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Using tris-dibenzoylmethanates of terbium(III) and other rare earths(III) we investigated
the effect of halogenation of the central hydrogen of a 1,3-diketonate ligand on the luminescence
properties of these chelates in rigid media. As a result of halogenation, all chelates display blue
shift of the ligand phosphorescence, the intensity of the rare earth emission I, relative to that
of the phosphorescence I, is markedly decreased in the order of H—Cl—Br, and the lifetime
of the phosphorescence 7, decreases in the same order. These facts provide the evidence that the
intramolecular energy transfer takes place via the triplet state of the ligand. In halogenated and
nonhalogenated terbium chelates the ratio of the probability of energy transfer P, estimated from
the quantity I;p/l,,7,, to the overlap integral S between the phosphorescence spectrum and the
terbium absorption spectrum is found to be roughly constant. These results lead us to the con-
clusion that intramolecular energy transfer is governed by the resonance mechanism due to ex-

change interaction.

For the intramolecular energy transfer from the
ligand to the central metal ion in rare earth chelates,
Crosby’s proposal»? has been generally accepted.
This states that excitation energy is transferred
from the triplet state of the ligand to the resonance
level of the rare earth ion. In our previous paper,®
we reported perturbation effects on the triplet states,
such as oxygen effect and external heavy atom effect
usually known in organic molecules, and gave some
facts which strongly suggest Crosby’s mechanism.
Some other investigators*—® used the technique of
triplet quencher to study this problem and presented
some useful information.

Recently we have studied? this energy transfer

*1  Present address: Department of Industrial Chem-
istry, College of Technology, Seikei University, Kichijoji,
Musashino-shi, Tokyo.
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process under the excitation of the triplet state of
europium chelates by utilizing intermolecular triplet-
triplet energy transfer from lanthanum chelates, and
have presented evidence for Crosby’s proposal.
Further, we have investigated® the correlation
between the energy transfer probability and the
stretching vibration frequency of the chelate bond
as obtained from infrared absorption measurements,
and have concluded, according to an approximated
treatment of Dexter’s theory,” that the energy
transfer process is dominated by the exchange in-
teraction of the 7z electron system of the ligand
triplet state with the f electron system of the central
rare earth ion.

In parallel with these studies, we have continued
the study of heavy atom effect on this intramolec-
ular energy transfer with the purpose of investiga-
ting the transfer mechanism. Substitution of a
halogen atom for 2-hydrogen of 1,3-f-diketonate as
the ligand is expected to give an internal heavy
atom effect, because this should change the proba-
bility of the transition from the triplet state to the
ground singlet state and consequently influence the
luminescence process of chelates. One may expect
that this internal heavy atom effect is much more
strongly observed than the external heavy atom
effect. In the present paper, the luminescence pro-
perties of various halogenated tris-dibenzoyl-
methanates are reported. Exchange interaction has
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been further confirmed to dominate the intramolec-
ular energy transfer process.

Experimental

1) Samples. Tris-dibenzoylmethanates of rare earth
ions were prepared by the usual procedures.? Halo-
genated chelates were obtained by the direct substitution
method similar to that used by Collman et al.'® for
transition metal chelates. Chlorinated chelates were
also prepared by the indirect method, i.e. by treating
rare earth nitrates or acetates with 3-chloro-3-dibenzoyl-
methane prepared by the method reported by Kochetkov
et alV The two different methods were found to give
the same chlorinated products. However, the former
method was mostly employed to obtain halogenated com-
pounds in this paper. We have synthesized various
samples of Ln[(CH;CO),CX];-H,O in which Ln stands
for Eu, Sm, Tb, Dy, Gd and La, and X is H, Cl or
Br (abbreviated hereafter as LnD, LnDCI or LnDBr).
Chemical analysis of rare earth content as well as measure-
ment of infrared absorption spectra were carried out in
order to identify the obtained products.

2) Spectroscopic Measurements. Infrared ab-
sorption spectra were measured by means of the KBr
disk method with a Hitachi EPI-2 infrared spectro-
photometer attached with an NaCl or KBr prism (for
NaCl or KBr region, respectively). Ultraviolet and
visible absorption spectra were obtained at room tem-
perature using a Cary model 14 spectrophotometer for
both alcohol and chloroform solutions with chelate con-
centrations 5 X 10~% mol/l.

Measurement of emission spectra was made at liquid
nitrogen temperature by using a Kipp and Zonen prism
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double monochromator for ether-toluene (4 :1) solu-
tions with chelate concentration 5 X 10~* mol/l. For the
reference, powder samples of chelates were also measured.
The 254 nm line obtained from the combination of a
100 W high pressure mercury lamp and an appropriate
set of filters were used as the exciting source, and the
response of an EMI 9558QB photomultiplier was fed
to a millivolt recorder.

In the measurements of time-resolved emission spectra
and emission lifetime, an Edgerton xenon flash lamp
of type FX-3 attached with ultraviolet pass filters was
used as the exciting light source. Chelate solutions of
ether - toluene (4 :1) with the concentration 5x10-3
mol/l were irradiated at liquid nitrogen temperature
by pulse light from the flash lamp having a half-width
of 2 usec and frequency of 25 Hz. The response of an
RCA 931A photomultiplier gated for 1 usec was recorded
with delay times ranging from zero to 100 usec. Lifetime
was obtained directly from the decay characteristics
of the time-resolved emission spectra.

Results and Discussion

Infrared absorption spectra of halogenated rare
earth chelates were found not to involve the absorp-
tion of 1200 cm™! region which is due to the C-H
in-plane bending mode. The carbonyl stretching
bands in 1500 and 1600 cm™! region are simplified
in the halogenated products and the absorption
band due to the M-O bond stretching does not
change appreciably upon halogenation.  These
facts are considered to give structural evidence
for the halogenation as was done for chromium
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Fig. 1.

Emission spectra of GdD, GdDCI and GdDBr in ether-toluene solutions

(4 : 1) at 77°K under steady excitation by the 254 nm mercury line.
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chelates.'®

The ultraviolet absorption spectra of LnD involve
two broad bands at about 250 nm and 350 nm,
respectively.) As a result of halogenation the
250 nm band strongly increases its absorbance and
slightly shifts to longer wavelengths, while the
350 nm band almost disappears. We therefore
used the mercury line of 254 nm as the exciting
source in this study.

The emission spectra of ether-toluene solutions

Makoto Morrta and Shigeo SHioNOYA

[Vol. 43, No. 8

under steady

of GdD, GdDCl and GdDBr

excitation at 77°K are shown in Fig. 1. These
spectra demonstrate how the ligand emission
changes as a result of halogenation. If these

spectra under steady excitation are compared
with time-resolved emission spectra with a delay
time of about 60 usec, it turns out that in
the GdD spectrum the weak band at about 430 nm
is that of fluorescence while the strong band ranging
from 480 to 600 nm is that of phosphorescence, and
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Fig. 2.

Emission spectra of EuD, EuDCl and EuDBr in ether-toluene solutions

(4 : 1) at 77°K under steady excitation by the 254 nm mercury line.
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Fig. 3. Emission spectra of TbD, TbDCIl and TbhDBr in ether- toluene solutions
(4 :1) at 77°K under steady excitation by the 254 nm mercury line.
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that in the case of GdDCI and GdDBr the spectra
observed under steady excitation are only those of
phosphorescence. It is noted that as a result of
halogenation the phosphorescence spectrum is mar-
kedly blue-shifted, but the shape and peak position
of the spectrum are nearly the same among the
halogenated chelates.

The results of the emission spectrum measure-
ments for a series of LaD, EuD, TbD, SmD and
DyD and their halogenated derivatives are as
follows. Lanthanum chelates show broad band
emission of the ligand which is analogous to gado-
linlum chelates. Other chelates show sharp line
emissions due to central rare earth ions in addition
to the ligand emission. As examples, the emission
spectra of europium chelates and terbium chelates
are given in Figs. 2 and 3, respectively. It was
found that in all cases the ligand emission spectra
are quite similar to those of gadolinium chelates.

However, it should be noted, as is observed from
these figures, that the intensity of the ligand emis-
sion relative to that of rare earth emission strongly
increases as a result of halogenation. For example,
although EuD shows hardly any ligand emission,
EuDCl and EuDBr exhibit pronounced ligand
phosphorescence. In the case of EuDCI the emis-
sion lines due to Dy—7F transition of Eu®* ion are
found only weakly at the tail of the strong ligand
phosphorescence without the detectable change in
the positions of the lines. In the case of EuDBr,
the emission lines of Eu?t ion are much more
weakened.  They are scarcely observed in glassy
solutions as shown in this figure, although they
are clearly found in a powder sample in which
phosphorescence is completely quenched.

As in the case of europium chelates, terbium
chelates have similar features of the halogenation
effect. The variations of the emission intensity of rare
earth ion as well as of the ligand are more clearly
found in terbium chelates than in europium chelates.
‘The emission spectra of samarium chelates, although
not shown here, are also characterized by the
halogenation effect. SmD has emissions of both
ligand and rare earth ion with nearly equal inten-
sities. However, in SmDCI] and SmDBr the emis-
sion of ligand appears strongly and the emission of
Sm3* ion is almost quenched just as in the case of
europium chelates. In the case of dysprosium
chelates, the effect of halogenation is somewhat
different. Namely, although DyD does not show
Dy3* emission, it becomes observable at around
500 nm in powder samples of DyDCI and DyDBr.
‘This is interpreted as a result of the increase of the
matching between the energies of the triplet state
and the Dy?* resonance levels caused by the blue
shift of phosphorescence.

The decay time was obtained from time-resolved
-emission spectra. It was found that phosphores-
cence lifetime of GdD is 610 usec while that of
GdDCl and GdDBr decreases to 5.6 usec and 4.1
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usec, respectively.

The results of the spectral measurements are
summarized as follows. 1) The phosphorescence
spectra of halogenated chelates are apparently
blue-shifted in comparison with non-halogenated
chelates, and chlorinated and brominated chelates
have similar spectral features. 2) As a result of
halogenation, the intensity of the ligand emission
increases markedly, and instead the intensity of the
rare earth emission lines decreases in the order H—
Cl—Br. 3) The phosphorescence lifetime of gado-
linium chelates decreases in the same order H—Cl—
Br.

From these facts, one is led to the conclusion
that the substitution of halogen atoms for hydrogen,
i.e. the internal halogen effect, gives influences quite
similar to the case of the external heavy atom
effect.?)

Let us next consider this substitution effect. In
the case of naphthalene and its halogenated deriva-
tives, relative decrease of the phosphorescence life-
time is H(1.0)—Cl1(0.126)—Br(0.0078) against the
relative increase of molecular weight of H(1.0)—
C1(1.27)—Br(1.62).1®» The internal heavy atom
effect is known to depend predominantly on the
weight of heavy atoms. Therefore, if we assume
that for the phosphorescence lifetime of rare earth
chelates the change of the same order of magnitude
with halogenation as in the case of naphthalene
and its derivatives is obtained, the lifetime of halo-
genated gadolinium chelates is estimated to fall into
an order of magnitude of 10 4 to 100 usec. The
observed lifetime is comparable in magnitude with
this value. However, since the peak position and
shape of phosphorescence spectra change as a result
of halogenation in rare earth chelates, it is inferred
that the substitution effect in rare earth chelates
is a pseudo-internal heavy atom effect. Hence,
this substitution effect is considered to give the
same conclusion as derived from the external heavy
atom effect.) This then presents further evidence
for Crosby’s proposal that the intramolecular energy
transfer takes place via the triplet states.l»?)

Let us discuss the precise mechanism of the intra-
molecular energy transfer from the results obtained
above. The theory of intermolecular energy trans-
fer due to the resonance mechanism in condensed
systems developed by Dexter? could be considered
to be applicable to our present case of rare earth
chelates.®%® Since intramolecular energy transfer
takes place via the triplet state, the probability of
the transfer P, is given by the emission efficientcy
of rare earth ion 7 divided by the lifetime of the
ligand phosphorescence 7, as

Py =7tpn 1)
Here 7 is expressed by the intensity ratio of the rare
earth emission to the ligand phosphorescence I/

I,,. We have to estimate the overlapping of the
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phosphorescence spectrum of the ligand with the
absorption spectrum of the rare earth ion. The
overlap integral § is given by

§ = [Lu(B)AE)aE, @

where I,,,(E) represents the phosphorescence spec-
trum and A(E) the absorption spectrum of rare
earth ion, both being normalized to unit area.

In order to obtain the values of P, with Eq. (1),
those rare earth chelates which display appreciably
both ligand phosphorescence and rare earth ion
emission when halogenated must be used. Although
we have examined various rare earth chelates as
mentioned above, only terbium chelates were found

to be appropriate for this purpose. In the case of
europium and samarium chelates, the rare earth

emission are almost quenched in brominated chelates
in rigid media. We have further investigated the
use of chelates with different ligands, but it was
found that chelates with many other ligands com-
mercially available are not so easily halogenated
according to the direct substitution method. There-
fore, we have to confine our discussion to terbium-
(ITII) tris-dibenzoylmethanate and its chlorinated
and brominated ones in this paper.

Let us discuss the mechanism of intramolecular
energy transfer in terbium chelates. The quan-
tities of P,, S, 7 and 7, are estimated as shown in
Table 1. In obtaining S, the absorption spectra of
rare earth ion were substituted by those of terbium-
(ITI) chloride in aqueous solution, because the
absorption in chelate solutions is too weak to be
measured. Since the ligand emission of TbD is
very weak, the lifetime 7,, could not be measured.
Then, the relative 7,, values for terbium chelates
were substituted by those observed for gadolinium
chelates. This substitution is allowed because only
the relative value of the lifetime is important in our
present analysis.

The transfer probability P, due to exchange
interaction is approximately given by%

Py(exch) = const. S exp(—2R/L), 3)
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where R is, in the case of rare earth chelates, the
bond distance between the metal ion and the ligand,
and L is the effective Bohr radius for the excited
and unexcited states of energy donor and acceptor.
On the other hand, the transfer probability P,
due to electric multipole interaction is given by

P(multipole) = const. S/RStpntgg (4)

Here, 5 is 6, 8 or 10 corresponding to dipole-dipole,
dipole-quadrupole or quadrupole-quadrupole in-
teraction, respectively.

The magnitude of the spacial overlap of the wave-
functions of the rare earth ion and the oxygen atom
of the ligand, expressed by exp(—2R/L) in Eq. (3),
is nearly independent of halogenation, because the
frequency of the metal-oxygen vibration as obtained
by infrared absorption measurement remains nearly
unchanged as a result of halogenation so that the
value of R is regarded as not changing. Therfore,
if the energy transfer in rare earth chelates under
discussion is dominated by exchange interaction, the
P,/S values must be constant among chelates in the
table. In the case of multipole interaction, since
the lifetime of rare earth ion 7 is not usually affec-
ted by the kinds of ligands, the value of P,7,,/S in
Eq. (4), which is equal to /S, must be constant.
Therefore, the values of P,/S and 7/S were calculated
and are shown in the table to examine which of’
these mechanisms is responsible.

It is noted that the values of 7/S change in two
orders of magnitude while those of P,/S are in the
same order. By taking account of the experimental
error in estimating the shape of phsphorescence
spectrum in TbD, we might be allowed to conclude
that P,/S is kept nearly constant among three com-
pounds, although %/S changes appreciably.

Although only poor data are available for the
moment, we may conclude that the intramolecular
energy transfer in rare earth chelates is governed
by the resonance mechanism due to exchange in-~
teraction, but not to electric multipole interaction,.
between the ligand triplet state and central rare
earth ion. In fact, this conclusion is in agreement

TaBLE 1. RELATIVE VALUES OF THE QUANTITIES CONCERNING ENERGY TRANSFER PROCESS
FOR HALOGENATED TERBIUM CHELATES IN ETHER-TOLUENE SOLUTIONS AT 77°K

The meaning of the symbols is given in the text.

Compound TbD TbhDCl TbDBr

Overlap integral 1.0 £0.1 0.3¢ +0.03 0.29 +0.03
S

Emission efficiency 1.00+0.03 0.0039+0.0003 0.0018+0.0002
7

Phosphorescence lifetime 1.00+0.00 0.0092 +0.0002 0.007 +0.001
Tph

Transfer probability 1.00+0.03 0.43 +0.10 0.26 +0.09
Py
7ls 1.0 £0.1 0.012 +0.002 0.006 +0.001
PyS 1.0 +0.1 1.3  +0.5 0.9 +0.4
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with that obtained by our previous investigation®
in which the measurement of the infrared absorption
spectra was used as the tool.

Conclusion

The substitution of chlorine and bromine atoms
for the central hydrogen of the ligand has been
performed in a number of dibenzoylmethanates of
rare earth ions such as Eu, Tb, Sm, Dy, Gd and La.
The changes of luminescence properties due to halo-
genation have been found to be remarkable. The
intensity of the rare earth ion emission decreases in
the order H—Cl—Br, while the phosphorescence
spectra are blue-shifted and the intensity is strongly
enhanced accompanied by the decrease of the life-
time. This is understood as being due to a pseudo-
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internal heavy atom effect, and provides evidence
that intramolecular energy transfer takes place via
the triplet state of the ligand. Luminescence features
were examined further according to the theory of
resonance energy transfer. In the case of terbium
chelates, the ratio of the transfer probability to the
overlap integral between the phosphorescence spec-
tra and the rare earth absorption spectra has been
found to remain nearly unchanged under halogena-
tion. These facts lead us to the conclusion that the
intramolecular energy transfer is caused by the re-
sonance mechanism due to exchange interaction.
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