerable studies have been focused on the
esign and assembly of lanthanide complexes with organic lig-
nds such as aromatic carboxylic acids, �-diketones, cryptands,
alixarenes, heterocyclic ligands, etc. [5–8]. In fact, the photo-
hysical properties of lanthanide compounds markedly depend
n their environment. Unless very intense irradiation is used for

irect excitation of the weak lanthanide f–f transitions, emission
as to be sensitized by energy transfer from a suitable adjacent
hromophore. To get an efficient cation emission, the antenna

∗ Corresponding author. Tel.: +86 21 65984663; fax: +86 21 65982287.
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ntersystem crossing quantum yield, the antenna-lanthanide dis-
ance and the overlap between the energy levers of donor and
cceptor are the three main factors, in which the energy trans-
er – usually an organic chromophore – plays an essential role.
nly when organic chromophore absorbs light strongly in the
V region to overcome the difficulty of direct excitation into

he parity then transfers it to the lanthanide ion efficiently, and
t the same time protects central cation from solvent molecules
hat can quench the central metal emission can it be selected.
herefore, the encapsulation of the lanthanide ion in an organic

igand has been become fascinating areas of research, because it
mproves not only the processibility of lanthanide ions in organic

atrices but also its optical properties, as the ligand shields the
anthanide ion from its environment. For binary complexes, it
as found that most �-diketone derivatives are more suitable for

uminescence of Eu3+ [9–13] while most aromatic carboxylic

cids are more suitable for the luminescence of Tb3+ [14–18].
e also have studied the energy match and intramolecular

nergy transfer mechanism in ternary lanthanide complexes with
romatic carboxylic acids and 1,10-phenanthroline in details

mailto:byan@tongji.edu.cn
dx.doi.org/10.1016/j.saa.2006.02.047
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Scheme 1. Synthesis of long chain phenol ester by modification of para-
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ydroxybenzoic acid with L-chloride (L = 1-dodecanoyl, 1-myristoyl, 1-
almitoyl and 1-stearoyl) (n = 10, 12, 14, 16).

19,20], indicating there still exist intramolecular energy trans-
er mechanism between ligands (i.e. from aromatic carboxylic
cids and 1,10-phenanthroline). On account of the energy match
nd energy transfer mechanism, it can be realized to predict the
uminescent properties of lanthanide complexes. Phthalate and
minobenzoate derivative have been found to exhibit favorable
roperties of luminescence and film formation [21,22], but the
ydroxybenzoate derivatives has not been investigated.

In this context, using para-hydroxybenzoic acid as origi-
al material, four kinds of long chain p-carboxyphenol ester
ere achieved, i.e. p-dodecanoyloxybenzoate (12-OBA), p-
yristoyloxybenzoate (14-OBA), p-palmitoyloxybenzoate (16-
BA) and p-stearoyloxybenzoate (18-OBA), respectively. The

orresponding lanthanide (Tb3+, Dy3+ and Eu3+) complexes
ith these ligands were synthesized and characterized. The pho-

ophysical properties for these long carboxyphenol ester and
heir lanthanide complexes were studied in detail, which can be
xpected to have practical application to fabricate the Langmuir-
lodgett films.

. Experimental

.1. Synthesis of p-carboxyphenol ester by the modification
f p-hydroxybenzoic acid

Para-hydroxybenzoic acid (1.37 g) was dissolved into ace-
one, equimolar amount of long chain L-chloride (1-dodecanoyl
hloride (2.18 g), 1-myristoyl chloride (2.46 g), 1-palmitoyl
hloride (2.74 g) and 1-stearoyl chloride (3.03 g)) was added into
he acetone solution slowly. Then the mixture was placed in a
ater bath at the temperature 65–70 ◦C and react for 10 h. Finally

he samples were recrystallized with ethanol three times to afford
he products (Scheme 1). The compositions of the aim products
ere confirmed by elemental analysis: Calcd. for C19H28O4: C,
1.25; H, 8.75; Found: C, 71.65; H, 9.00. H NMR δ 7.98 (2H),
.25 (2H), 3.74 (2H), 2.34 (2H), 1.63 (2H), 1.27 (14H), 0.88
3H), 10.50 ( COOH). For C21H32O4: C, 72.41; H, 9.20; Found:
, 72.95; H, 9.59. H NMR δ 7.98 (2H), 7.37 (2H), 3.88 (2H),
.34 (2H), 1.72 (2H), 1.25 (18H), 0.89 (3H), 10.62 ( COOH).

or C23H36O4: C, 73.40; H, 9.57; Found: C, 73.61; H, 9.85. H
MR δ 8.01 (2H), 7.59 (2H), 4.12 (2H), 2.15 (2H), 1.27 (24H),
.88 (3H), 10.50 ( COOH). For C25H40O4: C, 74.26; H, 9.90;
ound: C, 74.61; H, 10.01. H NMR δ 7.97 (2H), 7.55 (2H), 3.54
2H), 3.01 (2H), 1.38 (28H), 0.87 (3H), 10.59 ( COOH).
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m
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cheme 2. Synthesis of lanthanide complexes with long chain carboxyphenol
ster (Ln = Eu, Tb, Dy; n = 10, 12, 14, 16).

.2. Synthesis of lanthanide complexes with long chain
-carboxyphenol ester

The lanthanide oxides (Eu2O3, Tb4O7 and Dy2O3) were con-
erted to their nitrates by treatment with concentrated nitric acid.
-L-oxybenzoic acid (0.318 g for 12-OBA, 0.344 g for 14-OBA,
.374 g for 16-OBA and 0.403 g for 18-OBA; 1.0 mmol) was
issolved into the aqueous solution of Na2CO3 (0.1 mol L−1).
hen aqueous solution of lanthanide nitrate (Ln(NO3)3·6H2O,
= Eu, Tb, Dy; 0.33 mmol) was added very slowly to above
ixed solution with vigorous stirring, resulting in white solid

roducts (Scheme 2). After stirring for 1 h, the product was fil-
ered, washed with ethanol and water repeatedly and dried in
esiccator. The compositions of the complexes were confirmed
y elemental analysis: Ln(L)3, Ln = Eu, Tb, Dy; L = 12-OBA,
4-OBA, 16-OBA and 18-OBA. Anal. Calcd. for C57H84O12Eu:
, 61.68; H, 7.57; Found: C, 61.92; H, 7.16. For C63H93O12Eu:
, 63.37; H, 7.80; Found: C, 63.07; H, 7.42. For C69H105O12Eu:
, 64.84; H, 8.22; Found: C, 65.21; H, 7.89. For C75H117O12Eu:
, 66.13; H, 8.60; Found: C, 66.40; H, 8.18. For C57H84O12Tb:
, 61.29; H, 7.26; Found: C, 61.03; H, 7.01. For C63H93O12Tb:
, 63.00; H, 7.75; Found: C, 63.26; H, 7.44. For C69H105O12Tb:
, 64.48; H, 8.18; Found: C, 64.19; H, 7.93. For C75H117O12Tb:
, 65.79; H, 8.55; Found: C, 65.97; H, 8.20. For C57H84O12Dy:
, 61.10; H, 7.50; Found: C, 61.40; H, 7.12. For C63H93O12Dy:
, 62.82; H, 7.73; Found: C, 63.14; H, 7.47. For C69H105O12Dy:
, 64.31; H, 8.16; Found: C, 64.60; H, 7.88. For C75H117O12Dy:
, 65.62; H, 8.53; Found: C, 65.35; H, 8.23.

.3. Physical measurements

Elemental analyses (C, H) were carried out by the Elemen-
ar Cario EL elemental analyzer. Infrared spectroscopy with
Br pellets was performed on a Nicolet Nexus 912 AO446
odel spectrophotometer in the 4000–400 cm−1. Ultraviolet

bsorption spectra were obtained with an Agilent 8453 spec-

rophotometer. Low temperature phosphorescence spectrum was
etermined Perkin-Elmer LS-55 spectrophotometer at 77 K.
he fluorescence (excitation and emission) spectra were deter-
ined with Perkin-Elmer LS-55 spectrophotometer: excitation

lit width = 10 nm, emission slit width = 5 nm.
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. Results and discussion

All the IR spectra of these lanthanide complexes show the
imilar features. For example, in the IR spectra of Ln(12-OBA)3
ystem, the characteristic absorption peaks of the carboxylic
roup appear at 1548, 1548, 1548 cm−1 for �as (COO ) and
442, 1442, 1466 for �s (COO ), respectively, while there does
ot exist for free 12-OBA ligand, suggesting that the oxygen
toms of 12-OBA carbonyl group are coordinated with Ln3+.
he characteristic absorption band of the carbonyl group shifts

rom high wave number of 1702.45 cm−1 for 12-OBA to a lower
alue of 1671.75 cm−1 for Ln(12-OBA)3 and the absorption
ntensity is weaker for complexes than that of 12-OBA, sug-
esting there still exist one carboxyl group in the long chain
arboxyphenol ester and these carbonyl groups coordinated with
n ions. For the IR spectra of Ln(14-OBA)3 system, the charac-

eristic absorption peaks of the carboxylic group emerge at 1548,
544, 1552 cm−1 for �as (COO ) and 1470, 1433, 1470 cm−1

or �s (COO ), respectively, while it is not observed in the spec-
ra of free 14-OBA ligand, indicating that the oxygen atoms of
4-OBA carbonyl group are coordinated with Ln3+. Both the
ree ligand and its complexes show the characteristic absorp-
ion bands of carbonyl group (1703.52 cm−1 (s) for 14-OBA
nd 1671.79 cm−1 for Ln(14-OBA)3) except for the weaker
bsorption intensity for complexes than that of 14-OBA, which
ndicates that there still exist one carbonyl group in the long
hain carboxyphenol ester which also take part in coordina-
ion with Ln ions. In the IR spectra of Ln(16-OBA)3 system,
he characteristic absorption peaks of the carboxylic group are
hown at 1552, 1531, 1552 cm−1 for �as (COO ) and 1470,
470, 1470 cm−1 for �s (COO ), respectively, while they are
ot present for free 16-OBA ligand, which illuminates that the
xygen atoms of mono 16-OBA carbonyl group are coordinated

ith Ln3+. The free ligand and its complexes show the charac-

eristic absorption bands of the carbonyl group at 1704.42 cm−1

strong) and 1744.38 cm−1, respectively, and the intensity of
he latter is much weaker than that of complexes, verifying that

O
t
t
2

able 1
he IR spectra data and band assignments of the lanthanide complexes

omplex νs CH3 νas CH3 �C O

2-OBA 2847.67 2917.14 1702.45
y-12-OBA 2847.67 2917.14 1671.75
u-12-OBA 2847.67 2917.14 1671.75
b-12-OBA 2851.76 2917.14 1671.75

4-OBA 2847.67 2917.14 1703.52
y-14-OBA 2847.67 2917.14 1671.79
u-14-OBA 2847.67 2917.14 1671.79
b-14-OBA 2848.67 2921.23 1671.79

6-OBA 2847.67 2917.14 1704.42
y-16-OBA 2847.67 2921.23 1744.38
u-16-OBA 2847.67 2921.2 1744.38
b-16-OBA 2847.67 2917.14 1744.38

8-OBA 2851.89 2916.76 1705.54
y-18-OBA 2851.76 2917.14 1671.74
u-18-OBA 2843.59 2917.14 1671.74
b-18-OBA 2847.67 2917.14 1671.74
ig. 1. Ultraviolet–visible absorption spectra of long chain carboxyphenol
sters.

here still exists one carboxyl group of long chain carboxyphenol
ster. In the IR spectra of Ln(18-OBA)3 system, the characteris-
ic absorption peaks of the carboxylic group are located at 1544,
527, 1548 cm−1 for �as (COO ) and 1413, 1380, 1413 cm−1

or �s (COO ), respectively. While these peaks are not present
or free 18-OBA ligand, which indicate that the oxygen atoms
f mono 18-OBA carbonyl group are coordinated with Ln3+.
he characteristic absorption bands of the carbonyl group for
omplexes (1671.74 cm−1) show blue shift compared with their
orresponding ligand (1705.54 cm−1, strong), suggesting that
here still exist one carboxyl group of long chain carboxyphenol
ster which also coordinate with lanthanide ions (Table 1).

Fig. 1 shows the representative ultraviolet–visible absorption
pectra for the four long chain ligands (12-OBA, 14-OBA, 16-
BA and 18-OBA). They all exhibit domain absorption peaks in
he ultraviolet region of 200–400 nm, and the maximum absorp-
ion peaks are located at 252 nm (12-OBA), 248 nm (14-OBA),
44 nm (16-OBA) and 243 nm (18-OBA), respectively, which

�s COO �as COO �s C O C �as C O C

1111.01 1249.94
1548.24 1442.00 1111.01 1239.64
1548.24 1442.00 1111.01 1239.64
1548.24 1466.52 1111.01 1239.64

1172.60 1286.72
1548.24 1470.60 1106.92 1284.72
1544.15 1433.83 1106.92 1284.72
1552.33 1470.60 1111.01 1284.72

1098.75 1298.98
1552.33 1470.60 1111.01 1287.38
1531.90 1470.60 1115.10 1287.38
1552.33 1470.60 1111.01 1287.38

1074.59 1288.65
1544.15 1413.39 1106.92 1285.65
1527.81 1380.70 1111.01 1285.65
1548.24 1413.39 1111.01 1285.65
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where KET is the rate constant of energy transfer, r the inter-
molecular distance between the energy donor and acceptor
atoms, l the van der Waals radius, the integral represents the

Table 2
The phosphorescence spectra data of aromatic carboxylic acids

Ligands Triplet state
energies (cm−1)

�E(Tr-Eu3+)
(cm−1)

�E(Tr-Tb3+)
(cm−1)

�E(Tr-Dy3+)
(cm−1)
ig. 2. Ultraviolet–visible absorption spectra of long chain carboxyphenol and
BA)3; (c) 16-OBA and Ln(16-OBA)3; (d) 18-OBA and Ln(18-OBA)3.

re ascribed to the characteristic absorption peaks of phenyl
ing with long chain substituted groups. The little distinction
f band position and intensity is due to the different chain
ength (12-OBA-14OBA-16OBA-18OBA). Besides, it can be
bserved that the maximum absorption bands exhibit small blue
hifts with the increase of chain length, suggesting the increase
f substituted chain length influences the electron distribution
n along the phenyl ring. Fig. 2(a–d) exhibits the absorption
pectra of Ln-12-OBA, Ln-14-OBA, Ln-16-OBA and Ln-18-
BA (Ln = Tb, Dy), respectively. All of them show blue shifts

ompared with the corresponding free ligands: 242 nm for
n-12-OBA, 242.5 nm for Ln-14-OBA, 242 nm for Ln-16-OBA
nd 241 nm for Ln-18-OBA separately, it is estimated that
uring the process of complexation, lanthanide ions may
inder the conjugating effect of double bonds (C C and C O)
nd enlarge the energy difference levels among the electron
ransitions.

We further measured the low temperature phosphorescence
pectra of the four long chain ligands at 77 K. From the
aximum phosphorescent emission band (412.5 nm for 12-
BA, 406 nm for 14-OBA, 415 nm for 16-OBA and 414.5 nm

or 18-OBA, respectively), the triplet state energies can be
etermined as 24,242 cm−1 (12-OBA), 24,612 cm−1 (14-OBA),
4,084 cm−1 (16-OBA) and 24,125 cm−1 (18-OBA), separately.

he energy differences between the triplet state of the four

igands (12-OBA, 14-OBA, 16-OBA and 18-OBA) and the res-
nance energy levels of Eu3+ (5D0, 17,265 cm−1), Tb3+ (5D4,
0,500 cm−1) and Dy3+ (4F9/2, 21,000 cm−1) can be calculated

1
1
1
1

nthanide complexes: (a) 12-OBA and Ln(12-OBA)3; (b) 14-OBA and Ln(14-

nd the detailed data have been shown in Table 2. According to
he intramolecular energy mechanism [23–26], the intramolec-
lar energy transfer efficiency depends chiefly on two energy
ransfer processes: the first one leads from the triplet level of
igands to the emissive energy level of the Ln3+ ion by Dexter’s
esonant exchange interaction [27]; the second one is just an
nverse energy transfer by a thermal deactivation mechanism.
oth energy transfer rate constants depend on the energy differ-
nces between the triplet level of the ligands and the resonant
missive energy of Ln3+. Intramolecular energy transfer effi-
iency in lanthanide complexes conforms to Dexter’s exchange
nergy transfer theory [27]:

ET =
(

2πZ2

R

)
exp

( r

l

) ∫
Fd(E)Fa(E) dE (1)
2-OBA 24242 6977 3742 3242
4-OBA 24612 7347 4112 3612
6-OBA 24084 6819 3584 3084
8-OBA 24125 6860 3625 3125
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Fig. 3. Excitation spectra of lanthanide complexes with long chain carboxyphe-
n
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verlap between the luminescence spectrum of the ligands and
he absorption spectrum of Ln3+ (Fd(E): the luminescence spec-
rum of energy donor (ligand), Fa(E): absorption spectrum of
nergy acceptor (Ln3+)), and 2πZ2/R is a constant relating to
he mutual distance between Ln3+ and coordinated atom. r and
are both considered to be constant for intramolecular energy

ransfer processes. From Eq. (1), KET increases with decreasing
nergy difference �E(Tr-Ln3+) between the triplet state energy
f ligands and the resonance emission energy of Eu3+ and Tb3+.
hus, ligands with a large energy difference cannot sensitize rare
arth ions effectively. On the other hand, there exists an inverse
nergy transfer process which affects luminescence intensity by
emperature (k(T) [28]: rate constant of inverse energy trans-
er process (thermal deactivation process), A: pre-exponential
actor):

(T ) = A exp

(
−�E(Tr-Ln3+)

RT

)
(2)

t can be seen that the activation energy is approximately
qual to �E(Tr-Ln3+) in the inverse energy transfer process;
herefore, a decreasing energy difference increases k(T).
ased on this evidence, the conclusion can be drawn that
E(Tr-Ln3+) is of opposite influence on the two energy transfer

rocesses and an optimal value can be assumed to exist (around
000 ± 500 cm−1). From the data in Table 2, it can be primarily
redicted that the energy transfer process will occur from the
ong ligands to the three Ln ions, especially for Tb3+ and Dy3+.

Fig. 3(a–c) gives the excitation spectra of Tb, Dy and Eu
olid complexes with the four ligands. The excitation bands for
b complexes under the green emission of 545 nm mainly take
lace in the narrow range from 210 to 300 nm and some apparent
eaks are shown: 223 and 241 nm for Tb-12-OBA, 222, 241, 256
nd 267 nm for Tb-14-OBA, 223 and 241 nm for Tb-16-OBA
nd 222, 241 and 257 nm for Tb-18-OBA. Under the blue emis-
ion of 484 nm, the excitation bands for Dy complexes exhibit
bvious peaks: 237, 255, 269 and 339 nm for Dy-12-OBA, 237,
56 and 267 nm for Dy-14-OBA, 241, 255 and 333 nm for Dy-
6-OBA and 237 and 255 nm for Dy-18-OBA. The excitation
ands for Eu complexes under the red emission of 613 nm show
road excitation bands and the maximum excitation peaks are
ocated around 241 nm for Eu-12-OBA, 241 nm for Eu-14-OBA
nd 241 nm for Eu-16-OBA, respectively. The excitation spec-
rum of Eu-18-OBA shows some differences from the above
hree Eu complexes, which exhibit three apparent peaks at 241,
55 and 276 nm. We further measured the corresponding emis-
ion spectra by selective excitation with the different excitation
avelengths, they show the similar emission position except for
ifferent luminescent intensities.

Figs. 4–6 show the selected emission spectra of Tb, Dy and
u complexes with these four ligands. For Tb complexes, all
f which exhibit similar behavior. The emission spectra under
he excitation of 241 nm show two apparent emission peaks

t 489 and 544 nm attributed to be the characteristic emission
D4 → 7FJ (J = 6, 5) transition of Tb3+ ion, indicating that the
our long ligands are good sensitizers for the Tb3+ lumines-
ence. Among the 5D4 → 7F5 transition exhibits the strongest

a
t
D
f

ol ester: (a) Tb(L)3, (b) Dy(L)3 and (c) Eu(L)3 (L = 12-OBA, 14-OBA, 16-OBA
nd 18-OBA).

reen emission. For Dy complexes, two apparent emission peaks
nder the excitation of 256 nm are observed: one is at 482 nm
or Dy-12-OBA, 482 nm for Dy-14-OBA, 484.5 nm for Dy-16-
BA and 483.5 nm for Dy-18-OBA; the other is at 578 nm for
y-12-OBA, 579 nm for Dy-14-OBA, 575 nm for Dy-16-OBA
nd 574.5 nm for Dy-18-OBA separately, which correspond
o the characteristic 4F9/2 → 6HJ (J = 15/2, 13/2) transition of
y3+ ion, suggesting that the energy transition goes smoothly

rom triplet state of the four ligands to emissive energy level of
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Fig. 4. Emission spectra of Tb complexes with long chain carboxyphenol ester.

Fig. 5. Emission spectra of Dy complexes with long chain carboxyphenol ester.

Fig. 6. Emission spectra of Eu complexes with long chain carboxyphenol ester.
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y3+ ion. For europium complexes, the spectrum for europium
omplexes were not ideal, two peaks of the emission spectra
orresponding to the emissions originated from 5D0 → 7FJ tran-
itions (J = 1, 2) of Eu3+ ion have not been divided absolutely
nd they are located at 593, 593, 594, 596 nm and 613, 613,
15, 614 nm for Eu-12-OBA, Eu-14-OBA, Eu-16-OBA and Eu-
8-OBA separately. The overlap of the two transitions suggests
hat the long chain carboxyphenol ester is not suitable for the
ensitization of the Eu3+ ion, which has a good agreement with
he data from Table 2.

. Conclusions

Four long chain carboxyphenol ester ligands have been syn-
hesized and their 12 complexes with lanthanide ions (Tb3+,
y3+ and Eu3+) have been prepared. The photophysical prop-

rties of them have been studied with ultraviolet spectra, low
emperature phosphorescent spectra, excitation and emission
pectra. The triplet state energy of the four long chain lig-
nds are determined to be 24,242 cm−1 (12-OBA), 24,612 cm−1

14-OBA), 24,084 cm−1 (16-OBA) and 24,125 cm−1 (18-OBA),
espectively, with the phosphorescence spectra. The energy
atch between the long chain ligands and lanthanide ions (Tb3+,
y3+ and Eu3+) has been studied to predict that the optimum

nergy transfer exists between the ligand and Ln3+.
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