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Abstract The geometries, electronic structures, and
spectroscopic properties of a series of [0s"™(CO);5(tfa)
(acac(X),)] (tfa = trifluoroacetate; acac = acetoylaceto-
nate; X = H (1), CF3 (2), C6H5 (3), and C10H7 (4))
complexes have been investigated theoretically. The
ground and excited state geometries were optimized at the
B3LYP/LANL2DZ and CIS/LANL2DZ levels, respec-
tively. The optimized geometry structural parameters
agreed well with the corresponding experimental results.
As indicated in this paper, the highest occupied molecular
orbitals were dominantly localized on the Os atom, ctfa
(abbv. of CO and tfa), and acac ligand for 1 and 2, acac
ligand and X substituent for 3 and 4, while the lowest
unoccupied molecular orbitals were mainly composed of
acac ligand and X substituent. Under the time-dependent
density functional theory (TDDFT) level with the polarized
continuum model (PCM), the absorption and phosphores-
cence in CH,Cl, media were calculated based on the
optimized ground- and excited-state geometries, respec-
tively. The calculated results show that the lowest energy
absorptions at 317 (1), 342 (2), 377 (3), and 420 nm (4) are
attributed to a change of nn*/MLCT mixing transition to
pure mw* transition for 1-4, while their phosphorescence
emission have similar transition properties. This indicates

Electronic supplementary material The online version of this
article (doi:10.1007/s00214-008-0482-z) contains supplementary
material, which is available to authorized users.

J.-P. Zhang - X. Zhou - F.-Q. Bai - H.-X. Zhang (X)) -

A.-C. Tang

State Key Laboratory of Theoretical and Computational
Chemistry, Institute of Theoretical Chemistry, Jilin University,
Changchun 130023, People’s Republic of China

e-mail: zhanghx@jlu.edu.cn; canoe8013@126.com

that the absorption and emission transition characters could
be altered by adjusting the 7 electron-donating ability.
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1 Introduction

Transition metal complexes of Os(Il), possessing heavy
transition-metal elements, which are crucial for the fabri-
cation of phosphorescent organic light-emitting diodes
(OLEDs) [1-10], have been extensively investigated in the
last decades both experimentally and theoretically. The
strong spin-orbit coupling effectively promotes singlet-to-
triplet intersystem crossing, and enhances the subsequent
transition from the triplet-excited state to the ground state,
which then facilitates strong electroluminescence by har-
nessing both singlet and triplet excitons. Theoretically, an
internal phosphorescence quantum efficiency (7;,,) that can
be as high as 100% could be achieved [11, 12]. Therefore,
these complexes have been widely applied in solar energy
conversion, luminescence sensing, biotechnology and
electroluminescence displays [13-17].

A series of novel transition metal complexes of
p-diketonate, such as (dbm)H, (thd)H, and (acac)H
(dbm = dibenzoylmethane, thd = 2,2-dimethyl-3,5-hepta-
nedionate, acac = acetoylacetonate), have received
comprehensive attention in recent years [18-23]. These
p-diketonate complexes are mainly divided into two types.
The first one is formed by the f-diketonate ligand and other
bidentate ligands, such as phen(phenanthroline), ppy
(phenylpyridine), etc. [20-23]. The other one is formed by
the f-diketonate ligand and other monodentate ligands
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such as tricarbonyl, halide, and tfa [18, 19]. Several Ir(IIl)
complexes with bidentate ligands such as acac, pico, sal,
and dbm (pico = picolinate, sal = N-methylsalicylimine)
have been synthesized by Thompson and co-workers [21,
24]. The structures, absorption, and emission spectras of
these complexes have been studied both theoretically and
experimentally. The present results indicate that the low-
est-energy absorptions are all assigned to the metal-to-
ligand charge transfer (MLCT) transition, because the
highest occupied molecular orbitals (HOMO) have larger
metal component. This could ensure the high-luminescence
efficiency of these complexes. These complexes as phos-
phors are doped into the emissive layer of the OLEDs,
giving a maximum optical output of 32,500 cd/m>.

Chen et al. have prepared a series complexes of
[Os(CO);X((acac)R R5)], X = halides or tfa, R; or
R, = -CF;, —-C¢Hs, —CoH7, etc. [18, 19], based on ana-
logues of fac-[Re(CO);X(L)] (X = halides, L = bidentate
heterocycles such as 2,2’-bipyridine) complexes [25-31].
Photophysical studies of these Os(I) complexes exhibited
low-lying intraligand nn* absorptions, prominent nm*
phosphorescence, unusually long lifetimes and high
quantum yields (0.05-0.13). Obviously, the lowest-energy
absorptions and emissions of these monodentate com-
plexes are dominated by nm* transition; the metals do not
play a major role, which is different from the bidentate
complexes. Moreover, these Os(CO);(f-diketonate) frag-
ments have been extensively used as the basic building
blocks to construct supramolecular transition—metal
complexes, which may serve as model systems for
photoresponsive  molecular  devices [32-35]. For
example, the complexes of [Osy(CO)4(thd),] and
[0s,(CO)s(thd),], [36, 37] have been synthesized using
hexane solution of (thd)H. So the metal p-diketonate
complexes of Os(II) are very important for the develop-
ments of material science.

Although there are many experimental studies on the
photophysical properties of luminescent [-diketonate
Os(II) complexes, there are few corresponding theoretical
reports on these complexes. A deep insight into the lumi-
nescent mechanism of this kind of complexes is imperative
and significant. Therefore, we carried out this work, aimed
at providing an in-depth theoretical understanding of the
electronic structures and spectroscopic properties of the
[Os(CO)s(tfa)(acac(X)2)] (X = H (1), CF; (2), CeHs (3),
and C;oH; (4)) complexes, as well as the relationship
between the spectra and the X substituent using ab initio
and density functional theory (DFT) [38] methods. Sig-
nificantly, by modifying the peripheral X substituent, the
transition properties and phosphorescent color of lowest-
energy emissions of these complexes could be tuned, which
is very useful for synthesis of new organic luminous
materials.
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2 Computational details and theory

In this work, Cs symmetry was adopted to set the confor-
mation of these complexes in both the ground and the
excited states. The coordination axis is displayed in the
Fig. 1. The geometry of the ground state structure is fully
optimized by using the density functional theory (DFT)
with the B3LYP functional (Becke’s three parameter
functional and the Lee-Yang-Parr functional) [39], while
the geometry of the excited-state structure is fully opti-
mized by the single excitation configuration interaction
(CIS) method [40-47]. With such calculations, the spec-
troscopic properties related to absorption and emission are
obtained by the time dependent density functional theory
(TD-DFT) [48-50] at B3LYP functional associated with
the polarized continuum model (PCM) [51, 52]. This kind
of theoretical approach has been proven to be reliable for
transition metal complex systems [53, 54]. In order to
simulate the UV-visible spectra, the 40 lowest spin-
allowed singlet transitions are investigated.

In the calculations, quasirelativistic pseudopotentials of
the Os atoms proposed by Hay [55] and Wadt [56] with 16
valence electrons were employed, and the LANL2DZ basis
sets associated with the pseudopotential were adopted. To
describe the molecular properties precisely one additional
f-type function was implemented for Os (o« = 0.886). The
basis sets were described as Os (8s6p3d1fl3s3p2d1f), C, O,
F (10s5pl3s2p), and H (4sl2s). Therefore, 197 basis func-
tions and 150 electrons for 1, 265 basis functions and 214
electrons for 2, 321 basis functions and 230 electrons for 3,
401 basis functions and 282 electrons for 4 are included in
the calculations. All the calculations are accomplished by
using the Gaussian03 (Revision C.02) program package
[57] on an origin/3900 server.

3 Results and discussion

3.1 The geometries and frequencies of the four
complexes in the ground and excited states

The geometry of the structure is depicted in Fig. 1, and the
main optimized geometry parameters of these complexes in
the ground and excited states are listed in Table 1, together
with the X-ray crystal structure data of analogues
[Os(CO);1(dbm)] (dbm = dibenzoylmethane) [19]. These
complexes have a ' A’ ground state and an *A’ excited state.
As shown in Fig. 1, the atoms of Os, O(4), C(1), and O(1)
pass through the symmetric plane.

From Table 1, the optimized bond lengths of 1-4 in the
ground state are in general agreement with the available
X-ray data. The calculated bond distances of Os—C(1)
(1.891 A), and Os-C(2) (1.916 A) are ca. 0.03 and
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Fig. 1 Optimized geometry
structures of 1-4 at the B3LYP/
LANL2DZ level

Table 1 Main optimized geometry structural parameters of the complexes in the ground and lower lying triplet excited states at the B3LYP and
CIS levels, respectively, together with the experimental values

Parameter 1 2 3 4 Expt”

IA/ 3A/ IA/ 3A/ IA/ 3A/ IA/ 3A/

Bond lengths (A)

0Os-C(1) 1.910 1.956 1911 1.968 1.891 1.951 1.905 1.950 1.928
0s-C(2) 1.912 1.955 1.914 1.957 1.916 1.957 1.913 1.963 1.917
0s-0(3) 2.092 2.076 2.097 2.088 2.093 2.081 2.092 2.082 2.088
0s-0(4) 2.066 2.040 2.058 2.028 2.072 2.039 2.074 2.037

C(1)-0(1) 1.168 1.133 1.166 1.131 1.172 1.134 1.169 1.134

C(2)-0(2) 1.165 1.132 1.163 1.130 1.168 1.133 1.166 1.131

Bond angles (°)

0O(3)-0s-0(6) 87.9 85.6 86.0 83.1 86.8 83.9 87.0 85.0
C(2)-0s-0(3) 175.2 173.9 174.9 173.1 174.7 174.1 175.1 174.4
C(1)-0s-0(4) 171.0 169.9 170.6 169.3 170.9 170.2 171.5 170.8

Dihedral angles (°)

C(3)-0(3)-0s-0(4) —72.4 —65.6 —69.2 —60.9 —70.6 —63.2 —79.6 —78.3
0(3)-C(3)-C(4)-C(5) 158.6 173.2 135.6 140.5

% From Ref. [19]
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0.001 A, compared with the corresponding analogues
experimental values, respectively. The average osmium—
carbon bond distance (1.900 A) is shorter than that of the
sum (2.04 A) of the covalent radii of Os and sp- and sp°-
hybridized carbons [58, 59]. These structural data indicate
significantly 7 conjugation among the metal-carbonyl
moieties. The bond distance of Os—O(3) (2.093 A) is
overestimated by about 0.01 A. In addition, the bond
angles and dihedral angles are also reproduced. The bond
angles of C(2)-0Os-O(3) of 1-4 is about 175.0°. The
dihedral angle of O(3)-C(3)-C(4)-C(5) is 158.6° for 3, and
135.6° for 4; it is in favor of forming the m-conjugation
between the acac ligand and X substituents. Therefore, X
substituents would act as a strong electron donator in
complexes 3 and 4 when needed. The discrepancy of the
dihedral angle between 3 and 4 is reasonable and accept-
able, since the effect of steric hindrance is bigger for 4.

The main geometry structural parameters of the com-
plexes in the *A’ excited states obtained by the CIS method
are given in Table 1. The geometry parameters of lowest-
lying triplet excited state of 1-4, which show similar ten-
dency, are slightly different from their ground state. The
calculated Os—C(1) and Os—C(2) bond lengths relax by
0.04-0.06 A, but the 0Os—-0(3) and Os—O(4) bond lengths
strengthen by 0.02-0.04 A. The calculated 0(3)-0s-0(6)
bond angle reduces by 2.0°-3.0°. The slight changes of the
geometry structural parameters result from the electron
transfer from the carbonyl ligand to the acac ligand, which
enhance the interaction between Os(II) atom and acac
ligand, and weaken the interaction between Os(II) atom
and carbonyl ligand upon excitation.

The frequencies of 1-4 in the ground and excited states
are calculated, and the calculation results for C=0, Os—
C(1), Os—C(2), Os—0(3), and Os—O(4) stretching mode are
shown in Table 2. From Table 2, we can see the v(C=0)
stretching frequency in the ground state appears at 2,118,
2,063, and 1,983 cm™! for 3, which is in good agreement
with the experimental data of 2,125, 2,047, and 2,031 cm ™!

[19]. Moreover, other complexes also have three analogous
stretching frequencies. The v(C=0) stretching frequency in
the 2A’ excited state appears at 2,291, 2,226, and
2,223 cm™! for 3, the enhancement of the C=0 stretching
frequency in the excited state indicates the strengthening of
the C=0 bonding interaction, which is consistent with the
shortening of the C=0 bond distance in the excited state.
The change trend of the v(Os—O(3)) and v(Os-0(4)) is
similar to that of v(C=0) (see Table 2). In contrast, the Os—
C(1) and Os—C(2) stretching frequencies reduced in the
excited state relative to their ground state, being in line
with the lengthening of their bond lengths in the excited
state. There have also been similar vibration characteristics
of [OsN(C=CH),] [60] and Ir(C*N),LX [23] (C N = bzq,
LX = acac, bzq = benzoquinoline, acac = acetoylaceto-
nate) complexes, the enhancement of stretching frequency
along with the bond length shortening from ground state to
excited state, and vice versa.

3.2 Electronic structure and absorptions spectra
of 1-4 in the ground states

Frontier molecular orbitals, in particular the HOMO and
lowest unoccupied molecular orbitals (LUMO) are very
important, which are related to photoelectronic spectra and
UV spectra. A detailed analysis of the frontier molecular
orbital compositions and energies of these complexes is
presented in Tables 3, 4, 5, and 6, respectively. Moreover,
in order to intuitively understand the orbital and transition
processes, we display the schematic representation of
energies and related transitions of some frontier MO for
these complexes in Fig. 2.

Some interesting trends in the frontier molecular orbital
components and energies of 1-4 are summarized as
follows:

(1) The components of HOMO of 1-4 come mainly
from d(Os), n(ctfa), m(acac), and ©(X) orbitals, while the
LUMO come mainly from n*(acac), and n*(X) orbitals.

Table 2 The calculated and experiment frequency values of the C=0, Os—C, and Os-O stretching modes in the ground and excited states of 1-4

under B3LYP calculations

Frequency (cm™") 1 2 3 4 Expt*
lA/ 3A/ IA/ 3A/ IA/ 3A/ lA/ 3A/
v(C=0) A 2,083 2,295 2,093 2,306 2,118 2,291 2,077 2,297 2,125
v(C=0) B 2,013 2,234 2,026 2,248 2,063 2,226 2,005 2,226 2,047
v(C=0) C 1,997 2,226 2,010 2,240 1,983 2,223 1,993 2,225 2,031
v(0s—C(1)) 509 462 508 426 518 442 511 441
v(0s—C(2)) 484 439 482 413 486 428 488 421
v(0s-0(3)) 584 594 590 601 581 589 606 611
v(0s—0(4)) 617 625 620 628 612 625 614 624

% From Ref. [19]
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Table 3 Molecular orbital compositions in the ground state for [Os(CO);(tfa)(acac(H),)] (1) at the B3LYP level

Orbial Energy (ev) Composition (%) Main bond type Os comp.
Os ctfa acac

542 —0.7603 249 72.4 d(Os) + m*(ctfa) 19.6d,,
53a’ —0.9344 23.3 74.0 d(Os) + m*(ctfa) 11.9d,,
292" —1.2422 96.0 *(ctfa)
524’ —1.3451 294 64.2 d(Os) + m*(ctfa) 9.6d,y +dp_y2
28a” —1.4637 98.7 n*(ctfa)
51a’ —-2.1133 17.3 74.2 d(Os) + m*(ctfa)
27a" —2.1402 13.1 58.7 28.3 d(Os) + m*(ctfa) + m*(acac)
50a’ —2.3783 19.0 74.7 n*(acac) + m*(ctfa)
HOMO-LUMO energy gap
494’ —7.0448 13.6 11.1 75.3 d(Os) + m(acac) + m(ctfa) 7.0d2
262" —8.0203 44.8 51.6 d(Os) + m(ctfa) 35.5d,,
253" —8.0628 453 27.9 26.9 d(Os) + m(ctfa) + m(acac) 26.6d,2_,2 +10.1d
482’ —8.3945 83.6 n(ctfa)
474’ —8.4699 14.7 79.4 n(dbm) + m(ctfa)
243" —8.7112 53.5 36.2 104 d(Os) + n(ctfa) + m(dbm) 41.7d,, + d,,
233" —9.3077 21.7 62.1 16.3 d(Os) + n(ctfa) + n(dbm) 17.5d,,
Table 4 Molecular orbital compositions in the ground state for [Os(CO);(tfa)(acac(CF3),)] (2) at the B3LYP level
Orbital Energy (ev) Composition (%) Main bond type Os comp.

Os ctfa acac CF;
682 —1.2302 22.6 75.0 d(Os) + m*(ctfa) 15.9d,,
463" —1.4017 94.6 ¥ (ctfa)
453" —1.6490 98.7 ¥ (ctfa)
674 —1.6504 29.0 64.1 d(Os) + m*(ctfa) 12.7de_p
662’ —2.4120 19.1 70.4 d(Os) + m*(ctfa)
44" —2.5040 20.0 61.4 16.3 d(Os) + n(ctfa) + m*(acac) 5.5d,; +4.7d,
433" —3.7046 79.6 15.3 n*(acac) + n*(CF3)
HOMO-LUMO energy gap
65a’ —17.8331 219 15.6 61.1 d(Os) + m(acac) + m(ctfa) 9.3d
429" —8.2478 38.6 58.9 d(Os) + m(ctfa) 25.6d,,
644’ —8.3436 13.7 82.2 d(Os) + n(ctfa)
634’ —8.6753 44.0 31.6 229 d(Os) + n(ctfa) + m(acac) 26.8d,,
624’ —9.1752 45.6 323 20.8 d(Os) + n(ctfa) + m(acac) 22.6d,y + 14.6d,2_ 2
41a" —9.4242 11.8 23.1 50.2 14.9 d(Os) + n(ctfa) + m(acac) + n(CF3)
402" —9.6555 20.6 37.7 324 9.3 d(Os) + m(acac) + n(ctfa) 4+ n(CF3) 15.5d,,

The compositions of the metal in HOMO are decreased, but
the compositions of the X substituent in HOMO and
LUMO are increased with the increasing of the = electron-
donating abilities in the order of CF; (2) < H (1) < C¢Hjs
(3) < CioH; (4). So the metal-to-ligand charge transfer
(MLCT) transition is decreased, and ligand-to-ligand/in-
traligand charge transfers (LLCT/ILCT) transition are
increased from 2 to 1, 3 and 4. In addition, the effect of X

substituents for NHOMO (next HOMO) orbitals compo-
nents is bigger compared with NLUMO, especially for 3
and 4.

(2) The energy levels of the HOMO increase in the order
of 2 <1 <3 < 4, which is consistent with the increasing
trend of the & electron-donating ability of X substituents in
the order of CF3 < H < C¢Hs < CoH;, while the energy
levels of the LUMO of the substituted derivatives (2—4)

@ Springer
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Table 5 Molecular orbital compositions in the ground state for [Os(CO);(tfa)(acac(CgHs),)] (3) at the B3LYP level

Orbital Energy (ev) Composition (%) Main bond type Os comp.
Os ctfa acac C¢Hs
734 —0.7821 20.6 13.4 57.6 n*(C¢Hs) + m*(ctfa) + m*(acac)
T2A! —0.9402 17.9 58.2 16.3 d(Os) + m*(ctfa) + n*(CeHs) 9.6d,
502" —1.1723 96.5 ¥ (ctfa)
71a —1.2803 28.9 63.1 d(Os) + m*(ctfa) 14.8d,,
492" —1.3924 97.7 n*(ctfa)
48a" —2.1356 16.6 65.1 14.7 d(Os) + m*(ctfa) + m*(acac) 4.6d,,
702’ —2.1388 16.5 73.1 d(Os) + m*(ctfa) 6.9d2
47a" —2.6629 60.7 325 m*(acac) + n*(CgHs)
HOMO-LUMO energy gap
692’ —6.5730 3.9 55.1 36.8 n(acac) + n(CeHs) 1.5de_y
462" —17.1967 91.5 n(CeHs)
68a’ —7.2048 94.2 n(CeHs)
452" —7.2845 14.8 72.5 n(C¢Hs) + m(acac)
67a’ —7.4059 18.6 124 30.9 38.2 d(Os) + n(CeHs) + m(acac) + m(ctfa) 7.9d,,
66a’ —7.9167 422 19.1 32.5 d(Os) + m(acac) + m(ctfa) 23.1d,,
449" —8.0867 38.3 53.1 d(Os) + n(ctfa) 30.2d,.,
654’ —8.3504 91.6 n(ctfa)
43a" —8.4367 12.6 63.4 19.3 n(acac) + m(CgHs) + m(ctfa)
64a’ —8.7809 49.2 31.9 12.2 d(Os) + m(ctfa) + m(acac) 36.3d,,
Table 6 Molecular orbital compositions in the ground state for [Os(CO);(tfa)(acac(CioH7),)] (4) at the B3LYP level
Orbital Energy (ev) Composition (%) Main bond type Os comp.
Os ctfa acac CioH~
84a’ —1.3772 10.5 20.9 10.3 58.3 d(Os) + ©*(CoH;) + m*(ctfa) + m*(acac) 5.4de_y
83a’ —2.0629 16.7 73.4 d(Os) + m*(ctfa) 6.1d2
6la”’ —2.0918 15.7 64.3 15.7 d(Os) + m*(ctfa) + m*(acac)
602"’ —2.5084 57.1 35.0 n*(acac) + n*(CoHy)
HOMO-LUMO energy gap
82a’ —6.0304 0.2 9.4 90.2 7(C1oH7) 4+ m(acac)
592" —6.1087 91.1 7(C1oH7)
8la’ —6.8467 25.6 66.6 7(C1oH7) 4+ m(acac)
58a" —6.8668 98.2 7(CoH7)
80a’ —6.9126 9.0 49.3 34.8 d(Os) + m(acac) + n(C,oH7) 3.9d,_p
794’ —7.7782 36.8 16.1 314 15.7 d(Os) + m(acac) + n(ctfa) + n(CyoH7) 20.9d,,
57a" —7.8299 33.9 30.6 29.0 d(Os) + n(ctfa) + n(CoH7) 25.7d,.
784’ —7.9874 22.7 18.1 13.7 45.5 d(Os) + n(CyoH7) + n(ctfa) + m(acac) 10.1d,, 4 7.0d»
56a’" —7.9880 13.9 30.0 15.2 40.8 d(Os) + n(C,oH7) + n(ctfa) + m(acac) 9.8d,,

decreased compared with their parent complex 1. So,
apparently the energy gaps of HOMO-LUMO of 3 and 4
shrank, compared with that of 1. Moreover, for 2 the
decreasing of energy level of the LUMO is more remark-
able than that of HOMO, resulting in narrowing of

@ Springer

HOMO-LUMO energy gaps. Therefore, we conclude that
the wavelengths of the electronic ground bands of 2—4 are
red-shifted, compared with its parent complex 1. And, the
change trend of orbital energy of NHOMO and NLUMO is

in agreement with their HOMO and LUMO.
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According to the vertical electron transition mechanism
in the absorption process, the optimized ground-state
geometry of the complexes is kept upon the calculation of
the electron transition. Within the considered energy range,
the absorption spectra of 1-4 show three absorption bands,
the most representative optical transitions and their oscil-
lator strengths, the main configurations, their assignments,
the absorptions of acac(X),  ligand, and the experimental
results [19] as given in Table 7. The fitted Gaussian type
absorption curves are shown in Fig. 3. To intuitively
understand the transition process, we display the electron
density diagrams in Figs. 4, S1, and S2 (Supporting
Information).

For the lowest-lying distinguishable absorption bands,
the most representative absorption of 1-4 is at 317
(3.71 eV), 342 (3.62¢eV), 377 (3.28 ¢V), and 420 nm
(2.95 eV), respectively. Table 7 shows that the excitation
of MO 49a’" — MO 50a’ with the largest CI coefficient of
0.52 dominates the absorption of 1. Based upon the above
discussion on the frontier molecular orbitals, this absorp-
tion can be described as a [d(Os) + m(acac) + 7n(ctfa)]
— [n*(acac) + m*(ctfa)] transition with LLCT/ILCT/
MLCT character, while the lowest energy absorption band
of 2 at 342 nm has a similar transition path. But for 3, the
excitation of MO 69a° - MO 47a” (CI = 0.67) is
responsible for the absorption at 377 nm. As seen in
Table 5, MO 692’ (HOMO) composed of about 36.8%
Cg¢Hs substituent and 55.1% acac ligand, while the MO
47a"” (LUMO) lies above the HOMO by about 3.9 eV, is
mainly localized on the acac ligand and C¢Hs substituent.
Therefore, the absorption of 3 at 377 nm is assigned to

[n(acac) + m(CgHs)] — [n*(acac) + n*(CgHs)] transition
with CgHs-to-acac ligand charge transfer (XLCT) and
intraligand charge transfer (ILCT) character, while the
transition character of 4 at 420 nm is similar to that of 3 at
377 nm. To intuitively understand the absorption of 1-4,
we display the electron density diagrams in Fig. 4, in
which four single electron excitations corresponding to the
maximal CI coefficients are involved. With respect to the
absorptions of 2 at 342 nm, the electron density diagram
shows that the charge transfer located on the Os, acac
ligand, and CF; substituent is attributed to nn*/MLCT
characters, which are in accordance with transition
character of 2 at 336 nm experimentally.

By comparing the absorptions of 2-4 at 342, 377, and
420 nm, we find that the lowest-lying absorptions of the
substituent complexes 2-4 are red-shift, according to
increasing trend of the 7 electron-donating ability of X
substituting group in the order of -CF3; < -C¢Hs < —CoH5.
Moreover, for the lowest-energy absorptions of 3 and 4, the
oscillator strength of 0.77 and 0.59 is far larger than that of
corresponding lowest-energy absorptions of 1 and 2. The
phenomenon can be attributed to the presence of the strong
resonance forms when strong electron-donating group are
attached to the acac ligand, namely, the spin-allowed low-
est-lying absorptions band, undergoes an increase of
intensity and a red shift, regardless of the electron-donor or
electron-acceptor nature of the substituents. In addition, we
have calculated the lowest-energy absorption of
(acac)(CyoHy), ™~ ligand at 393.79 nm, which is close to the
lowest-energy absorption of 4 at 420 nm. This indicates that
the contribution of metal Os to the lowest-energy absorption
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Table 7 Absorptions and phosphorescence of 1-4 in CH,Cl, under TD-DFT (B3LYP) calculations, together with experimental values

Transition Config (CI coeff) E, nm (ev) Oscillator Assignment Aexpu (NM)*
Absorptions
1 X'A - A'A” 492" — 502’ (0.52) 317.47 (3.91) 0.0146 LLCT/ILCT/MLCT
492" — 274" (0.45)
X'A - B'A/ 262" — 274" (0.58) 250.19 (4.96) 0.0789 MLCT/LLCT
X'A - C'A 242" — 51a’(0.35) 215.79 (5.75) 0.1219 MLCT/LLCT
26a" — 28a" (0.34)
2 X'A > A'A” 652" — 432" (0.59) 342.72 (3.62) 0.0288 LXCT/ILCT/MLCT 336
X'A - B'A” 402" — 43a’ (0.55) 238.35 (5.20) 0.0784 MLCT/LLCT
X'A - C'A 622’ — 662’ (0.36) 210.89 (5.88) 0.0238 MLCT/LLCT
652" — 68’ (0.24)
3 X'A - A'A” 693" — 472" (0.67) 377.84 (3.28) 0.7719 XLCT/ILCT 367
X'A - B'A” 67a' — 473" (0.55) 284.95 (4.35) 0.0539 MLCT/LLCT 280
X'A - ClA 44a" — 48a’" (0.59) 245.16 (5.06) 0.0459 MLCT/LLCT
4 X'A - A'A” 82a’ — 60a” (0.69) 420.61 (2.95) 0.5880 XLCT/ILCT
X'A - B'A” 80a’ — 60a” (0.56) 322.56 (3.84) 0.0526 MLCT/LLCT
X'A - C'A” 78a' — 60a” (0.47) 256.60 (4.83) 0.1579 MLCT/LLCT
Ligand(acac(X),) Absorptions
1 X'A - A'B, 2b; — 2a, (0.60) 246.89 (5.02) 0.4389 T -
2 X'A - A'B, 3b; — 3a, (0.61) 249.21 (4.98) 0.4371 T - Tt
3 X'A - A'B, 10b, — 11a, (0.54) 256.54 (4.82) 0.5245 T — m*
4 X'A - A'A” 442’ — 422" (0.66) 393.79 (3.15) 0.2689 T — ¥
Phosphorescences
1 X3A > A A 272" — 492’ (0.56) 44441 (2.79) SLLCT/ILCTAMLCT
502" — 492’ (0.50)
2 X3A - A'A 432" - 65a'(0.75) 521.54 (2.38) SLLCT/LXCT/AMLCT 545
3 X°A - A'A’ 473" - 692’ (0.75) 561.15 (2.21) SLXCT/ILCT 541
4 XA > A'A 602" — 82a’ (0.61) 525.48 (2.36) 3XLCTPILCT
% From Refs. [18, 19]
0.8 Table 7 shows that the most representative absorption
1 i —1 of second absorption band of 1-4 are at 250 (4.96 eV),
077 : g 238 (5.20 eV), 284 (3.28 eV), and 322 (3.84 ev),
064 A 4 respectively. With respect to 1, the excitation of MO

Oscillator strength(f)

200 300 400
Wavelength(A/nm)

Fig. 3 Simulated absorption spectra with Gaussian curve based on
the data calculated under the TD-DFT method in CH2CL2 for 1-4

is very small and the lowest-energy absorption is from nn*
transition, which are in accordance with the analysis of the
frontier molecular orbital compositions.

@ Springer

262" — MO 27a"” with the configuration coefficient of
0.58 contributes to the absorption at 250 nm. Table 3
shows that MO 26a” has 35.5% d,,(Os), and 51.6%
n(ctfa), while MO 27a’” has 13.1% d(Os), 58.7% mn(ctfa),
and 28.3% m(acac) composition. Thus the absorption at
250 nm is mainly attributed to a [d,.(Os) 4 m(ctfa)] —
[*(ctfa) 4+ m*(acac)] transition with MLCT/LLCT char-
acter, while the absorption of 2-4 at 238, 284, and 322 nm
has similar transition character to that of 1 at 250 nm,
except for the slight effect of X substituent. By the
second absorption band, we find that with the increasing
of 7 electron-donating ability of X substituent in the order
of 2 <1<3<4, the absorption wavelengths are red-
shifted, which is different from the first absorption band.
From the electronic density diagrams depicted in Fig. S1,
the absorptions of 2 and 3 are assigned to the MLCT/nn*
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Fig. 4 Single electron transitions with the maximum CI coefficients
under TD-DFT calculations for the lowest energy absorptions of four
complexes in CH,Cl,

transition, which are in accordance with above analysis of
molecular orbital composition.

For the third absorption band, the most representative
absorption of 1-4 appears at 215 (5.75 eV), 210 (5.88 eV),
245 (5.06 eV), and 256 nm (4.83 eV), respectively.
Table 7 shows that the excitation of MO 24a” — MO 514’
is the dominant contribution to the absorption of 1 at
215 nm. Table 3 shows that MO 24a’ is mainly composed
of 53.5% d(Os), 36.2% n(ctfa), and 10.4% mr(acac), while
the MO 51a’ is the 17.3% d(Os) and 74.2% n*(ctfa) type
orbital, so the absorption can be described as a
[d,,(Os) + m(acac) + m(ctfa)] — [d(Os) + m*(ctfa)] tran-
sition with MLCT/LLCT character. The absorptions of 2—4
at 210, 245, and 256 nm have similar transition character to

that of 1 at 215 nm. It is similar to the second absorption
band. Moreover, by electronic density diagrams (Fig. S2)
we can further understand the process of excitation.

The UV-vis spectrum of 2 in CH,Cl, shows that the
L2/"MILCT band is at 336 nm, two stronger absorption
bands of 3 are at 367 and 280 nm, which are consistent
with calculated absorption bands at 342 nm of 2, 377 and
284 nm of 3.

3.3 The emission spectra of 1-4 in the CH,Cl, solution

In the TD-DFT calculations, the phosphorescences of 1-4
are from *A’ excited state. The calculated phosphorescence
and the measured emission in CH,Cl, media are summa-
rized in Table 7. The frontier molecular orbital
compositions that are responsible for the emissions are
compiled in Table 8. The intuitive electron transition dia-
gram of the emission is shown in Fig. 5.

For the calculated phosphorescence at 444.41 nm
(2.79 eV) of 1, the excitation of MO 27a"” — MO 49a’ has
the largest configuration coefficient (0.56) and causes the
emission. The orbital analysis reveals that the emission
originates from the 3[n(acac) + d,%(0s) + n(ctfa) —
m*(ctfa) + m*(acac)] transition with SLLCT/AILCT/
*MLCT character. Figure 5 displays an intuitive electron
transition diagram of the emission; we can perceive that the
emission is attributed to nn*/MLCT characters.

The calculated phosphorescences of 2 and 3 are at
521.54 (2.38 eV) and 561.15 nm (2.21 eV), respectively.
The emission of 2 at 521 nm arises from X°A — A'A/
transition and the excitation of MO 43a” — MO 652’ is the
dominant contribution. As seen from Table 8, the MO 432"’
(LUMO) are significantly localized on the acac ligand
above 77% compositions, while the MO 65a’ (HOMO) are
mainly contributed by Os(Il), ctfa, and acac ligands.
According to above analysis, the phosphorescence is
attributed to the 3[d(Os) + m(acac) + m(ctfa) - =
*(acac) + n*(CF;)] transition with ‘LLCT/LXCT?/
MLCT characters, which is very similar to that of complex
1, except the slight effect of —CF; group. The analogous
trend has been observed from the absorption spectrum of 2.
From Tables 7 and 8, the phosphorescences at 561 nm of 3
and 525 nm of 4, originating from the MO 472" — MO
692’ and MO 602" — MO 82a’ transition, are essentially
attributed to the 3[n(acac) + n(X) — 7w*(acac) + n*(X)]
3pm* transition, which are in accordance with their lowest
energy absorption in term of transition properties. Experi-
mentally, the measured phosphorescences of 2 and 3 at 545
and 541 nm in CH,Cl, media have been tentatively
assigned to a *nn*/°MLCT transition. The proportion of
MLCT transition is very small, only 11% for 2. For 3 and
4, the X substituent compositions increase from 27.8% of 3
to 88.8% of 4 in HOMO, while the metal compositions
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Table 8 Molecular orbital compositions (%) in the A’ excited states for 1-4 at the B3LYP level of theory

Orbital Energy(ev) Composition (%) Main bond type Os comp.
Os ctfa acac X
1 274" —2.1105 437 55.6 n*(ctfa) + m*(acac)
50a’(L) —2.3503 12.1 56.0 31.8 d(Os) + m*(ctfa) + m*(acac) 4.7d,,
49a'(H) —6.8527 19.3 12.6 68.1 d(Os) + m(acac) + m(ctfa) 11.1d
26a" —7.6840 42.1 54.5 d(Os) + m(ctfa) 34.1d,,
2 449" —2.4047 12.5 73.8 12.0 d(Os) + m*(ctfa) + n*(acac) 4.0d,,
43a"" (L) —3.3206 3.8 76.8 14.7 n*(acac) + n*(CFs)
65a’(H) —7.4478 28.2 17.9 52.1 d(Os) + m(acac) + m(ctfa) 13.6d2
42a" —7.8554 38.5 58.9 d(Os) + n(ctfa) 29.8d,,
3 702’ —1.7848 15.6 64.1 15.3 d(Os) + m*(ctfa) + n*(acac) 5.5d.
47a"(L) —2.7364 55.0 344 n*(acac) + n*(CeHs)
69a’(H) —6.3125 58.0 27.8 d(Os) + m(acac) + n(CeHs) 34dp
462" —7.1724 24.1 21.5 437 d(Os) + n(C¢Hs) + m(acac) 9.6d,. + 8.6d,;
4 6la” —1.8561 17.5 60.0 15.7 d(Os) + m*(ctfa) + n*(acac) 4.2d,, + 3.6d,,
602" (L) —2.4240 52.5 40.9 n*(acac) + n*(CoHy)
82a'(H) —6.0162 0.3 10.7 88.8 n(CioHy) + m(acac)
59a" —6.1066 8.2 90.5 7(C,oH7) + m(acac)

Fig. 5 Transitions responsible
for the emissions at 444, 521,
561, and 525 nm for 1-4,
respectively, simulated in
CH,Cl,

Energy (ev)

444 .41 nm

GOA"

47A"

561.15 nm

525.48 nm |

reduce, directly leading to the change of transition
properties.

We have presented in the above discussions that the
lowest-energy emissions and absorptions have the same
transition character for each complexes; the phosphores-
cent emissions should come from the lowest-energy
absorptions. The energy differences between the calculated
lowest-energy absorptions and emissions of 1-4 are 1.12,

@ Springer

1.24, 1.07, and 0.59 eV, respectively, as the Stokes shifts
the modest shifts, are in agreement with the little change
between the ground- and excited-state structures. In addi-
tion, the emission of 1-3 is still dominated by
phosphorescence, as indicated by its large Stokes-shift; but
for 4, the emission is dominated by phosphorescence and
fluorescence, as indicated by its smaller Stokes-shift, and
the fluorescence of 4 at 439 nm was also calculated.
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Obviously, the phosphorescent excited state is relevant
to both the metal and the ligands, and the intense interac-
tion between the metal and the ligands in the frontier
molecular orbitals leads to the spin-forbidden LC (nn*)
transition. Many researchers of Ir complexes have specu-
lated that the more metal components in the frontier
molecular orbital (HOMO) make the spin-forbidden tran-
sition more possible, and it could enhance the quantum
efficiencies of complexes [21, 23, 24, 59-65]. In this work,
the metal components of 2-3 in the frontier molecular
orbital are reduced, but the emission yields increase from 2
(0.05) to 3 (0.13). It indicates that this conjecture is inap-
plicable for this kind of Os complexes, or it may be suitable
to the lowest energy absorptions and the emissions of
complexes mainly from the MLCT transition. Further
experimental and theoretical studies are needed to consider
this problem. At last, we hope that these theoretical studies
will assist in the design of highly efficient phosphorescent
materials.

Time-dependent density functional theory (TDDFT) has
gained widespread use in photochemistry due to its rea-
sonable accuracy and low computational cost. This method
has successfully been used in the excited state calculations
for a variety of molecular systems [23, 66—69]. However,
very recently some studies have also highlighted an
underestimation of low-lying TDDFT excitation energies
associated with significant charge transfer (CT) [70-72].
Consequently, some of research groups [73, 74] consider
correcting TDDFT by using different exchange-correlation
functionals, for instance, the newly developed LC-TDDFT
method [75]. But, the LC scheme is only used in some
small molecular systems via the software program written
by “their own administrator”. Therefore, in the present
work we made use of the TDDFT method to calculate the
charge-transfer excitation energy. And the -calculated
results are in good agreement with the experiment
observations.

4 Conclusions

In this paper we investigate the geometry structures and
absorption, and phosphorescent properties of four Os(II) f5-
diketonate monodentate complexes theoretically. The cal-
culated results reveal that the transition properties of 1-4
change from nn*/MLCT mixing transition to pure nm*
transition with the increasing of the m electron-donating
ability of X substituents; the absorption and emission
wavelength of substitution derivatives (2—4) are red-shifted
compared with that of parent complex 1. This indicates that
the emission color could be adjusted by changing electron-
donating ability of the X substituent. Therefore, these

p-diketonate complexes can be used to design many
luminescent materials.
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