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Abstract The red phosphorescent osmium(II) complexes

[Os(LR)2(PH3)2] (L = 2-pyridyltriazole (ptz): R = H (1a),

CF3 (1b), t-Bu (1c)); L = 2-pyridylpyrazole (ppz): R = H

(2a), CF3 (2b), t-Bu (2c)); L = 2-phenylpyridine (ppy):

R = H (3a)) were explored using density functional theory

(DFT) methods. The ground- and excited-state geometries

of the complexes were optimized at the B3LYP/LANL2DZ

and UB3LYP/LANL2DZ levels, respectively. The absorp-

tion and phosphorescence of the complexes in CH2Cl2
media were calculated based on the optimized ground- and

excited-state geometries using time-dependent density

functional theory method with the polarized continuum

model. The optimized geometry structural parameters of the

complexes in the ground state agree well with the corre-

sponding experimental values. The lower-lying unoccupied

molecular orbitals of the complexes are dominantly local-

ized on the L ligand, while the higher-lying occupied ones

are composed of Os(II) atom and L ligand. The low-lying

metal-to-ligand and intraligand charge transfer (MLCT/

ILCT) transitions and high-lying ILCT transitions are red-

shifted with the increase in the p-donating ability of the

L ligand and the p electron-donating ability of R sub-

stituent. The calculation revealed that the phosphorescence

originated from 3MLCT/3ILCT excited state. However, the

complex 3a displayed different types of MLCT/ILCT

excited state compared with that of 1a–2c, and the different

types of transition were also found in the absorption. In

addition, we found that the phosphorescence quantum

efficiency of Os(II) complexes is related to the metal

composition in the high-energy occupied molecular orbi-

tals, it will be helpful to designing highly efficient phos-

phorescent materials.
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1 Introduction

Phosphorescent transition-metal complexes with d6 elec-

tronic configuration has been extensively investigated

experimentally and theoretically in the last decades [1, 2].

These complexes have been applied as highly efficient

electroluminescent (EL) emitters in various potential fields

including organic lightemitting devices (OLEDs) [3], bio-

logical labeling reagents [4], photocatalysts for CO2

reduction [5, 6], as well as catalysts [7]. Most of the above

characters of the d6 metal complexes are ascribed to the

imposed strong spin–orbit coupling effect of the metal

atom, which can effectively promote singlet-to-triplet

intersystem crossing and enhance the consequent radiative
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transition from the triplet state to the single state. Thus, in

theory, an internal phosphorescence quantum efficiency

(gint) could achieved as high as 100% [8].

In the past years, attentions were once focused on Ir(III)

and Pt(II) complexes, such as [Ir(ppy)3] (ppy = 2-phen-

ylpyridine), [Pt(trpy)C : CR]? (trpy = 2,20,60,200-terpyri-

dine) [9, 10], because they hold a large number of

fascinating photochemical properties such as UV/Vis

absorption, photoluminescence, and long-lived emission.

In comparison, although much less explored, Os(II) com-

plexes may gain certain advantages, such as the reduction

of radiative lifetime and hence, a possibility of higher

luminescent efficiency, over the traditional Ir(III) and Pt(II)

emitting materials in OLED applications. So, several

research groups have paid much attention to the Os(II)

complexes, a lot of complexes such as [Os(bpy)3]2?,

[Os(trpy)2]2?, and [Os(CO)3X((acac)R1R2)] (acac = ace-

toylacetonate; X = halides or tfa, tfa = trifluoroacetate;

R1 or R2 = -CF3, -C6H5, -C10H7) [11–13] have been syn-

thesized, and their spectral properties have been investi-

gated both experimentally and theoretically. The results

show that these complexes exhibit high quantum efficien-

cies and long radiative lifetime; the phosphorescence can

be predominantly described as originating from three types

of triplet excited states from the metal-to-ligand charge

transfer (3MLCT) transition, ligand-to-ligand charge

transfer (3LLCT) transition, and intraligand charge transfer

(3ILCT) transition. Furthermore, the phosphorescence

color and transition character can be tuned by changing the

ligand and adding electron-withdrawing and electron-

donating groups on the ligands. Therefore, the Os(II)

complexes can be used as an excellent emitting materials in

OLEDs.

Recently, much attention has been paid to the prepara-

tion of this class of emissive materials with various types of

ligands and to gain more understanding on their associated

photophysical properties aimed at applications as OLEDs.

Several [Os(II)(L1R)2(L2)2] complexes (L1 = 2-pyridyl-

triazole or 2-pyridylpyrazole; R = CF3 or t-Bu, and

L2 = PPh2Me or PPhMe2) have been synthesized experi-

mentally by Chou et al. [14, 15]. The C-linked 2-pyridy-

lazoles show strong acidity, which is reinforced if the

attached R ligand displays electron-withdrawing character

such as CF3, then the azoles will readily lose a proton from

the NH fragment and produce the stable anionic ligands.

The research indicated that the lowest-lying absorption is

from a mixing of MLCT and ILCT transition for these red-

emitting Os(II) complexes. Based on the small variation of

the emission peak wavelengths, they found that the triaz-

olate segment exhibited only a small amount of hypso-

chromic displacement, although its p-accepting character

should be greater than that of the pyrazolate analog. The

phosphorescence lifetimes of ca. 0.6–0.9 ls in degassed

CH2Cl2 for these Os(II) complexes are considerably shorter

than those of most reported red-emitting Ir(III) complexes

[16], implying that the OLED devices fabricated with these

Os(II) complexes could exhibit reduced triplet–triplet

annihilation at higher driving voltages [17]. However, there

is no theoretical report on the relationship between the

geometries and the spectroscopic properties of this new

kind of Os(II) complex.

At present, quantum chemistry methods are advanced

and efficient enough to explore the electronic properties

of transition-metal complexes [18–22]. It is possible to

perform systematic theoretical studies on the electronic

structures and spectroscopic properties of metal com-

plexes. To understand the similarities and differences in

the chemical properties of Os(II) metal complexes with

different ligand and substituent, we theoretically investi-

gated the ground and excited states of a series of

[Os(LR)2(PH3)2] (L = ptz, ppz, or ppy; R = H, CF3, or

t-Bu) complexes. The important relationship between the

quantum efficiencies and the metal composition in the

HOMO was revealed.

2 Computational methods

In this work, Ci 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. To save computational resources, in the calcula-

tions, we use the PH3 group to replace the PPh2Me or

PPhMe2 groups appearing in the real molecules [14, 15]

due to that the phenyl can hardly influence the spectral

properties. Indeed, this kind of simplification has been

successfully applied in many works such as using hydrogen

to replace methyl, phenyl, and cyclohexyl, heavy substit-

uents [21–24].

Time-dependent density functional theory (TD-DFT)

has gained widespread use in photochemistry due to its

reasonable accuracy and low computational cost. This

method has successfully been used in the excited-states

calculations for a variety of molecular systems [25]. The

geometric structures in the ground state and lowest energy

triplet state were fully optimized at the B3LYP [26] and

unrestricted B3LYP (UB3LYP) levels, respectively. On the

basis of the optimized ground- and excited-states geome-

tries, the absorption and emission properties in CH2Cl2
media were calculated by TD-DFT [27] associated with the

polarized continuum model (PCM) [28].

In the calculations, quasirelativistic pseudopotentials of

the Os and P atoms proposed by Hay and Wadt [29] with

16 and 5 valence electrons were employed, and a ‘‘double-

n’’ quality LANL2DZ basis sets associated with the

pseudopotential were adopted. A relative effective core
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potential (ECP) on Os replaces the inner core electrons

leaving the outer core [(5s2)(5p6)] electrons and the (5d6)

valence electrons for Os(II). In addition, to describe the

molecular properties precisely, one f-type and one d-type

polarization function (af = 0.886, ad = 0.34) were aug-

mented to the Os(II) and P atoms. The basis sets were

described as Os (8s6p3d1f/3s3p2d1f), P(3s3p1d/2s2p1d),

C, N, F(10s5p/3s2p), and H (4s/2s). All the calculations are

accomplished using the Gaussian03 (Revision C.02) pro-

gram package [30] on an origin/3900 server.

3 Results and discussion

3.1 Ground-state geometries and the frontier molecular

orbital properties

The main optimized geometry structural parameters in the

ground state together with the X-ray crystal diffraction data

of 2b are given in Table 1, and the optimized geometries

are shown in Fig. 1. The optimized bond lengths and bond

angles of 2b in the ground state are in general agreement

with the corresponding experimental values [14, 15]. The

calculated bond lengths of Os–P1 (2.360 Å), Os–N1

(2.115 Å), Os–N2 (2.075 Å), and N2–N3 (1.352 Å) of 2b

are ca. 0.002, 0.025, 0.002, and 0.003 Å in comparison

with the measured values. In addition, the bond angles and

dihedral angles are also reproduced. The bond angles of

N1–Os–N2 and N1–Os–N5 are 76.5� and 103.5�, which is

in full agreement with their experimental values. The bond

lengths and bond angles of the other complexes are similar

to those of 2b. The dihedral angle of N1–Os–N2–N3 is

about 179.9� for 1a–2c, which indicates that the two che-

lating pyridylazoles ligands establish a nearly planar OsN4

basal arrangement. The planar ligand arrangement is

analogous to those of the porphinato ligand in metallo-

porphyrins such as [Os(ttp)(PPh3)2] (ttp = meso-tetra-

phenylporphinate) [31]. But, for 3a, the ppy ligand and Os

atom do not share the same plane as indicated by its

dihedral angle of N1–Os–C3–C4 (166.2�). The discrepancy

of the geometry structural is reasonable and acceptable,

since the strong interaction among the ppy, PH3 ligands,

and Os atom and results in the twist of ppy plane.

The compositions of the frontier molecular orbital of

1a–3a are given in Table 2 and S-Tables 1–6 (Supporting

Information), and the energy level diagrams of the fron-

tier molecular orbital are given in Fig. 2. Table 2 and

S-Tables 1–6 show that the p*-type molecular orbitals are

mainly composed of L ligand with more than 90.0%

composition, while the first three high-energy occupied

orbitals are dominantly contributed by d(Os) and a spot of

p(L), which are hardly affected by changing the L ligand

and R substituent. This case is similar to the Ir(III) analogs

[trans-(C^N)2Ir(PH3)2]? [32], except that there are more

metal compositions of Os(II) complexes ([50%) in the

high-energy occupied MOs.

From Fig. 2, it is very obvious that the HOMO and

LUMO energy level of 1a–3a show a regular change with

Fig. 1 Structures of

[Os(LR)2(PH3)2] (L = 2-

pyridyltriazole (ptz):

R = H(1a), CF3(1b), t-Bu(1c));

L = 2-pyridylpyrazole (ppz):

R = H(2a), CF3(2b), t-Bu(2c));

L = 2-phenylpyridine (ppy):

R = H (3a))

Table 1 Optimized geometry parameters of 1a–3a for the ground states, together with the experimental values of 2b from X-ray diffraction

Os–P1 Os–N1 Os–N2 N2–N3 N1–Os–N2/C3 N1–Os–N5/C6 N1–Os–N2/C3–N3/C4

1a 2.347 2.115 2.071 1.375 76.8 103.2 179.9

1b 2.363 2.121 2.071 1.367 76.7 103.3 179.8

1c 2.355 2.119 2.076 1.373 76.6 103.4 179.8

2a 2.352 2.121 2.081 1.361 76.6 103.4 179.9

2b 2.360 2.115 2.075 1.352 76.5 103.5 179.9

Expa 2.362 2.090 2.073 1.349 76.5 103.5

2c 2.351 2.114 2.082 1.360 76.6 103.4 179.8

3a 2.328 2.113 76.9 103.1 166.2

Distances are given in Å, angles and dihedral angles in degree
a Experimental results from Refs. [14, 15]
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the variation of the L ligand and R substituent. It can be

noted that, with the enhancement of the p-donating ability

of the L ligand in the order 1a \ 2a \ 3a, the orbital

energy of the HOMO and LUMO remarkably increase,

while the HOMO-LUMO energy gap decrease. The similar

trend was also found at 1a–c and 2a–c, with the increase in

the p electron-donating ability of R substituents in the

order of b \ a \ c, the orbital energy of HOMO and

LUMO increase, and the HOMO-LUMO energy gap also

decrease.

3.2 Absorptions spectra in CH2Cl2 media

The calculated absorptions in the UV–vis region and their

oscillator strengths, the main configuration, and their

assignments are given in Table 3 and S-Tables 7–12 for 1a

and 1b–3a, respectively. The corresponding fitted Gauss-

ian-type absorption curves with the calculated absorption

data are shown in Fig. 3, and S-Figs. 1, 2. To intuitively

understand the electron transition processes, we depicted

the related electron density diagrams in Figs. 4, 5, 6.

As seen in Fig. 3, within the considered energy range, the

absorption spectra of 1a–3a show three absorption bands.

Table 3 and S-Tables 7–12 show the lowest-lying absorp-

tions of 1a–3a at 494 (2.51), 474 (2.61), 503 (2.47), 512

(2.42), 479 (2.59), 524 (2.37), and 586 nm (2.11 eV),

respectively. With respect to 1a, the excitation of MO

46ag ? MO 46au is dominantly responsible for the

absorption band at 494 nm. Table 3 shows that MO 46ag is

composed of 48.7% dxy(Os) and 34% p(ptz), and in MO

46au, the ptz ligand contributes 91.2% p* type component.

Thus, the absorption at 494 nm for 1a can be assigned to a

[dxy(Os) ? p(ptz)] ? [p*(ptz)] transition with MLCT and

Table 2 Partial molecular orbital contributions (%) of 1a in the ground state at the B3LYP level

Orbital Energy (ev) Composition (%) Main bond type Os component

Os 2ptz 2PH3

51au 0.9530 3.2 67.9 28.9 p*(ptz) ? p*(PH3)

50au 0.7026 14.1 11.6 74.3 d(Os) ? p*(ptz) ? p*(PH3) 13.9pz

49au 0.6114 41.8 3.9 54.3 d(Os) ? p*(PH3) 40.9pz

48au 0.5353 22.5 10.8 66.7 d(Os) ? p*(ptz) ? p*(PH3) 22.19pz

49ag 0.4770 34.8 9.7 55.5 d(Os) ? p*(ptz) ? p*(PH3) 11.3dx2�y2 þ 6:7dz2 þ 15:9s

48ag -0.8163 1.8 97.0 1.2 p*(ptz)

47au -0.9415 2.7 93.2 4.0 p*(ptz)

47ag -1.2691 8.2 91.3 0.6 p*(ptz)

46au -1.7734 2.9 91.2 5.9 p*(ptz)

HOMO-LUMO energy gap

46ag -5.0913 61.1 34.0 4.9 d(Os) ? p(ptz) 48.7dxy ? 11.9dyz

45ag -5.3060 79.8 19.8 0.4 d(Os) ? p(ptz) 28:6dxz þ 23:6dx2�y2 þ 23:3dz2

44ag -5.6638 69.6 24.9 5.5 d(Os) ? p(ptz) 53.9 dyz ? 12.3dxz

45au -6.3961 0.2 98.6 1.3 p(ptz)

43ag -6.5904 8.4 90.7 0.9 p(ptz)

44au -7.2494 0.5 99.4 0.1 p(ptz)

42ag -7.2494 0.4 99.5 0.1 p(ptz)

43au -7.4228 1.4 69.1 29.5 p(ptz) ? p(PH3)

42au -7.9276 2.6 96.9 0.4 p(ptz)

41au -8.0522 1.9 78.8 19.4 p(ptz) ? p(PH3)

41ag -8.1284 12.8 83.1 4.2 d(Os) ? p(ptz)
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Fig. 2 Energy-level diagrams of frontier molecular orbitals related to

the absorptions for all the complexes
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ILCT transition characters. In the meantime, the transition

path of the lowest energy absorptions of 1b–2c is similar to

that of 1a at 494 nm (see S-Tables 7–12). But the absorp-

tion of 3a at 586 nm has different character. The only

difference is the contributes of the metal composition of 3a

that originates from the dxz and dx
2

-y
2; thus, the absorption

of 3a can be described as originating from the [(dxz ?

dx
2

-y
2)Os ? p(ppy)] ? [p*(ppy)] excited state with dif-

ferent MLCT/ILCT character from those of 1a–2c. By

comparing the excitation energies of 1a, 2a, and 3a, we

found that the lowest-lying absorption is red-shifted from

1a (494 nm) to 2a (512 nm), and then to 3a (586 nm),

which is consistent with the increasing trend of the

p-donating ability 1a \ 2a \ 3a. In the same way, with

Table 3 Calculated absorptions of 1a in the CH2Cl2 solution at the TD-DFT (B3LYP) level

States Transition |CI Coef.| [0.3 E, nm (ev) Oscillator Assignment

1Au 46ag ? 46au 0.69437 494 (2.51) 0.0108 MLCT/ILCT
1Au 45ag ? 46au 0.70433 477 (2.60) 0.0003 MLCT/ILCT
1Au 44ag ? 46au 0.65475 386 (3.21) 0.2394 MLCT/ILCT
1Au 46ag ? 47au 0.67110 358 (3.46) 0.1551 MLCT/ILCT
1Au 44ag ? 47au 0.65402 312 (3.97) 0.0130 MLCT/ILCT
1Au 43ag ? 46au 0.63092 285 (4.34) 0.1831 ILCT/MLCT
1Au 45au ? 47ag 0.62311 267 (4.64) 0.3235 ILCT
1Au 46ag ? 48au 0.44302 262 (4.72) 0.0169 MLCT/LLCT

46ag ? 49au 0.38396 MLCT/LLCT
1Au 45ag ? 50au 0.58922 250 (4.95) 0.0084 MLCT/LLCT

45ag ? 49au 0.30858 MLCT/LLCT
1Au 43ag ? 47au 0.64303 241 (5.13) 0.1179 ILCT
1Au 44ag ? 48au 0.56091 235 (5.28) 0.0410 MLCT/LLCT
1Au 45ag ? 51au 0.53269 230 (5.38) 0.1169 MLCT

46ag ? 51au 0.33235 MLCT

Fig. 3 Simulated absorption spectra of 1a, 2a, and 3a in CH2Cl2
based on the TD-DFT/PCM calculations

Fig. 4 Single-electron transitions with |CI coefficient| [0.2 in the

TD-DFT calculations for the 494 nm absorption of 1a in CH2Cl2

Fig. 5 Single-electron transitions with |CI coefficient| [0.2 in the

TD-DFT calculations for the 386 nm absorption of 1a in CH2Cl2

Fig. 6 Single-electron transitions with |CI coefficient| [0.2 in the

TD-DFT calculations for the 267 nm absorption of 1a in CH2Cl2
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respect to 1a–c and 2a–c two series of complexes, we also

found that with the increase in p electron-donating ability of

R substituent in the order of b \ a \ c, the lowest energy

absorption wavelengths are red-shifted, which is in accor-

dance with the above analysis of frontier molecular orbital

energy. These features are also familiar for Ir and Pt com-

plexes [33–35].

Table 3 and S-Tables 7–12 also show that the most

representative absorption of the second absorption band of

1a–3a are between 382 and 397 nm. These absorptions are

all attributed to the electronic transition from high occupied

MOs (HOMO-HOMO-2) to low unoccupied MOs (LUMO

or LUMO?1), with the similar oscillation intensity

(*0.22), which is similar to the lowest energy absorption

band in term of transition properties and intensity but is

somewhat different from it in the relevant MO composi-

tions of d(Os) and p(L).

Within the considered energy region, the highest energy

absorption of 1a appears at 267 nm. From Table 3, this

absorption is originated from the transition of MO

45au ? MO 47ag, which have the largest oscillator

strength of 0.3235. Also, MO 45au are dominantly local-

ized on ptz ligand (98.6%), while MO 47ag is contributed

by p*(ptz) with the 91.2% composition. So, this excitations

are dominantly assigned to a [p(ptz)] ? [p*(ptz)] transi-

tion with pure ILCT transition characters. The intense

absorption bands at 259, 280, 280, 268, 290, and 331 nm

for 1b–3a also can be described as a pure ILCT transition

similar to 1a, but with somewhat different p(L) and p*(L)

component. By comparing 1–3a, 1a–c, and 2a–c, we found

that these high-lying transitions have the similar variation

trend as the lowest-lying absorption with the increase in the

p-donating ability of the L ligand and the p electron-

donating ability of R substituen. In addition, taking into

account the highest-lying absorption, two laws can be

drawn: (1) the pure ILCT type transitions are mainly

originated from the transition of au ? ag, and the transi-

tions with other different characters are from ag ? au (see

Table 3 and S-Tables 7–12); (2) the complexes 1b and 2b

have the largest oscillation strength values compared with

the 1a, 1c, and 2a, 2c, respectively (see S-Figs. 1, 2), which

is different from the corresponding Ir(III) analogs [trans-

(C^N)2Ir(PH3)2]? [32]. To intuitively understand the

absorption of these complexes, as examples, we display the

electron density diagrams of 1a in Figs. 4, 5, 6, in which

three single-electron excitations corresponding to the

maximal CI coefficients are involved.

3.3 Excited-state geometries and the emissions spectra

in CH2Cl2 media

The main optimized geometry structural parameters of 1a–

3a in the 3Au excited states are given in S-Table 13. The

calculated results show that the bond lengths, bond angles,

and dihedral angles of the complexes in the excited state

are slightly varied relative to those in the ground state.

Take 1a for example, the calculated Os–P (2.415 Å) and

N1–N2 (1.398 Å) bond lengths in the excited state relax by

ca. 0.068 and 0.023 Å, but the Os–N1 and Os–N2 bond

lengths strengthen by 0.013 and 0.058 Å, respectively. The

calculated bond angles and dihedral angles are slightly

changed by 1.0–2.0�. The structure parameters of 1b–3a

have similar variation trend to that of 1a. The slight

changes of the geometry structural parameters result from

the electron transfer from the metal Os(II) to the L ligand,

which enhances the interaction between Os(II) atom and L

ligand and weakens the interaction between Os(II) atom

and PH3 ligand upon excitation.

The calculated phosphorescence of 1a–3a in CH2Cl2
media together with the measured values are given in

Table 4; the frontier molecular orbital compositions

responsible for the emissions are summarized in S-Table 14;

The diagrams of the single-electron transitions related to the

phosphorescence are shown in Fig. 7 and S-Fig. 3.

According to TD-DFT calculations, the lowest energy

emissions of 1a–3a were obtained at 660, 619, 698, 689, 616,

710, and 692 nm in CH2Cl2 solution, respectively, which

agree well with the corresponding experimental values [14,

15] of 1b (617 nm), 1c (649 nm), and 2b (617 nm). With

respect to 1a, Table 4 shows that the electronic transition of

Table 4 Calculated phosphorescent emissions of 1a–3a using the TDDFTmethod, together with the corresponding experimental values

States Transition |CI Coef.| [0.3 E, nm (ev) Assignment Exptl/nma

1a 3Au 46au ? 46ag 0.71645 660 (1.88) 3MLCT/3ILCT

1b 3Au 62au ? 62ag 0.71122 619 (2.00) 3MLCT/3ILCT 617

1c 3Au 62au ? 62ag 0.71966 698 (1.78) 3MLCT/3ILCT 649

2a 3Au 46au ? 46ag 0.71659 689 (1.80) 3MLCT/3ILCT

2b 3Au 62au ? 62ag 0.70995 616 (2.01) 3MLCT/3ILCT 617

2c 3Au 62au ? 62ag 0.71718 710 (1.74) 3MLCT/3ILCT

3a 3Au 49au ? 49ag 0.70864 692 (1.79) 3MLCT/3ILCT

a From Refs. [14, 15]
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MO 46au ? MO 46ag contributes to the emission at 660 nm.

S-Table 14 shows that MO 46au is contributed by 91.4%

p*(ptz) component, while MO 46ag is composed of 58.5%

(dxy ? dyz)Os and 37.7% p(ptz). Thus, the emission at

660 nm of 1a originates from the 3{[(dxy ? dyz)

Os ? p(ptz)] [p*(ptz)]} excited state with 3MLCT/3ILCT

character. The calculated phosphorescent of 1b–2c has

similar character to that of 1a (see Table 4; S-Table 14). But

the emission of 3a at 692 nm has different 3MLCT/3ILCT

characters. The excitation of MO 49au ? MO 49ag is

responsible for the emission at 692 nm. S-Table 14 shows

that MO 49ag has 74.5% (dxz ? dx
2

-y
2)Os and 24.6%

p(ppy), while MO 49au is dominantly localized on the ppy

ligand. Thus, the emission of 3a at 692 nm can be described

as originating from the 3{[(dxz ? dx
2

-y
2)Os ? p(ppy)]

[p*(ppy)]} excited state. When compared the emission of

1a, 2a, and 3a, results indicate that with the increase in

the p-conjugation effect of the L ligand in the order

1a \ 2a \ 3a, the emission has a red-shift from 660 (1a) to

689 (2a) and then to 692 nm (3a). By comparing 1a–c with

2a–c, we found that with the increase in the p electron-

donating ability of R substituent, the emission wavelengths

are also red-shifted. As in previous investigations, many

researchers have got the similar conclusion [32–35].

Obviously, the phosphorescent excited state is relevant

to both the metal and the ligands, and the intense inter-

action between the metal and the ligands in the frontier

molecular orbitals leads to the spin-forbidden LC (pp*)

transition. The calculated metal compositions in the

HOMOs of 1b, 1c, and 2b are 65.1, 55.4, and 61.5%,

respectively, while their respective measured quantum

efficiencies are 0.62, 0.25, and 0.50 [14, 15], which show

the same trend in both the metal composition and quan-

tum efficiency in the order of 1c \ 2b \ 1b. We can

presume that the more metal components in the frontier

molecular orbital, the more possible can make the spin-

forbidden transition. This law was also found in that of a

series of iridium(III) complexes Ir(C^N)2LX in our

previous investigations [35], and it could be a guidance to

design new phosphorescent material. But, it is only suit-

able to the complexes with the lowest energy absorptions

and emissions mainly from the MLCT transition [36].

4 Conclusions

To provide insight into the properties of their ground and

excited states, detailed calculations on seven novel

[Os(LR)2(PH3)2] (L = ptz, ppz, or ppy; R = H, CF3, or

t-Bu) complexes were performed with the density functional

theory methods and the PCM solvent model. The calculated

results reveal that the higher-energy occupied molecular

orbitals are composed of d(Os) and p(L), while the lower

energy unoccupied molecular orbitals are dominantly local-

ized on the L ligand. The lowest energy absorptions in the UV–

visible region are assigned to a [d(Os) ? p(L)] ? [p*(L)]

MLCT/ILCT transition. The phosphorescence can be descri-

bed as originated from a 3{[[d(Os) ? p(L)] [p*(L)]} excited

state with 3MLCT/3ILCT character.

According to our research, we found that the metal com-

position in the higher-energy occupied orbitals can be adjusted

by tuning the electron-donating ability of the R substituents

and p-conjugation ability of the L ligands. The large metal

compositions in the frontier molecular orbitals can bring about

high quantum efficiency. Furthermore, the MLCT transition is

present in all UV–visible regions along with the LC (ligand-

centered) transition, and this is the decisive factor for the spin-

forbidden electron transition to occur. This law was also found

in a series of iridium(III) complexes Ir(C^N)2LX in our pre-

vious investigations [34], which are very practical to design

highly efficient phosphorescent materials.
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