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The density functional theory was employed to investigate Eu(lll) complexes with fhddeetonates and

two phosphine oxides (complétl: Eu(bdkl(TPPO), complexM2: Eu(bdky(TMPQO), and complexv3:
Eu(bdk}(TPPO)(TMPQO)) deemed to be the model complexes of the fluorescence compounds for the ultraviolet
LED devices we have recently developed. For each complex, two minimum energy points corresponding to
two different optimized geometries (structures A and B) have been found, and the difference of the energy
between two minimum energy points is found to be quite small (less than 1 kcal/mol). Vertical excitation
energies and oscillator strengths for each complex at two optimized geometries have been obtained by the
time-dependent density functional theory, and the character of the excited states has been investigated. For
complexM3, the absorption edge is red-shifted, and the oscillator strengths are relatively large. The efficiency
of intersystem crossing and energy transfer from the triplet excited state to the Eu(lll) ion is considered by
calculatingAE;sc (the energy difference between the first singlet excited state and the first triplet excited
state) and\Egt (the difference between the excitation energy of the complex for the first triplet excited state
and the emission energy of the Eu(lll) ion fd to 7F).

1. Introduction S, ——
. . . ISC\‘ AEISC
Eu(lll) complexes have been extensively investigated as T, y
luminescent materials:®® The long luminescent lifetimes of ET\ AE
Eu(lll) ions are due to the forbidden character of their intfa-4 FT
transitions, which unfortunately result in low absorption coef- D et ...............¥.....

ficients” For this reason, the excited state of a luminescent
Eu(lll) ion is generally populated by energy transfer from the
triplet state of an organic antenna chromophore (ligah#8).
The photophysical pathway of this sensitization process is
schematically represented in Figure 1. The overall process
involves excitation of the ligand(s), intersystem crossing (ISC) g
to the triplet state of the ligand(s), energy transfer (ET) to the
Eu(lll) ion, and subsequent emission (Em) of the Eu(lll) ion. Sensitizer Eu™

Eu(lll) complexes have been applied to luminescent devices, ; ; ;
such as lasefsi®and organic light-emitting diodes (OLEDY1? Egusrgnls}tifgt?;?] Sﬁ{fcg?s’fesema“c’“ of the photophysical pathway of
Recently, we have developed a light-emitting diode (LED)
device by using the Eu(lll) complex with thrgediketonates  complexM3: Eu(bdky(TPPO)(TMPO)) depicted in Figure 2,
and two phosphine oxides depicted in Figure 2 (complexes  which are deemed to be the model complexes for compléxes
2, and 3) in the fluorescence layer of the LEB;*® and we 2, and3.13-15 |n these model complexes, théu group and
have achieved the highest luminous intensity reported to datethe GF; group inj-diketonate are replaced/fa H atom, and
(over 850 mim) when 20 mA of direct current was applied to the n-Oc group in phosphine oxide is replaced by a methyl
the ultraviolet LED (402-nm excitation) by using compl&x group. We can investigate the differences of the molecular and
These results are considered to be due to the properties ofelectronic structures among these model complexes due to the
complex3, particularly, large absorption coefficients as well difference of the phosphine oxide.
as the red-shift of absorption spectra, the greatly asymmetric  Eu(lll) complexes have been theoretically investigated by
ligand field, and the high solubility in a fluorinated polymer. semiempirical molecular orbital calculatidfis'® and ab-initio

In the work reported in this paper, we employed the density quantum chemical calculatio®%.23 Sincef-orbitals do not play
functional theory (DFT) to investigate the Eu(lll) complexes a major role in Eu-ligand bonds? we have used the effective
with threeS-diketonates and two phosphine oxides (complex core potential (ECP) includingf4electrons for Eu by Dolg et
M1: Eu(bdk}(TPPO)», complexM2: Eu(bdky(TMPO), and al24as well as ref 20, and we have calculated the excited states
by time-dependent density functional theory (TDDFT) as well
* E-mail: fumihiko.aiga@toshiba.co.jp. as ref 21. Therefore, in this paper, we do not consider the excited
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1: R'=R’=Ph, R’=C F,, R'=t-Bu

2: R'=R’=n-Oc¢, R’=C F,, R'=t-Bu

3: R'=n-Oc, R’=Ph, R’=C F,, R'=t-Bu
M1: R'=R’= Ph, R’=R'=H

M2: R'=R’=Me, R’=R‘=H

M3: R'=Me, R’=Ph, R’=R‘=H o &
0
H1: R'=R’= Ph, R*=R‘= CF, —857!
Figure 2. Molecular structures of Eu(lll) complexes used in our LED S ‘ \
devices {—3), and of model complexe$A1 —M3) used for calculations o ) z
in this paper. Molecular structure of complex Hi also given.
M3 Structure A M3 Structure B

states for intra-#transitions in the Eu(lll) ion, and we consider Figure 3. Two optimized geometries for complexkt., M2, andM3
the excited states for ligand excitations. To our knowledge, this (H atoms are excluded.)
work is the first ab-initio investigation of Eu(lll) complexes

having thregg-diketonates and two phospine oxides for ground tional cost, we used a large core quasi-relativistic ECP, having
and excited states. 46+4f" electrons, for Eu by Dolg et &f For valence orbitals,

Eightfold coordinated Eu(lll) complexes have a square- the (7s6p5d)/ [5s4p3d] basis set was used. For all other atoms,
antiprism structurd® and in this paper, we consider two the 6-31G(d) basis set was used.
coordination geometries (structures A and B) for each complex.
Structure A corresponds to the structure of complek 3. Ground States
(depicted in Figure 2) determined by Hasegawa ét waith The optimized geometries of complexikL, M2, and M3
single-crystal X-ray diffraction. Structure B corresponds to the ¢ poth structures A and B in the ground state are illustrated in
structure of the Eu(lll) complex with thre@-diketonates and  Figyre 3. Since all of the vibrational frequencies are real for
one dipyridyl determined by Batista et%aWith single-crystal  gach complex at both structures A and B, all of the optimized
?(-ray diffraction. In our modgl complexes, the dipyridyl ligand geometries in Figure 3 correspond to the minimum energy
is replaced by two phosphine oxides. For structure A, each hgints. Calculated ligand binding ener@ys, ligand affinity
oxygen atom of phosphine oxide coordinates in another squareg, , and ligand torsion energf for each complex at both
in the square-antiprism structure; for structure B, each oxygen gt ctures A and B are given in TableBg is calculated with
atom of.phosphine oxide.co.ordinates in the adjacent point of a o energy of the free Bti ion and free ligand, calculated at
square in the square-antiprism structure. _ the optimized geometry of free ligand, and the energy of the
This paper is organized as follows. In section 2, the complex. On the other hanB, 4 is calculated with the energy
computational details are described. In section 3, the optimized 5 ihe free E&* ion and free ligand, calculated at the geometry
geometries corresponding to structures A and B are characterizeqn the complex, and the energy of the complExr is Ea —
for each complex in the ground state. In section 4, the electronic E.s. For each complex, the differencefifs between structures
structures of excited states are characterized for each complexy and B is quite small (less than 1 kcal/mol), and the difference
at structures A and B. The efficiency of intersystem crossing o g, , petween two structures is also small. Assuming that the
and energy transfer from the triplet excited state to the Eu(lll) gitference of the energy between structures A and B is also
ion is considered for each complex. In section 5, the concluding gmall for complexed, 2, and3, we can suppose that complexes
remarks are given. 1, 2, and3 can exist at both structures A and B in solution or
in the fluorescence layer of LED. For compld&4l, E g at
structure A is larger than that at structure B. This is in
The calculations were carried out with the Gaussian 03 accordance with the fact that the coordination structure of
package?® DFT calculations were performed by using the complexH1 determined by Hasegawa effalith single-crystal
B3LYP functional. Geometry optimization was carried out X-ray diffraction is the structure A, not the structure B. For
without symmetry constraints. The optimized geometry was complexM3, E.g at structure A is larger than that at structure
confirmed to be the minimum energy point by vibrational B, as well as compleM1. On the other hand, for complex
frequency analysis. The excitation energies and oscillator M2, E g at structure A is smaller than that at structure B.
strengths at the optimized geometry in the ground state were The bond length between Eu and O and the Mulliken charge
obtained by TDDFT calculations. for Eu and O for each complex at both structures A and B are
Considering the fact thdtorbitals do not play a major role  given in Table 2. For compleXM1 at structure A, the
in the Eu-ligand bond¥ and in order to reduce the computa- corresponding bond lengths for complékl determined by

2. Computational Details
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TABLE 1: Calculated Ligand Binding Energy E g, Ligand Affinity E_a, and Ligand Torsion Energy E_r (kcal/mol)

ELB ELA ELT
structure A structure B structure A structure B structure A structure B
M1 1094.89 1093.91 1105.28 1108.63 10.39 14.71
M2 1112.44 1113.34 1125.08 1125.11 12.64 11.77
M3 1104.85 1104.59 1116.04 1117.11 11.19 12.52

TABLE 2: Calculated Bond Length between Eu and O, and Mulliken Charge for Eu and O at the Optimized Geometry

structure A

structure B

bond R(A) atom q bond R(A) atom q

M1 Eu—02(bdk1) 2.469(2.41) Eu 1.319 E®9(bdk1) 2.434 Eu 1.345
Eu—04(bdkl) 2.460(2.39)  02(bdkl)  —0513  EuwO011(bdkl) 2434  09(bdkl)  —0.515
Eu—09(bdk2) 2.457(2.44)  OA4(bdkl)  —0.508  Eu-019(bdk2) 2444  O11(bdkl)  —0.504
Eu—011(bdk2) 2427(2.42)  09(bdk2)  —0521  Eu-021(bdk2) 2407  019(bdk2)  —0.526
Eu—019(bdk3) 2.455(2.41)  O11(bdk2) —0.505  Eu-02(bdk3) 2471  021(bdk2)  —0.508
Eu—021(bdk3) 2461(2.41)  019(bdk3) —0517  Eu-O4(bdk3) 2459  02(bdk3)  —0.518
Eu—026(phP1) 2.436(2.32)  021(bdk3) —0519  Eu-026(phP1) 2479  04(bdk3)  —0.520
Eu—028(phP2) 2434(2.31)  026(phPl) —0676  Eu-028(phP2) 2484  026(phP1l) —0.672
028(phP2)  —0.674 028(phP2)  —0.668

M2 Eu—019(bdk1) 2.490 Eu 1.290 EtO2(bdk1) 2.442 Eu 1.294
Eu—021(bdk1) 2.490 019(bdk1) —0.528 Eu-0O4(bdk1) 2.449 02(bdk1) —0.518
Eu—02(bdk2) 2.443 021(bdkl)  —0528  Eu-019(bdk2) 2493  O4(bdkl)  —0.505
Eu—04(bdk?2) 2.446 02(bdk2) —0.487 Eu-021(bdk2) 2.409 019(bdk2) —0.525
Eu—09(bdk3) 2.446 04(bdk2) —0515  Ew09(bdk3) 2464  021(bdk2) —0.512
Eu—011(bdk3) 2.443 09(bdk3) 0515  Euw011(bdk3) 2480  09(bdk3)  —0.504
Eu-027(MePl)  2.438 O11(bdk3) —0.487  Ew026(MePl) 2463  O11(bdk3) —0.529
Eu-041(MeP2)  2.438 027(MePl) —0652  Euw028(MeP2) 2442  026(MePl) —0.647
041(MeP2)  —0.652 028(MeP2)  —0.651

M3 Eu—02(bdk1) 2.453 Eu 1.306 EtO2(bdk1) 2.451 Eu 1.307
Eu—04(bdk1) 2.468 02(bdk1) ~0519  Eu-O4(bdkl) 2435  02(bdkl) ~0.513
Eu—019(bdk2) 2.439 0O4(bdk1) —0.497 Eu-019(bdk2) 2.470 0O4(bdk1) —0.500
Eu—021(bdk2) 2.490 019(bdk2)  —0.521  Ew021(bdk2) 2408  019(bdk2)  —0.536
Eu—09(bdk3) 2.430 021(bdk2) —0.530 Eu-09(bdk3) 2471 021(bdk2) —0.505
Eu—011(bdk3) 2.462 09(bdk3) —0511  Ew011(bdk3) 2436  09(bdk3)  —0.505
Eu—027(MeP) 2.431 011(bdk3)  —0.489 Eu-027(MeP) 2475  0O11(bdk3)  —0.531
Eu—041(PhP) 2.438 027(MeP)  —0.655  Eu-041(PhP) 2469  027(MeP)  —0.660
041(PhP) —0.675 041(PhP) ~0.666

aFor complexM1 at structure A, the corresponding bond lengths for compléxdetermined by Hasegawa etfalith single-crystal X-ray

diffraction are given in parentheses.

Hasegawa et &lwith single-crystal X-ray diffraction are given

4. Excited States

in parentheses. We cannot find remarkable differences in bond  ~culated electronic spectra of complekés, M2, andM3

length for complexeM1, M2, andM3. On the other hand, the
greater the number of TPPO ligands is, the larger the Mulliken
charge of Eu is, and therefore, we can fi@&u; M1) > q(Eu;
M2) > g(Eu; M3). This is considered to be due to the strong
electron-withdrawing effect of TPPO. However, we cannot find
remarkable differences in the Mulliken charge of O for these
complexes.

To estimate the calculated structure of compldk, we
calculated the freg-diketonate ligand with R= R4 = CF; for
complex H1. The Mulliken charge of O atoms in the free
pB-diketonate ligand with R= R, = H for M1 is —0.538, and
the Mulliken charge of O atoms in the frgediketonate ligand
with Rz = R4 = CF; for complexH1 is —0.559. On the basis
of these Mulliken charges, O atoms in thealiketonate ligand
for complexH1 are considered to be more attractive to the Eu
ion than O atoms in thg-diketonate ligand for complek1,
and the bond length between Eu and O infkdiketonate ligand
in complexH1 is expected to be shorter than that between Eu
and O in thes-diketonate ligand in complel1 assuming that
the steric effect of the GFgroup is small. This is in accordance
with the bond lengths in Table 2. The bond lengths of complex
H1 determined by Hasegawa etfalith single-crystal X-ray
diffraction are 0.040.12 A shorter than those of complsKL.

at structures A (red line) and B (blue line) for singlet excited
states are given in Figure 4. For each complex, the spectrum
whose wavelength is smaller than 260 nm, has been cut. The
calculated excitation wavelength, oscillator strength, main con-
figurations, and character for the singlet vertical excited states
are given in Tables 1S6S (Supporting Information), where H
and L denote HOMO and LUMO, respectively. Complete
spectra can be obtained from these tables. For comlex

the absorption edge is red-shifted, but the oscillator strengths
are small. For complek?2, the oscillator strengths are large,
but the absorption edge is blue-shifted. On the other hand, for
complexM3, the absorption edge is red-shifted and the oscillator
strengths are relatively large. Calculated electronic spectra of
TPPO (yellow line), TMPO (violet line), and bdk (green line)
at the optimized geometry of free ligand are also given in Figure
4. Since the spectra of free ligands are quite different from those
of complexesM1, M2, and M3, the electronic structures of
excited states for complexdsl, M2, andM3 are considered

to be different from those for free ligands.

For complexesM1, M2, and M3, the pictorial displays of
the extent of mixing in the frontier orbitals, which appear in
the main configurations of the wave functions for excited states,
are given in Figure 1S (Supporting Information), as well as in
ref 26 for the Ru complex. The color codes define the sum of
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Figure 4. Calculated electronic spectra of compleik, M2, andM3 at structure A (red line) and structure B (blue line), and calculated electronic
spectra of free ligands; TPPO (yellow line), TMPO (violet line), and bdk (green line).

TABLE 3: Calculated Energy Differences AE;sc and AEgr To estimate the efficiency for emission of the Eu(lll) ion,
(eV) which is the final stage in Figure 1, we have to deal with the
AEisc AEgr intra-4f transitions. This is a subject for future work. From the

structure A structure B structure A structure B Viewpoint of ab-initio calculation, we consider that the spin
orbit configuration interaction calculati&hand the response
m% %'gg g'gg g'gg g'gé theory approach for phosphorescefiaan be used. From the
M3 116 0.99 0.86 0.89 viewpoint of Judd-Ofelt analysi®*° on the ligand field
parameters, we consider that the theoretical approach by Malta
the squares of the molecular orbital coefficients of the total and co-worker¥ can be used.
atomic contributions from Eu and each ligand as denoted. For It is possible to calculate complexds-3. This is also a
complexesM1 andM3, the excited states can be characterized subject for future work. Since the structure®fliketonate in
by the charge transfer from bdk ligand(s) to TPPO ligand(s). complexesl—3 is not symmetric, it is expected that many
On the other hand, for comple®2, the excited states can be coordination structures can exist for complekes. To estimate
characterized by the intra-bdk-ligand(s) excitation. Since each the molecular and electronic structures of compleke8, we
complex has delocalized orbitals among plural ligands, the calculated the freg-diketonate ligand with R= t-Bu and R
electronic structure for each complex is considered to be = CsF; for complexesl—3. The Mulliken charges of O atoms

different from that for free ligands. in this f-diketonate are-0.555 and-0.585. Since the Mulliken
Finally, we consider the sensitization process for each charges of O atoms in the frgkdiketonate ligand with R=
complex. Calculated energy differenceést;sc and AEgr, R4 = H for complexesM1—-M3 is —0.538, O atoms in the

depicted in Figure 1, for each complex at both structures A and g-diketonate ligand for complexds-3is considered to be more
B are given in Table 3AEsc is calculated with the excitation  attractive to the Eu ion than O atoms in {heliketonate ligand
energy difference between the first singlet excited state and thefor complexesM1—M3, and the bond length between Eu and
first triplet excited state by TDDFTAEgr is calculated with O in thes-diketonate ligand in complexds-3 is expected to
the excitation energy for the first triplet excited state by TDDFT be shorter than that between Eu and O infkdiketonate ligand
and the energy difference betwedhand’F for Eu(lll), which in complexesM1—M3 assuming that the steric effect of the
is assumed to be 2.016 eV, corresponding to 615 nm. Fort-Bu group and the €7 group is small. The orbital energy of
efficient sensitization AE;sc must be larger than 5000 crh HOMO for the frees-diketonate ligand with R= R4 = H for

(= 0.62 eV), andAEgT must be larger than 3500 crh(= 0.43 complexesM1—-M3 is —0.09 eV, and that for the free
eV)L. According to Table 3, complexéél, M2, andM3 satisfy p-diketonate ligand with R = t-Bu and R = CsF; for
these conditions. To evaluate the efficiency of intersystem complexesl—3is —1.14 eV. Therefore, the absolute value of
crossing and energy transfer quantitatively, we have to calculateexcitation energy for compleg, 2, or 3 is expected to be
the probability for the nonadiabatic transitions between excited different from that for corresponding model complé&l(, M2,
states of complexes. This is a subject for future work. For energy or M3). However, we expect that the comparison of excitation
transfer, we consider that the theoretical approach by Faustinospectra among complexe$—3 is similar to that among
and co-worker¥ can be used. complexesMi1—M3.
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