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ABSTRACT

The photoacoustic (PAS) spectra and luminescence spectra of Eu(Hba);
Phen and coprecipitates Eug ¢Lng 4(Hba); Phen complexes (Ln3+: Y3,
Nd3+; Hba: benzoic acid; Phen: phenanthroline) have been measured, and
the co-luminescence effect of the coprecipitates are reported. The PAS
intensities of the central lanthanide ions are interpreted in terms of the
probability of nonradiative transitions. It is found that the PAS intensity
of the ligand bears a relationship with the energy transfer processes. The
PAS intensity in the region of ligand absorption increases in the order
of EuggNdg4(Hba); Phen > Eu(Hba); Phen > Eug¢Y4(Hba); Phen,
which indicates that addition of the second lanthanide ions in each case
changes the relaxation processes of the complexes. The energy transfer
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and relaxation processes are discussed in combination with the
luminescence spectra.

Key Words: Photoacoustic spectroscopy; Lanthanide complex;
Co-luminescence effect; Energy transfer process.

INTRODUCTION

In recent years, lanthanide complexes with aromatic carboxylic acids are
frequently used as structural and functional probes in systems of biological
importance.'"*! On the other hand, they are potential luminescence materials
for further application for which there has been a growing interest in studies of
the luminescence properties of such complexes.”!

In a study of the Eu’t (Sm”) complexes in solution, a fluorescence
enhancement or co-luminescence effect was observed when La>t, Gd>*,
Tb**, Lu*t, or Y>* was added."™ The co-luminescence effect can be found
in complex suspensions and in the micellar environment.'®”! In an actual
solution, there is no co-luminescence enhancement because the long distance
between the complexes makes intermolecular energy transfer impossible.

In solids, especially in coprecipitates, the distance between the complexes
can be short enough to incur an intermolecular energy transfer. It is necessary
to study the co-luminescence effect of those compounds in the solid state.
Such a study can be helpful for a better understanding of the co-luminescence
phenomenon, and of the design of highly efficient lanthanide complexes.

Absorption and fluorescence techniques have been widely used in studies
of lanthanide complexes. However, absorption spectroscopy has limits for
use in the solid state because of the nontransparent or scattering properties of
the solid samples. Photoacoustic (PAS) spectroscopy is a relatively new
technique for studies of the chemical and physical properties of many kinds of
samples, including samples that are crystalline, powder or gel.'®¥! PAS is
appropriate for the study of solid lanthanide complexes according to the recent
work 1011

In our previous work, fluorescence enhancement and quenching pheno-
mena have been found for the coprecipitates of lanthanide B-diketone
complexes.''!! Similar to lanthanide B-diketone complexes, lanthanide com-
plexes with aromatic carboxylic acids and phenanthroline exhibit excellent
luminescence properties. In this work, Eu(Hba); Phen and coprecipitates
Eug ¢Lng 4(Hba); Phen complexes (Ln: Y3*, Nd®>") have been prepared and
co-luminescence phenomena of the coprecipitates are reported.
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Co-luminescence Effect of Lanthanide Ternary Complexes 3
EXPERIMENTAL
Preparation of the Solid Complexes

Eu(Hba); Phen was prepared as follows. Benzoic acid was solved in 95%
ethanol solution and the pH value was adjusted to 7.2 by sodium hydroxide.
Then phenanthroline was added to the above solution. The ethanolic mixture
was added to a hot aqueous solution of europium chloride dropwise
while stirring. The molar ratio of benzoic acid: phenanthroline : europium
chloride was 3: 1: 1. The reaction mixture was stirred on a water bath at 50°C
for 2 hr and allowed to cool. The product was collected by filtration, washed
with water and ethanol, and dried under vacuum.

Eug ¢Lng 4(Hba); Phen (Ln*": Y+ or Nd**) was prepared according to
the procedure described above except that the ethanol solution containing
benzoic acid and phenanthroline was added to the aqueous solution containing
stoichiometric EuCl; 6H,0 and LnCl; 6H,0 (Ln**: Y>* or Nd*™).

Elemental analyses were performed and were consistent with the
expected formulae.

Spectroscopic Measurements

Infrared spectra were measured as KBr pellets on a Nicolet IR-170SX
spectrometer. For the IR spectra of the complexes, the absorption bands of
characteristic asymmetric (v,) and symmetric (v;) stretching vibrations of
carboxyl group shift to lower frequencies compared with those of sodium
benzoate. The different between v, and v, ranges from 120 to 125 cm” ! for
the complexes, which is less than that of sodium benzoate (Av = 137 cmfl).
Both of the absorption bands (v, and vg) show splitting. It is suggested that
the carboxyl groups coordinate with lanthanide ions in both chelating
and bridging structures''>'*! and the complexes have a structure of a
polynuclear form.

X-ray powder diffraction measurements were recorded on a D/max-RA
diffractometer using Cu Ka radiation. The x-ray powder diffraction patterns
for the Eug ¢Lng 4(Hba); Phen (Ln: Y>T, Nd*") coprecipitates are consistent
with that of Eu(Hba); Phen. The coprecipitates crystallize in triclinic, P1
space group with similar cell parameters to those of Eu(Hba); Phen, which
indicates that the two types of complex have the same structure.

The PAS spectra were measured on a single-beam spectrometer
constructed in our laboratory."'*! A 500 w xenon lamp, a monochromator and
a PAS cell fitted with an electret microphone were used. The chopper
frequency was 33 Hz. The output signal of the microphone was amplified by a
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preamplifier and then fed to a lock-in amplifier with a reference signal from
the chopper. The final signal was normalized for changes in lamp intensity
using a carbon-black reference. All the PAS spectra were recorded to the room
temperature in the range of 300—800 nm.

Luminescence spectra were recorded with a Hitachi 850 fluorescence
spectrophotometer.

RESULTS AND DISCUSSION
Photoacoustic and Luminescence Spectra

The PAS spectra of the complexes in the range of 300—800 nm are shown
in Fig. 1. The PAS signal is obtained by detecting the heat generated through
nonradiative transitions of the sample after absorbing a periodically varying
incident light. The PAS signal (P) can be written as:''”!

P = I<Aabs‘y (1)

where A, is the absorbance of the sample, 7y is the probability of nonradiative
transitions after excitation, and K is a coefficient which is determined by the
thermal properties of the sample and by the spectrometer. PAS absorption at
305 nm is assigned to the 77— 7* transition of Hba and the broad absorption in
the region of 340 nm results from the 77— 7 absorption of Phen.

PA intensity (a.u.)

I RCLS

« -~
ARG A S S PE K S deltatuiriie el S TR

300 400 500 600 700 800
Wavelength (nm)

Figure 1. The PAS spectra of the complexes: (1) Eug¢Ndy4(Hba); Phen;
(2) Eu(Hba); Phen; and (3) Eug Y 4(Hba); Phen.
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It is known that after excitation there are two kinds of relaxation
processes: radiative and nonradiative processes. As the PAS spectrum only
corresponds to the nonradiative relaxation processes, the PAS signals of
energy levels that have strong fluorescence properties are quite weak or
nonexistent.''®

In the UV-VIS region, Y>" ion has no absorption. The absorption of
different energy levels of Nd>" is clearly shown in the PAS spectrum. Since
the luminescence of Nd** is weak and the numerous closely packed energy
levels of Nd*>" are often intermixed, the Nd** ion has a high probability to
relax by nonradiative relaxation processes. While for Eu’*, the relaxation of
D, cannot be monitored by PAS, and the PAS signals of °D,, °D, at 469 and
541 nm are also quite weak. Among the energy levels of Eu® " ion, the longest-
lived energy level is *Dy, and it is also a strong fluorescence level. The electron
in the excited level *Dy has a high probability to take a radiative relaxation
process. When the electrons are excited to °Dy, °D, levels, usually they will
relax to Dy by a nonradiative process, and then relax by radiative process
(luminescence) to the ground multiplet of Eu®" ("F) as can be seen in Fig. 2.
The relaxation processes of °D,, *Dy, and Dy are mostly through the radiative
processes. All the PAS absorptions are assigned based on the lanthanide
spectra as summarized by Dieke and Crosswhite!'”) in Table 1.

In the region of ligand absorption, the PAS intensity changes significantly
for the title complexes. As we know, the PAS intensity of the ligand is the
sum of the nonradiative relaxation of the ligand, the energy transfer, and the
following nonradiative relaxation of the central Ln*" ion.'®!”) The PAS
intensity of EugeNdg4(Hba); Phen is stronger than that of Eu(Hba); Phen,

51)2

L D,
| 4 SDO

bty == o = -

F

Figure 2. Model for the relaxation processes of Eu": radiative and nonradiative.
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Table 1. PAS band assignments of the title complexes
(nm). (Ground states: "F, for Eu*", *Iy  for Nd**).

Eu(Hba); Phen Eup¢Ndg4(Hba);  Phen
-1 305 - 305
T 340 T—T" 340
D, 469 D, 469
D, 541 D, 541
*Go)» 520
*Gy)2 531
*Gsjy +°Gypp 587
*Fo2 681
*S3/2 740
*Fy/2 748
*Fs/a 799

while the PAS intensity of Eug¢Yo4(Hba); Phen is weaker than that of
Eu(Hba); Phen in the region of ligand absorption as can be seen in Fig. 1. Since
the absorption of the ligand depends slightly on the central lanthanide ions. It
can be inferred that the probability of nonradiative transitions vy increases in the
order of EuggNdg4(Hba); Phen > Eu(Hba); Phen > Eug¢Yo4(Hba); Phen.
Addition of the second lanthanide ions change the relaxation process of the
complexes. The changes can be reflected in the luminescence spectra.

The luminescence spectra of the complexes are shown in Fig. 3. In the
emission spectra, the narrow bands at 591 and 612 nm are attributed to the
characteristic emissions of Eu>"(°Dy — 'F; and ’F,). When the excitation
wavelength is fixed in the region of the ligand absorption, the existence of
characteristic emissions of Eu** demonstrates energy transfer processes from
the ligand to Eu®" for the complexes. This is confirmed by the excitation
spectra. For the complexes, the addition of Nd** weakens the luminescence of
Eu®", while the addition of Y>" enhances the luminescence of Eu’". This
result is coincident with the PAS spectra. As the probability of radiative
transition increases, the PAS intensity exhibits a corresponding decrease.!'®!

Relaxation Processes of the Complexes

It is generally accepted that the intramolecular energy transfer from the
ligand to lanthanide ion occurs from the lowest triplet state energy level of the
ligand to the resonance energy level of lanthanide ion, to which is attributed
the excellent luminescence properties of lanthanide chelates.***!! For the
complexes, the excited singlet states of the ligands undergo nonradiative
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Figure 3. Excitation and emission spectra of the complexes: (1) EuggY4(Hba);
Phen; (2) Eu(Hba); Phen; and (3) Euy ¢Ndg 4(Hba); Phen.

transitions to the triplet states whose energy levels Ty, (the triplet state of
Hba) and Tpype, (the triplet state of Phen) are at 24,800 and 22,100 cm !,
respectively.**?*! The intramolecular energy transfer from the triplet states to
the central Eu®" ions results in the characteristic line-type emission of Eu>™.
Since the triplet state of Phen is closer to the resonance energy levels of Eu®™
than that of Hba, the energy transfer is more efficient from Phen to Eu’*.[*¥

The intramolecular energy transfer can explain the characteristic emission
of Eu*" ion in the fluorescence spectra. However, it cannot explain the change
of luminescence intensity of Eu*" with addition of the second lanthanide ions.
For the system studied, Eugglng4(Hba); Phen are prepared by copreci-
pitation. The short distance between molecules (lesser than 1nm) in the
coprecipitates makes the intermolecular energy transfer possible.*>2°! The
single crystal structure has been reported for Eu(Hba); Phen, which is
composed of a dinuclear molecule.”?”! It can be inferred that the possible
species in the coprecipitates are a dinuclear complex with unlike lanthanide
ions and two kinds of dinuclear complexes including like lanthanide ions,
according to the results of x-ray diffraction and IR spectra.

Y>" has no low-lying energy levels and the energy absorbed by its
molecules cannot be dissipated through the central Y>" ions. The excited
energy on yttrium molecules may transfer to the nearby europium molecules
in the Eugp¢Yo4(Hba); Phen coprecipitate. The luminescence of Eu’" is
enhanced by intermolecular energy transfer processes. For Eug ¢Ndg 4(Hba);
Phen, numerous closely packed excited states of the Nd>* ion provide paths

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 4. Model for relaxation and energy transfer processes of Eug¢Y(.4(Hba);
Phen.

for efficient quenching of the excited states of the complex. A large part of the
excited energy of europium molecules is transferred to Nd>*, which results in
a weakening of the luminescence of Eu”". The energy transfer and relaxation
processes are illustrated in Fig. 4, which may involve both Dexter and
Forster’s mechanisms according to Refs.?%2%1,

Experimental results show that fluorescence enhancement and quenching
phenomena cannot be found in the mixtures of Eu(Hba); Phen and Ln(Hba);
Phen (Ln**: Y?*, Nd**) in any proportion. As the mixture is obtained in a
mechanical way, the distance between the molecules is too far to incur an
intermolecular energy transfer.

ACKNOWLEDGMENT
We thank the National Natural Science Foundation of P.R. China for
supporting this program.
REFERENCES
1. Elbanowski, M.; Makowska, B. The lanthanides as luminescence probes

in investigations of biochemical systems. J. Photochem. Photobiol. A:
Chem. 1996, 99 (2-3), 85-92.

Copyright © Marcel Dekker, Inc. All rights reserved.

MARcEL DEKKER, INcC. m
270 Madison Avenue, New York, New York 10016 o



03: 03 30 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

Co-luminescence Effect of Lanthanide Ternary Complexes 9

2.

10.

11.

12.

13.

14.

15.

Richardson, F.S. Terbium (III) and europium (III) ions as luminescent
probes and stains for biomolecular systems. Chem. Rev. 1982, 32,
541-552.

. Zhang, H.; Yan, B.; Wang, S.; Ni, J. The photophysical properties of

binary and ternary rare earth complexes with conjugated carboxylic acids
and 1,10-phenanthroline. J. Photochem. Photobiol. A: Chem. 1997,
109 (3), 223-228.

. Zou, H.; Zhou, G.; Wan, T. Study of the co-luminescence effect of Eu-

Gd-DM-DPG-triton X-100 system and its application to the determination
of europium. J. Lumin. 1995, 63 (1-2), 97-102.

. Yang, J.; Zhu, G.; Wang, H. Enhanced luminescence of the Eu/Tb/TTA/

Phen/surfactant system and its analytical application. Anal. Chim. Acta
1987, 198, 287-291.

. Ci, Y.; Lan, Z. Enhanced fluorimetric determination of europium (III)

with thenoyltrifluoroacetone and 4,7-diphenyl-1,10-phenanthroline by
gadolinium (IIT). Anal. Lett. 1988, 27 (8), 1499-1513.

. Ci, Y.; Lan, Z. Fluorescence enhancement of the europium (III)-

thenoyltrifluoroacetone —trioctylphosphine oxide ternary complex by
gadolinium (IIT) and its application to the determination of europium (III).
Analyst 1988, 113, 1453-1457.

. Sunandana, C.S. Physical applications of photoacoustic spectroscopy.

Phys. Stat. Sol. 1988, 105 (a), 11-43.

Andre, L.; Roy, P.; David, A.R. Photoacoustic and fluorescence
spectroscopy for biological systems. Spectrochim. Acta Rev. 1993, 15,
125-147.

Yang, Y.; Su, Q.; Zhao, G. Judd—Ofelt analysis of photoacoustic spectra
of powdered neodymium compounds. Spectrosc. Lett. 1999, 32 (4),
543-547.

Yang, Y.; Su, Q.; Zhao, G. Photoacoustic spectroscopy study on
lanthanide ternary complexes with dibenzoylmethide and phenanthroline.
Spectrochim. Acta (A) 1999, 55 (7-8), 1527-1533.

Deacon, G.B.; Philips, R.J. Relationships between the carbon-oxygen
stretching frequencies of carboxylato complexes and the type of
carboxylate coordination. Coord. Chem. Rev. 1980, 33, 227-250.

Ma, J.; Ni, J. The structures of rare earth carboxylates. Prog. Chem. 1996,
8, 259-276.

Qiu, S.; Zhang, S.; Hu, C. Single beam photoacoustic spectroscope
system. J. Appl. Sci. 1986, 4 (3), 207-212.

Adams, M.J.; Highfield, J.G.; Kirkbright, G.F. Determination of the
absolute quantum efficiency of luminescence of solid material employing
photoacoustic spectroscopy. Anal. Chem. 1980, 52, 1260-1264.

Copyright © Marcel Dekker, Inc. All rights reserved.

MARcEL DEKKER, INcC. m
270 Madison Avenue, New York, New York 10016 o



03: 03 30 January 2011

Downl oaded At:

10

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

ORDER | _=*_[Il REPRINTS

Yang and Zhang

Rosencweig, A. Photoacoustic spectroscopy: a new tool for investigation
of solids. Anal. Chem. 1975, 47, 592A—-593A.

Dieke, G.H.; Crosswhite, H.M. The spectra of the doubly and triply
ionized rare earth. Appl. Opt. 1963, 2 (7), 657-672.

Sikorska, A.; Sliwinski, A.; Zachara, S. Photoacoustic signal analysis for
the relaxation study of dibenzoilmethane. Spectrosc. Lett. 1995, 28,
547-555.

Whan, R.E.; Crosby, R.A. Luminescence studies of rare earth complexes:
benzoylacetonate and dibenzoylmethide chelates. J. Molec. Spectrosc.
1962, 8, 315-327.

Latva, M.; Takalo, H.; Mukkala, V.M.; Matachescu, C.; Ubis, J.C.R.;
Kankare, J. Correlation between the lowest triplet state energy level of
ligand and lanthanide (III) luminescence quantum yield. J. Lumin. 1997,
75 (2), 149-169.

Sato, S.; Wada, M. Relation between intramolecular energy transfer
efficiencies and triplet state energies in rare earth (-diketone chelates.
Japan. J. Appl. Phys. 1970, 43, 1955-1962.

Yang, Y.S.; Gong, M.L,; Li, Y.Y. Effects of the structure of ligands and
their Ln*" complexes on the luminescence of the central Ln*" ions.
J. Alloys Comp. 1994, 207, 112-114.

Shou, H.S.; Yu, Q.; Ye, J.P. Study on energy transfer and luminescence of
europium chelates. Chin. J. Lumin. 1987, § (2), 84-90.

Li, G.; Yong, L.; Li, W.; Xu, Y.; Du, W. The luminescence character of
Eu complexes with derivatives of benzoic acid and different second
ligands. Spectrosc. Spect. Anal. 2003, 23 (2), 307-310.

Dexter, D.L. A theory of sensitized luminescence in solid. J. Chem. Phys.
1953, 21, 836-850.

Forster, T. Intermolecular energy transference and fluorescence. Ann.
Phys. 1948, 2, 55-75.

Zhang, Y.; Jin, L.; Lu, S. Crystal structure and luminescence of
Eu(BA);Phen complex. J. Chin. Rare Earth Soc. 1998, 16 (1), 5-8.
Zhu, G.; Yang, J.; Si, Z. Study on the mechanism of the columinescence
effect of rare earths. J. Chin. Rare Earth Soc. 1989, 7 (2), 73-78.

Lis, S.; Elbanowski, M.; Makowska, B.; Hnatejko, Z. Energy transfer in
solution of lanthanide complexes. J. Photochem. Photobio. A: Chem.
2002, 150, 233-247.

Received September 30, 2002
Accepted November 1, 2003

Copyright © Marcel Dekker, Inc. All rights reserved.

MARcEL DEKKER, INcC. m
270 Madison Avenue, New York, New York 10016 o



Downl oaded At: 03:03 30 January 2011

Request Permission or Order Reprints|nstantly!

Interested in copying and sharing this article? In most cases, U.S. Copyright
Law requires that you get permission from the article’ s rightsholder before
using copyrighted content.

All information and materials found in this article, including but not limited
to text, trademarks, patents, logos, graphics and images (the "Materials"), are
the copyrighted works and other forms of intellectual property of Marcel
Dekker, Inc., or itslicensors. All rights not expressly granted are reserved.

Get permission to lawfully reproduce and distribute the Materials or order
reprints quickly and painlessly. Simply click on the "Request Permission/
Order Reprints' link below and follow the instructions. Visit the

U.S. Copyright Office for information on Fair Use limitations of U.S,
copyright law. Please refer to The Association of American Publishers
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted,
reposted, resold or distributed by electronic means or otherwise without
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the
limited right to display the Materials only on your personal computer or
personal wireless device, and to copy and download single copies of such
Materials provided that any copyright, trademark or other notice appearing
on such Materiasis also retained by, displayed, copied or downloaded as
part of the Materials and is not removed or obscured, and provided you do
not edit, modify, ater or enhance the Materials. Please refer to our Website

User Agreement for more details.

Request Permission/Order Reprints

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081SL 120028419


http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Techset&publication=SL&title=Spectral+Study+of+the+Columinescence+Effect+of+Lanthanide+Ternary+Complexes+with+Benzoic+Acid+and+Phenanthroline&offerIDValue=18&volumeNum=37&startPage=1&isn=0038-7010&chapterNum=&publicationDate=&endPage=10&contentID=10.1081%2FSL-120028419&issueNum=1&colorPagesNum=0&pdfStampDate=02%2F02%2F2004+09%3A48%3A41&publisherName=dekker&orderBeanReset=true&author=Yuetao+Yang%2C+Shuyi+Zhang&mac=sd8RjdWtXjnHCNWEIyvSmw--

