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Recently, we have developed novel Eu(lll) complexes with thtabketonates and one asymmetric bis-
(phosphine) oxide whose light emission intensity is drastically increased. In this paper, one of these complexes
is investigated by the density functional theory calculation. Sixteen isomers of this complex have been
considered. The ratio of the existence for the most stable isddierl@ is found to be about 51%, and the

sum of the ratio of the existence for the six most stable isoni&tsi{a B1_3a B1_83 B1_23 B1 1b and

B1 59 is about 100%, assuming the Boltzmann distributibr=300 K). The coordination structures of the

six most stable isomers in the ground states are similar, and we can expect asymmetric ligand fields for them,
favorable for the efficient light emission. Vertical excitation energies and oscillator strengths for each isomer
have been obtained by the time-dependent density functional theory. With the red-shift of the wavelength
and the interpolation by Gaussian convolution, both the calculated absorption spectra for the most stable
isomerB1_laand the calculated absorption spectra for the ensemble average of the isomers are found to be
similar to the experimental fluorescence excitation spectra. The efficiency of energy transfer from the triplet

excited state to the Eu(lll) ion is considered by calculathiggr (difference between the adiabatic excitation
energy of the complex for the lowest triplet state and the emission energy of the Eu(lll) ielDofar ’F,).

The characters for the lowest triplet states for the isomers are investigated by the spin density distributions

of the triplet states.

1. Introduction to be asymmetric to attain a large emission intensity and large

Eu(lll) complexes have been extensively investigated as s_olubility. The shqrpness_ (_)f tiep NMR_sp_ectr_a sug_ges_;ts that_
luminescent materials:1° The long luminescent lifetimes of Ilganq exchange is prohibited and emission intensity is drasti-
Eu(lll) ions are due to the forbidden character of their intra-4f Cally increased: Nakamura et al. reported Eu(lll) complexes
transitions, which result in low absorption coefficieftsror with three S-diketonates and one symmetric bis(phosphine)
this reason, the excited state of a luminescent Eu(lll) ion is 0Xide/®® which have narrow emission bands due to the
generally populated by energy transfer from the triplet state of dégeneration of Stark levels. These complexes show large
an organic antenna chromophdr&l2The photophysical path- ~ Stimulated emission cross sections.
way of this sensitization process involves the excitation of the  In this paper, we report the DFT investigation of the Eu(lll)
ligand(s), intersystem crossing to the triplet state of the ligand- complexes with threg-diketonates and one asymmetric bis-
(s), energy transfer (ET) to Eu(lll) ion, and subsequent emission (phosphine) oxide, depicted in Figure 1. As well as the model

of the Eu(lll) ion. complexBM1, we have investigated the real complBg.?!
Eu(lll) complexes have been applied to luminescent devices Eu(lll) complexes have been theoretically investigated by
such as laset$'4and organic light-emitting diodes (OLEDR)16 semiempirical molecular orbital calculatidds?*” and ab initio

We have developed a light-emitting diode (LED) device by quantum chemical calculatiod$28-33 Since f orbitals do not
using the Eu(lll) complex with thre@-diketonates and two  play a major role in Ettligand bond$® we have used the
different phosphine oxides in the fluorescence layer of the effective core potential (ECP) including électrons for Eu
LED,'"*° and we have investigated these complexes by the by Dolg et al.34 and we have calculated the excited states by
density functional theory (DFT) calculati@AThese complexes  time-dependent density functional theory (TDDFT). Therefore,
are highly soluble and have strong emission intensities. How- in this paper, we do not consider the excited states for intra-4f
ever, ligand exchange of phosphine oxide ligands was detectediransitions in the Eu(lll) ion, and we consider the excited states
by 3'P NMR analysis® Ligand exchange has an undesirable for ligand excitations. To our knowledge, this work is the first
effect on the durability of Eu(lll) complexes. Therefore, recently, ap initio investigation of Eu(lll) complexes having three

we have developed novel Eu(lll) complexes with thfeike- S-diketonates and bis(phosphine) oxides for the ground and
tonates and one asymmetric bis(phosphine) oXid&'e have excited states.

introduced a bis(phosphine) oxide, which consists of two
different phosphine oxides, in order to prevent ligand exchange.
The molecular structure of the bis(phosphine) oxide is designed

This paper is organized as follows. In section 2, the
computational details are described. In section 3, the ground
states of the 16 isomers Bfl are characterized, and in section

*To whom correspondence should be addressed. E-mail: 4 the excited states are characterized. Section 5, which is the
fumihiko.aiga@toshiba.co.jp. final section, is devoted to concluding remarks.
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B1: R'=n-Bu, R*=C;F;, R>=-Bu
BM1: R'=Me, R>=R’=H

Figure 1. Molecular structures of real compl®&41 and model complex
BM1.

2. Computational Details

The calculations were carried out with the Gaussian 03
package?® For singlet ground states, DFT calculations were
performed by using the B3LYP functional. Geometry optimiza-
tion was carried out without symmetry constraints. The opti-
mized geometry was confirmed to be the minimum energy point
by vibrational frequency analysis. For singlet excited states, the
excitation energies and oscillator strengths at the optimized
geometry in the ground state were obtained by TDDFT
calculations with the B3LYP functional. For the lowest triplet
states, DFT calculations were performed by using the B3LYP
functional. Geometry optimization was carried out, and the
adiabatic excitation energy was obtained, with the difference
between the energy of the lowest triplet state at the optimized
geometry for the triplet state and the energy of the singlet ground
state at the optimized geometry for the singlet state, which is
the ASCF method?32

Considering that f orbitals do not play a major role inEu
ligand bond%® and in order to reduce the computational cost,
we used the large-core quasi-relativistic ECP, having-44"
electrons, for Eu by Dolg et &f. For valence orbitals, the

(7s6p5d)/[5s4p3d] basis set was used. For all other atoms, the

6-31G(d) basis set was used.

3. Ground States

First, we obtained the optimized geometry for the model
complexBM1 in the ground state, where titéBu group and
the GF7 group inj-diketonate were replaced fa H atom and
then-Bu group in the phosphine oxide was replaced by a methyl
group, which is the same rule taken in our previous paper.
The initial geometry 0BM1 was given from the geometry of
M3 at structure B in our previous pap@whose two phosphine
oxides were replaced by the bis(phosphine) oxide. The optimized
geometry ofBM1 is illustrated in Figure 2.

Then, we constructed the initial geometries for the real
complexB12! by replacing one H atom in thg-diketonate of
BM1 by at-Bu group and the other H atom by aFz group.
Since there are two ways of replacing H atoms in each
p-diketonate ofBM1, eight isomers for compleBl were
considered. We call these isom&%E 13 B1 23 ..., andB1 83
respectively. Finally, we constructed the initial geometries for
the other eight isomers by interchanging Ph witBu in bis-
(phosphine) oxides oB1_1a B1 23 ..., andB1_8g respec-
tively. We call these isomerB1_1b B1_2b, ..., andB1_8b
respectively. Therefore, we considered 16 isomers.

The energyEr (kcal/mol) for the 16 isomers dB1 relative
to the most stable isom&31_1ais given in Table 1. The ratio
Rr of the existence relative to the most stable isomBér 1a
and the absolute ratid®Ra of the existence, assuming the
Boltzmann distributionT = 300 K) with respect té&r, are also
shown. The ratio of the existence for the most stable isomer
B1 lais found to be about 51%, and the sum of the ratio of
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Figure 2. The optimized geometry dM1. (H atoms are excluded.)

TABLE 1: The Energy Er (kcal/mol) for the 16 Isomers of
B1 Relative to the Most Stable Isomer B1_1a; the Ratidrr
of the Existence Relative to the Most Stable Isomer B1_1a,
and the Absolute RatioRa of the Existence, Assuming the
Boltzmann Distribution (T = 300 K) with Respect toEr, Are
Also Shown

Er Rr Ra
Bl la 0.00 1.000 0.509
Bl 3a 0.53 0.412 0.210
Bl 8a 0.74 0.289 0.147
Bl 2a 0.90 0.222 0.113
Bl 1b 2.27 0.022 0.011
Bl 5a 2.42 0.017 0.009
Bl 6a 5.27 0.000 0.000
B1 3b 5.74 0.000 0.000
Bl 4a 6.41 0.000 0.000
Bl 7a 7.22 0.000 0.000
B1 7b 9.59 0.000 0.000
B1 8b 9.76 0.000 0.000
B1_4b 10.47 0.000 0.000
B1 2b 10.64 0.000 0.000
B1 5b 11.83 0.000 0.000
B1 6b 12.11 0.000 0.000

the existence for the six most stable isomd3& (1a B1_ 33
Bl 8 B1 23 B1 1bh andB1_59 is about 100%. Therefore,
it follows that the other 10 isomers scarcely exist.

Calculated bond lengths between Eu and O and Mulliken
charges for Eu and O fd1 at the optimized geometry for the
six most stable isomers are given in Table 1S (Supporting
Information). The substituentszE; or t-Bu are connected to
the carbon atoms C1, C3, C18, C20, C8, and C1BMfL in
Figure 2. AR is the variation of bond length from the
corresponding value f@M1, andAq is the variation of charge.
Since AR and Aq are very small, we consider thBM1 is a
good model forB1 concerning the ground-state coordination
structure around the Eu atom. Actually, the bond lengths of the
model complex, composed by the same rule as thabt in
our previous pape® are in good agreement with those of the
corresponding real complex determined by Hasegawzfetigth.
single-crystal X-ray diffractionB1_13 B1_8g andB1_5ahave
the bonds with shorter lengths (2.397, 2.378, and 2.396 A,
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respectively) than the bond length in the Eu(lll) complex having eyalangth Trai

three-diketonates and two phosphine oxides in our previous
paper?! Therefore, we can expect a more asymmetric ligand
field for B1, favorable for the efficient light emission.

Figure 4. Comparison of the experimental fluorescence excitation
spectra with the calculated electronic spectra for the most stable isomer
B1 la(a) and the calculated spectra for the ensemble average of the

. isomers (b).
4. Excited States nm, calculation of higher excited states than the 30th may be
Calculated electronic spectra for the most stable is@fefa needed. From the above, there are two possibilities. One

are illustrated in Figure 3a. The calculated electronic spectra possibility is thatB1_laexists alone as the only isomer Bl
for the ensemble average of the isomers, which are obtainedin the solution, and the other possibility is that several isomers
by multiplying the oscillator strength of each isomerRey for can exist as the ensemble of the Boltzmann distribution in the
each isomer and superimposing all spectra, are illustrated insolution. We cannot determine which possibility is more
Figure 3b. Calculated electronic spectra for other isomers in probable by this measurement of fluorescence excitation spectra.
the six most stable isomers are illustrated in Figure 1S The mixture of the several isomers is favorable for the high
(Supporting Information). For each isomer, the 30 lowest singlet solubility. Although excited states, populated by light absorption,
excited states are considered. The difference of spectra betweeican relax through various processes, the relaxation processes
isomers is found to be large. of the excited states @1 here can be considered to be almost
Comparison of the experimental fluorescence excitation the same since the calculated absorption spectra are similar to
spectrd! with the calculated electronic spectra for the most the experimental fluorescence spectra. Of course, it is better to
stable isomeB1_1ais illustrated in Figure 4a, where calculated obtain the experimental absorption spectra, but it was difficult.
spectra are red-shifted by 73 nm, transition energies andBecause the absorption coefficient Bl is very large, it is
oscillator strengths are interpolated by a Gaussian convolutionnecessary to prepare a dilute solution or to prepare the
with a o of 0.1 eV, and oscillator strengths are normalized to measurement equipment with a thin cell. However, in dilute
the experimental intensity of the fluorescence excitation spectrasolutions, the ligands d81 may dissociate, and we could not
at 335 nm, as well as in refs 31 and 36. Comparison with the prepare the measurement equipment with a thin cell. Therefore
calculated spectra for the ensemble average of the isomers isve could not obtain the experimental absorption spectra.
illustrated in Figure 4b, where calculated spectra are also red-Concerning the calculated absorption spectra, it is better to
shifted by 73 nm, transition energies and oscillator strengths calculate the FranckCondon facto®’ and this is a subject for
are interpolated by a Gaussian convolution witlr @f 0.09 future work.
eV, and oscillator strengths are normalized to the experimental The calculated bond length between Eu and O and the
intensity of the fluorescence excitation spectra at 335 nm. Both Mulliken charge for Eu and O fd81 at the optimized geometry
the calculated absorption spectra for the most stable isomerof the lowest triplet state for the six most stable isomers are
B1 _laand the calculated absorption spectra for the ensemblegiven in Table 2S (Supporting Information). As well as the
average of the isomers are found to be similar to the experi- values from Table 1SAR and Aqg are very small, and the
mental fluorescence excitation spectra. In order to make a morecoordination structure of the lowest triplet stateBdf is found
complete comparison in the short wavelength region below 330to be similar to that for the singlet ground stateBif.
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Figure 5. The spin density distribution foB1_laat the optimized
geometry of the lowest triplet state.

TABLE 2: Calculated Adiabatic Excitation Energy of the
Lowest Triplet State Ex_t and AEgr (eV) for the Six Most
Stable Isomers

Ex_t AEer
B1 la 2.71 0.70
B1 3a 2.65 0.63
B1 8a 2.66 0.65
B1 2a 2.61 0.59
B1 1b 2.64 0.62
B1 5a 3.28 1.26

Aiga et al.

asymmetric bis(phosphine) oxide. Sixteen isomers of this
complex have been considered. The ratio of the existence for
the most stable isomdd1l_lais found to be about 51%, and
the sum of the ratio of the existence for the six most stable
isomers B1_13 Bl 33 Bl 83 Bl 23 B1_1b andBl_59 is
about 100%, assuming the Boltzmann distributidn= 300

K). Vertical excitation energies and oscillator strengths for each
isomer have been obtained by TDDFT. With the red shift of
the wavelength and the interpolation by Gaussian convolution,
both the calculated absorption spectra for the most stable isomer
B1l_laand the calculated absorption spectra for the ensemble
average of the isomers are found to be similar to the experi-
mental fluorescence excitation spectra.
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