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We present the electronic structure, absorption and emission spectra, as well as
phosphorescence efficiency of a series of cyclometalated Ir(III) complexes to shed
light on the effect of different substituent on the electronic structures and
phosphorescence efficiency. The high quantum yield of 1 comapred to 4 is explained
based on the S;-T; S?litting energy (AEsi.t1), the transition dipole moment (us;) and
energy gap between *"MLCT/n-1* and *MC d-d states. The designed complexes 2 and

3 are expected to be the potential phosphorescence emitters in OLEDs with high
quantum efficiency.
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The electronic structure, absorption and emission spectra, as well as phosphorescence

www.rsc.org/ efficiency of (ppy),Ir(PPh,"SiO) (1), (ppy).Ir(P(CH;),"SiO) (2), (ppy).Ir(PH,*Si0O) (3), and
(dfppy),Ir(PPh,”SiO) (4) [where ppy=2-phenylpyridne, dfppy=2-(2,4-difluorophenyl)pyridine
and (PR,”"Si0) is an organosilanolate ancillary chelate] were investigated by using the density
functional theory (DFT) and time-dependent DFT (TDDF) methods. The results revealed that
the subtle differences in geometries and electronic structures result in different spectral
properties and the quantum yields. Compared with 1, the substituent H in 3 leads to obvious
red shift in absorption spectra, while the substituent CH; leads to a blue shift for 2 in the
emission spectra. Moreover, the S;-T, splitting energy (AEg;.11), the transition dipole moment
(usi, transition from Sy, — S;) and the energy gap between the metal-to-ligand charge transfer
SMLCT/n-n* and metal-centered *MC/d-d states (AEyc.mier) were also calculated. It was
found that the designed complexes 2 and 3 have smaller AEg;. 11, larger pug; and AEyc.micers
which make them having higher quantum yield compared with the experimentally synthesized
complexes. Therefore, they are expected to be the potential candidates as the emitting
materials with high quantum yield.
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problem. Reliability and accuracy of the modern computational
methods have been widely recognized. Our work is to
theoretically provide specific information on the electronic
structures and spectral properties, as well as explore the effect
of different substituents on the photophysical properties of the

studied complexes.
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Fig. 1 Schematic structures of the complexes 1-4.

Recently, Zhang et al  reported Ir(Ill) complex
(ppy)2Ir(PPh,”Si0) (1) and (dfppy),Ir(PPh,"SiO) (4) *° (Fig. 1)
(where ppy=2-phenylpyridne, dfppy=2-(2,4-difluorophenyl)pyridine
and (PR,"SiO) is an organosilanolate ancillary chelate). They have a
new class of PR,"SiO chelate, which should provide different
properties from those of previously discussed ancillary ligands.
Highly intensive luminescence was observed for complexes 1 and 4
with A, located at 520 nm and 499 nm. However, the experimental
quantum yield of 1 (0.90) is much larger than that of 4 (0.59).
Meanwhile, the recent report indicates that material with fluorine
substituent is harmful for the longevity of OLEDs. '® From this point
of view, the complex 1 is would be more superior than 4. Based on
complex 1 without fluorine substituent, we designed complexes
(ppY)>Ir(P(CH,),"Si0) (2) and (ppy)Ir(PH,'SIO) (3) (Fig. 1),
aiming at exploring the effects of different substituents on the

electronic structures and optoelectronic properties of these Ir(IIT)

complexes.

2 Computational details

The ground state and the lowest-lying triplet excited state geometries
for each complex were optimized by using the density functional

theory (DFT) '7 with the hybrid-type Perdew-Burke-Ernzerhof

2| J. Name., 2012, 00, 1-3
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exchange correlation functional (PBEO) and the unrestricted PBEO
(UPBEO), '® respectively, which have been proved to be particularly
efficient and accurate for the calculation of transition metal
complexes and organic dyes. '° There were no symmetry constraints
on these complexes. The calculated vibrational frequencies for the
studied complexes indicate that there was no imaginary frequency on
the optimized geometries, which means that the geometries are on
the minimum on the potential energy surface. Single-point

calculations were performed at the optimized ground-state

geometries of these complexes. Besides, the electronic

configurations of *MC d-d states were calculated following the

literature methodology, R

in which optimization starts with a
distorted molecular geometry by large elongating the metal-ligand
bonds. To obtain the absorption and emission spectra, time
dependent DFT (TD-DFT) calculations ** associated with the
polarized continuum model (PCM) * in dichloromethane (CH,Cl,)
media, were performed on the basis of the optimized ground- and
lowest triplet excited-state equilibrium geometries. Due to the
problem of TDDFT in calculating the charge transfer excited states,
2 one should be cautious in selecting a suitable functional in
predicting the emission spectra. Herein, four different functionals
(PBEO, B3LYP, M052X and M062X ) were performed to assess the
effect of different DFT functionals on the emission spectra of 1 and
4. The B3LYP functional has been used widely to study the excited
states of various compounds, however it sometimes fails to describe
the charge transfer excitations.”> The PBEO functional has been
shown to improve the accuracy of excitation energies and charge
transfer bands in metal complexes for both gas phase and solution
calculations.”*'® Recent studies show that M052X and MO062X
functionals can well describe charge transfer excitations.”” Our
results indicated that M052X is more accurate in reproducing the
experimental dada (Table S1, Supporting Information). Therefore, it
is selected in the calculation of emission spectra.

Considering large numbers of electrons, the LANL2DZ basis
set 28 was employed on the Ir atom, while the 6-31G* ? basis

set was used on C, H, F, N, O, P and Si atoms in the gradient

optimizations. A relativistic effective core potential (ECP) on Ir

This journal is © The Royal Society of Chemistry 2012
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replaces the inner core electrons, hence leaving the outer core
5525p® and 5d° as the valence electrons of Ir(III). These basis
sets have been proved to be reliable for cyclometalated Ir(II)
complexes. *° All calculations were performed with the
Gaussian 09 package. *' GaussSum 2.2.5 program *? was used
for the distribution of the total density-of-state analysis as well
as UV/Vis spectra analysis. The pictorial representations of the
structures and molecular orbital were generated using Molekel
43.%

3 Result and discussion

3.1 Molecular Geometries in Ground and Excited States

The optimized geometry parameters of the studied complexes
in singlet ground state (Sy) and triplet excited state (T,) are
shown in Table 1. For Sy, the optimized structure of the studied

four complexes is given in Fig. 2.

ISEREE - -

Fig. 2 Optimized ground state structures of the complexes 1-4.

Comparing 1 with 4, the bond distances between Ir and other
atoms are nearly unchanged. Namely, geometry structure is not
strongly affected by the addition of fluorination. As for 1 and 2, the
Ir-P bond distances are 2.447 and 2.396 A, respectively. The
existence of CH;3 which size is smaller than phenyl group makes the
steric hindrance decreased, strengthening the interaction of Ir atom
with P(CHj;),"SiO group. The Ir-P bond distance of 3, where phenyl
group is replaced by H, is 2.378 A, smaller than the corresponding
values in 1 and 2. Because the absence of the phenyl group in the
PR,”SiO ligands reduce the steric hindrance significantly, it is easier
for electrons in PR,"SiO ligands and Ir atom to transfer with each
other. At the same time, smaller PR,"SiO ligands result in a tight
arrangement of Ir and ligands in 2 and 3. Compared with 1, the
relatively shorter distance between Ir and ligands in 2 and 3 may
facilitate the charge transfer transition between the metal and
ligands, eventually enhancing the quantum yield.

The geometry parameters of the studied complexes in the lowest
triplet excited states are also listed in Table 1. The calculated Ir-N1
bond distances in 1 and 2 are reduced in T, states (Table 1)
compared with S, states. For Ir — C and Ir — O bond distances, they
are also shortened significantly in T, states compared with those in
Sy states especially in 2 and 3, which could increase the
interaction between metal and ligands. These differences in
structure can attribute to the different electronic structures between

So and T states.

Table 1 Main optimized bond distances of the complexes 1-4 in the ground and the lowest lying triplet states.

Bond length (A) 1 2 3 4
So T, So T, So T, So T,
Ir-N1 2.040 2.029 2.040 2.031 2.040 2.053 2.039 2.056
Ir-C1 2.004 1.966 1.999 1.971 2.000 1.994 2.001 2.002
Ir-C2 2.020 2.013 2.028 2.014 2.021 1.975 2.018 1.999
Ir-N2 2.070 2.086 2.070 2.086 2.066 2.049 2.070 2.026
Ir-P 2.447 2.528 2.396 2.463 2.378 2.438 2.447 2.479
Ir-O 2.159 2.122 2.167 2.123 2.186 2.170 2.146 2.126

This journal is © The Royal Society of Chemistry 2012
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3.2 Frontier molecular orbital analysis

To further study the electronic structure of the studied complexes,
we provide the contour plots of the calculated energy of HOMO and
LUMO and energy gaps of 1-4 in Fig. 3. The detailed information of
molecular orbital, including compositions, energies of metal and

ligand orbitals are listed in Tables S2-SS5, respectively, in

Supporting Information.
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Fig. 3 Contour plots of the HOMO and LUMO and energy gaps for
the complexes 1-4.

It is known that the character of the frontier orbital and the
HOMO-LUMO energy gap have a great influence on the properties
of the complexes. Fig. 3 shows that all complexes have similar
FMOs, i.e., HOMO is localized on the d orbital of Ir and & orbital of
ppy/dfppy and PR,"SiO, while the LUMOs are mainly concentrated
on the 7 orbital of ppy (or dfppy). Take 2 as an example. The
HOMO is composed of 39% d(Ir), 46% mn(ppy), and 14%
n(P(CH;),"Si0), while the LUMO has 96% n*(ppy). The electron
densities of the HOMO and LUMO distributions are hardly
influenced by different substituents on the ancillary ligands.

However, the different substituents in the PR,*SiO ligand have a
significant effect on the energy levels as shown in Fig. 3. For 2 with
CH; substituent, the energy of HOMO and LUMO shows a
difference of 0.01 eV and -0.01 eV compared with those of 1. And
the energy gap of 2 is narrowed by 0.02 eV. The H substitution in
complex 3 stabilizes both HOMO and LUMO energy levels. The

decreasing tendency of the HOMO energy level is more significant

4| J. Name., 2012, 00, 1-3
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than that of LUMO in 3, which results in the increase of the HOMO-
LUMO energy gap by 0.07 eV in comparison with that of 1.
Moreover, LUMO and LUMO+1 of 2 and 3 almost degenerate,
which can stabilize the excited electrons easily and make 2 and 3
have a better capability in holding the excited electrons, finally result

in a better electron transportation process.
3.3 Absorption spectra

TDDFT calculations are widely used to calculate the absorption
properties of Ir complexes on the basis of the optimized
geometries.34 Here, the TDDFT/B3LYP method with PCM in
CH,Cl, was used to calculate the vertical excitations to discuss the
absorption properties of the studied complexes. The calculated
results of the complexes 1-4 are shown in Table 2. We list the most
leading singlet excited states (with larger CI coefficients) and the
triplet state associated with their oscillator strengths, dominant
orbital excitations and their assignments, along with the
corresponding experimental data.

The calculated lowest-lying absorption of 1 at 426 nm, 360 nm
and 261 nm are comparable to the experimental values '° 402 nm,
361 nm and 260 nm, respectively. This means that our calculated
absorption data can well reproduce the experimental ones. For
complex 1, the lowest lying singlet-singlet transition primarily
comes from HOMO to LUMO (97%) with the absorption band at
426 nm. The HOMO of 1 extends to Ir and ppy ligands with some
distribution on the PPh,"SiO ligand, whereas the LUMO is mainly
localized on ppy ligands. Thus, the lowest-lying absorption can be
described as metal to ligand charge transfer (MLCT)/intraligand
charge transfer (ILCT)/ligand to ligand charge transfer (LLCT). The
lowest-lying absorption band of 2 is localized at 426 nm and the
HOMO — LUMO is

excitation  of assigned  to

d(Ir)+n[ppy+P(CH3),"SiO)] »n*(ppy) with the character of
MLCT/ILCT/LLCT, which shows that different substituent does not
make significant effect on transition character. For complexes 3 and
4, the lowest-lying absorption is blue-shifted by 12 nm and 23 nm

compared with that of 1.

This journal is © The Royal Society of Chemistry 2012
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Table 2 Calculated wavelength (nm)/energies (eV), oscillator strength (f) and dominant orbital excitations of the lowest singlet and triplet
vertical absorptions for the complexes 1-4, along with experimental data.

State Aeal/E f Configuration (100%) Nature Exp.*
1 S 426/2.91 0.0275 HOMO — LUMO (97%) MLCT/ILCT/LLCT 402
Ss 360/3.44 0.0252 HOMO-1 — LUMO (78%) MLCT/ILCT/LLCT 361
HOMO-1 — LUMO + 1 (15%) MLCT/ILCT/LLCT
Sao 261/4.75 0.1296 HOMO-2 — LUMO + 5 (48%) LLCT/ILCT 260
HOMO-2 — LUMO + 6 (14%) LLCT/ILCT
T, 462/2.68 0.0000 HOMO — LUMO (58%) MLCT/ILCT/LLCT
HOMO — LUMO+1 (20%) MLCT/ILCT/LLCT
2 S 426/2.91 0.0482 HOMO — LUMO (96%) MLCT/ILCT/LLCT
S» 283/4.38 0.1021 HOMO-2—LUMO+2 (32%) LLCT/ILCT
HOMO-5—LUMO (13%) MLCT/LLCT/ILCT
HOMO-1-LUMO+4 (10%) MLCT/LLCT/ILCT
Sa9 264/4.70 0.1491 HOMO-2—LUMO+4 (56%) ILCT/LLCT
HOMO—LUMO+6 (12%) MLCT/LLCT/ILCT
S3 260/4.77 0.2091 HOMO-8—LUMO (22%) MLCT/LLCT/ILCT
HOMO-5—LUMO+2 (10%) MLCT/LLCT/ILCT
HOMO-3—LUMO+3 (20%) MLCT/LLCT/ILCT
HOMO—LUMO+6 (12%) MLCT/LLCT/ILCT
T, 465/2.66 0.0000 HOMO — LUMO (53%) MLCT/ILCT/LLCT
HOMO — LUMO+1 (30%) MLCT/ILCT/LLCT
3 S 414/3.00 0.041 HOMO—LUMO (97%) MLCT/LLCT/ILCT
Sio 281/4.41 0.1669 HOMO-5—LUMO (17%) ILCT/LLCT
HOMO-4—LUMO (17%) MLCT/LLCT/ILCT
HOMO-1-LUMO+3 (17%) MLCT/LLCT/ILCT
Sos 259/4.79 0.1342 HOMO-9—LUMO+1(12%) LLCT/ILCT
HOMO-7—-LUMO+1(32%) MLCT/ILCT/LLCT
HOMO-3—LUMO+3 (30%) MLCT/ILCT/LLCT
T, 455/2.72 0.0000 HOMO — LUMO (62%) MLCT/ILCT/LLCT
HOMO — LUMO+1 (11%) MLCT/ILCT/LLCT
4 S 403/3.07 0.0254 HOMO — LUMO (97%) MLCT/ILCT/LLCT 385
Ss 352/3.52 0.0349 HOMO-1 — LUMO (88%) MLCT/ILCT/LLCT 350
Sai 286/4.34 0.2364 HOMO-4 — LUMO (24%) ILCT/LLCT
HOMO-1 — LUMO + 2 (11%) MLCT/ILCT/LLCT
HOMO-1 — LUMO + 3 (16%) MLCT/ILCT/LLCT
HOMO-1 — LUMO + 4 (15%) MLCT/ILCT/LLCT
T, 438/2.83 0.0000 HOMO — LUMO (47%) MLCT/ILCT/LLCT
HOMO-1 — LUMO (21%) MLCT/ILCT/LLCT
A Ref. [15]

From Table 2, in singlet state, the maximum absorption peaks of 1
and 2 are located at 261 and 260 nm, which is nearly the same. For 3
and 4, the transitions with the largest oscillator strengths are located
at 281 and 286 nm, which is slightly red-shifted compared with 1.
On the transition S, — T, the absorption band of 1 located at 462
nm is contributed by HOMO — LUMO (58%) and HOMO —
LUMO + 1 (20%) transition with the character of
MLCT/ILCT/LLCT. The non-negligible MLCT is beneficial for
efficient intersystem crossing, and singlet-triplet transitions will lead

to the high quantum efficiency for these Ir(III) complexes. Similarly,

This journal is © The Royal Society of Chemistry 2012

The calculated lowest-lying triplet absorptions of 2 and 3 are at 465
and 455 nm, respectively, with the main transiton HOMO —
LUMO and HOMO — LUMO + 1. For 4, the transition HOMO —
LUMO (47%) and HOMO-1 — LUMO (21%) contribute to the 438

nm absorption.
3.4 Emission properties

We used four different density functionals to calibrate the
computational method. Experimental results for the complexes of 1

and 4 are compared with the calculated values, which is listed in

J. Name., 2012, 00, 1-3 | 5
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Table S1. The calculated lowest emission energies for 1 and 4 at
MO052X level are localized at 493 and 499 nm, which is close to the
experimental values at 499 and 520 nm. For 1, the calculated values
with PBEO, B3LYP, M062X level deviate from experimental values
by 42, 43, 44 nm, respectively. The similar situation occurs to 4.
Thus, M052X was selected for the calculation of emission spectra.
The calculated phosphorescent emissions of 1-4 with M052X level
are shown in Table 3.

For 1, the emission is contributed mainly by HOMO — LUMO
transition (65%). According to our calculation, the HOMO is
delocalized on Ir (40%), ppy (45%) and PPhy"SiO ligand (14%),
while the LUMO is mainly from ppy (95%). Therefore, this
emission can be assigned as MLCT/ILCT/LLCT. For 2 and 3, there
are two transitions contributing to calculated emission, which are
HOMO — LUMO and HOMO-1— LUMO transitions. The HOMO
and HOMO-1 are occupied by the d orbital of Ir, ppy and
PCH;"Si0/ PH,”SiO, while the LUMO is mainly contributed by ppy
(95%). The emission can be assigned as MLCT/ILCT with little
contribution of LLCT. In addition, the emission of 4 comes from
HOMO-1 — LUMO (52%) and HOMO — LUMO (36%) with the
mixed characters of MLCT/ILCT/LLCT. From Table 3, we can see
that the calculated lowest-energy emissions of 2-4 are localized at
488 nm, 497 nm and 493 nm. With the substituent F on dfppy ligand,
the emission wavelength of 4 has been blue-shifted slightly
compared to complex 1. For the designed complexes 2 and 3 with
the substituents CH; and H on PR,”SiO ligands, a blue-shift is also

observed, in particular for 2.

RSC Advances

3.5 The photoluminescent quantum efficiency

The quantum yield ®pp is linked to the radioactive (k;) and the
nonradioactive (k) rate constants by Equation (1), where 1., is the

emission decay time.

k
@, =k, =—"— M
PL r"em kr-'rkm_

Therefore, larger k., and smaller k, would improve quantum
yield ®@p; . Theoretically, taking into account only the lowest excited
singlet and triplet states, k, is inversely proportional to the energy

difference between the S; and T, states. The radioactive rate can be

approximated by the following: *>3¢

k =y E <\P51 ‘Hso‘\yﬂy 'ILI;I

r em

, 167°10°n°
> 2 v
(AESI—TI ) 3he, )

In Equation (2), pg; is the transition electric dipole moment in Sy-S;
transition, E., represents the emission energy in cm’, while n, h,
and g, are the refractive index, Planck’s constant and the permittivity
in vacuum, respectively. The orbitals of Ir atom make a great
contribution in the excited states through the spin-orbit coupling
(SOC) and thus intersystem crossing (ISC). The SOC effects are
mainly determined by the following two aspects.

One aspect is the contribution of MLCT in the T, state. > In the
T,-S, transition, the involvement of d(Ir) orbital enhances the first-
order SOC, which would lead to the decrease of radiative lifetime
and avoid the non-radiative process. ** In other words, a larger
MLCT contribution is beneficial to increase the quantum yield

higher. At the same time, the S;-T; energy gap (AEs;.1;) is the

Table 3 Calculated phosphorescent emission (in nm) of the complexes 1-4 in CH,Cl, media with the TDDFT method, along with

experimental values.

Aea/ E(eV) Configuration Character Exp.?
1 499/2.49 HOMO — LUMO (65%) MLCT/ILCT/LLCT 520
2 488/2.54 HOMO — LUMO (59%) MLCT/ILCT/LLCT
HOMO-1 — LUMO (15%) MLCT/ILCT/LLCT
3 497/2.49 HOMO — LUMO (49%) MLCT/ILCT/LLCT
HOMO-1 — LUMO (37%) MLCT/ILCT/LLCT
4 493/2.51 HOMO-1 — LUMO (52%) MLCT/ILCT/LLCT 499
HOMO — LUMO (36%) MLCT/ILCT/LLCT
*Ref. [15].

6 | J. Name., 2012, 00, 1-3
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second factor that affects the SOC effects. ** The Si— Ti ISC
induced by SOC interactions plays an important role in the
phosphorescent process. Through Equation (2), we can see that both
a decrease of AEg;.1; and a larger pg; will lead to an increase of k,
which further result to a higher quantum yield. Thus, for enhancing
the ISC rate, a small AEg;.1 and a large pg; is necessary, and this
would lead to an increased k.

The metal-based charge transfer character (MLCT, 100%), the S;-
T; calculated energy gaps (AEs;.r1), the transition dipole moment
and experimental quantum yield are listed in Table 4. From Table 4,
we can see that the calculated MLCT contribution of 1 and 4 are
36.00% and 36.36%. The MLCT contribution of 4 is almost equal to
that of 1, while the quantum yield of 4 (0.59) is lower than that of 1
(0.90). Thus, for complexes 1 and 4, the MLCT contribution is not
the critical factor for the quantum yield.

For 1 and 4, the calculated AEg;.1; are 0.769 and 1.008 eV, and the
calculated pg; are 0.3855, 0.3372 D, respectively. The AEg;.t; of 1 is
smaller than that of 4, while the pg; of 1 is slightly larger than that of
4. This may explain the different ®p; observed in experiment. The
designed complexes 2 and 3 have larger pig; and smaller AEg;_1; than
those of 4. Therefore, we predict that they can be good candidates
with higher k.. From the discussion above, the radioactive decay rate
k, are related to many factors. Larger MLCT contribution, a smaller
AEg_11 and larger g are needed. Beside these factors, there are also
other factors that might play an important role for a high quantum
yield.

Table 4 The metal-based charge transfer character (MLCT, %),
singlet-triplet splitting (AEg;.t; in eV) and the transition dipole

moment in S, — S; transition (us; in Debye), along with
experimental quantum yield ®p;

Parameter 1 2 3 4

MLCT (%) 36.00 28.29 32.30 36.36

Msi 0.3855 0.6758 0.5587 0.3372

AEg.11 0.769 0.730 0.838 1.008

Dp; (%) 0.90% 0.59%
*Ref. [15].

This journal is © The Royal Society of Chemistry 2012

In transition-metal complexes, the higher-lying metal-
centered (3MC/d-d) triplet excited states are regarded as one of
the most from T,. *° By thermal activation, the lowest metal-to-
ligand charge transfer "MLCT/n-n") excited state can be
changed to metal-centered (*MC/d-d) state, whose lifetime is

41, 42 is no

relatively short. During this process, there
photochemistry occurs and the conversion is very fast and
irreversible. The energy gap between *MLCT/n-n* and *MC/d-
d states plays an important role in *MLCT->MC conversion. **
* We show the calculated results in Fig. 4 with the normalized
Sy levels.

Theoretically, a larger separation between *MLCT/n-n* and
3MC/d-d states can bring a smaller k, and thus a higher
phosphorescence quantum yield. From Fig. 4, the separation in
energy between *MLCT/n-n* and *MC /d-d states of 2 is larger
than that of 1. This suggests that the k,, of 2 could be smaller
than the one of 1. Both *MLCT and *MC of 3 increase
compared with 1. However, the energy gap *MLCT/n-n* and
*MC /d-d states of 3 is almost the same with that of 1, but larger
than 4. Then, the order of k;, would be k,» < ky3 =k,q < kja-
Through the above analysis, complexes 2 and 3 have a

relatively larger k, and smaller k,,. This means that they would

have higher quantum yield.

704
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Fig. 4 Energy level diagram of the complexes 1-4 in *MLCT

and *MC excited states, respectively, along with the normalized
Sy levels.
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4 Conclusions

DFT/TDDFT calculations have been conducted to investigate
the influence on the photophysical properties by introduction of
different substituents. The following conclusions can be made.
(1) The energy levels of the FMOs are influenced by molecular
volume size of PR,"OSi. (2) Compared with the parent
complex 1, the lowest-lying absorption bands of 2 is nearly the
same, while it is red-shifted for 3. (3) The emission of 2 is blue-
shifted, but nearly the same for 3. (4) The AEg;_1; of 1 is smaller
than that of 4, and the pg; of 1 is larger than the one of 4, which
could explain the different ®p; observed in experiment. The
complexes 2 and 3 have smaller AEg;tjand larger pg;.
Therefore, we predicted that they may be promising complexes
with higher k.. On the other hand, the separations in energy
between *MLCT/n-n* and *MC /d-d states of 2 and 3 are
relatively larger. Thus, they could have higher quantum yield.
We hope that our studies will stimulate the further investigation

in designing highly efficient phosphorescent materials.
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