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The geometrical structures, electronic structures, optoelectronic properties and phosphorescence
efficiencies of four blue-emitting phosphors [Ir(fpmi)a(pyim)] (1), [Ir(pyim).(fpmi)l (2), [Ir(fpmi)(fptz)] (3),
[Irtfmppz),(pyim)] (4), [fpmi = 1-(4-fluorophenyl)-3-methylimdazolin-2-ylidene-C,C%; pyim = 2-(1H-
imidazol-2-yl)pyridinato; fptz = 5-(trifluoromethyl-2H-1,2,4-triazol-3-yl)pyridine; tfmppz = 1-(4-
trifluoromethylphenyl)pyrazolyl] were investigated by DFT and TDDFT methods. We first optimized
geometrical structures in the ground and lowest triplet states, and computed the absorption and
emission spectra of 1 and 5 [Ir(fpmi),(pypz)] [pypz = 2-(1H-pyrazol-5-yl)pyridinato], which have been
synthesized and characterized in a laboratory, using three functionals, B3LYP, CAM-B3LYP, and M062X.
The calculation results were compared with relevant experimental data to assess the performance of the
functionals. The suitable methods and functionals were then applied to study properties of the three
other complexes. The HOMOs of 1-3 are composed of d(Ir) and wt(cyclometalated ligands), however, the
HOMO of 4 resides on the pyim ligand, while the LUMOs of all four complexes are dominantly localized
on the chelating ligands. The calculated absorption results show that the corresponding absorption
peaks for the four mainly studied complexes are almost at the same positions, however, the absorption

intensities of the bands differ largely from each other. The lowest energy emissions of the four
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Accepted 21st May 2018 complexes are localized at 507, 512, 468, and 513 nm, respectively. In order to estimate their

efficiencies, we carried out simplified radiative rate constant calculations. It turns out that complex 3,
which possesses the shortest emission wavelength and the largest radiative rate constant (k,) value, can
be considered as a highly efficient blue-emitting iridium(in) complex.
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Introduction

Over the past decade, considerable attention has been paid to
the development of organic light-emitting diodes (OLEDs),
which are playing a vital role in future flat-panel display tech-
nologies and next generation solid-state energy-saving lighting
sources.” Phosphorescent emitters based on transition metal
complexes have much higher efficiencies than their fluorescent
counterparts and can achieve 100% internal quantum efficiency
theoretically, because these complexes can harvest both singlet
and triplet excitons.>” Therefore, a great deal of effort has been
directed toward developing highly efficient phosphorescent
transition metal complexes, especially iridium(u) complexes.®
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To attain a full-color display, phosphors that can emit three
primary colors (red, green, and blue) are indispensable.”®
Highly efficient green- and red-emitting Ir(u) complexes have
been successfully synthesized.®'® However, the challenge of
synthesizing saturated blue phosphorescent materials with
high efficiency still remains.””* The initially reported ‘blue’
phosphorescent complexes are bis[2-(2,4-difluorophenyl)pyr-
idylJiridium(acetylacetonate) [FIr(acac)] and bis[2-(2,4-difluor-
ophenyl)pyridylJiridium(picolinate) [FIrpic],*>* and the device
that utilizes FlIrpic as the dopant emitter exhibited greenish-
blue phosphorescence with Commission Internationale de
I'Eclairage (x,y) coordinates (CIE,,) of (0.16, 0.29),° which
cannot meet the requirement for true blue phosphors with an
ideal CIE,, of (0.14, 0.09).* Subsequently, several correspond-
ing blue-emitting complexes were reported, which were
synthesized by varying the picolinate in FIrpic with other
ancillary ligands, such as tetrakis(1-pyrazolyl)borate in FIr6,>
pyridyl triazolate ligand in FIrtaz,”**” pyridyl tetrazolate in FIrN4
(ref. 26) and so on, all in the form of (dfppy),Ir(L*X). Although
the devices based on some of these complexes display excellent
efficiency, the majority of these blue phosphors showed inferior
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color chromaticity which limits their practical applications in
OLEDs.”® Further improvements were made by the adoption of
N-heterocyclic carbene ligand and novel fluorine-substituted
bipyridine based chelates.”” Recently, Chi and Chou et al.
have made a significant contribution to the development of the
blue-emitting phosphorescent OLEDs. Through bringing in
a concept of non-7 electron-conjugated cyclometalated ligand,
they designed and synthesized a class of novel true-blue phos-
phors,*** especially the Ir(fppz),(dfbdp)(fppzH): 5-(2-pyridyl)-3-
trifluoromethylpyrazole, (dfbdpH: (2,4-difluorobenzyl)diphe-
nylphosphine),* on which the device based exhibits a true blue
CIE,, of (0.15, 0.11) and external quantum efficiency of ~12%.
More recently, they reported a series of Ir complexes applied
tripodal, facially coordinated phosphite (or phosphonite),
abbreviated as P*C, chelate, as the ancillary ligand, which
shows a lot of potential owing to its functionality of readily
adjusting the electronic structures and of stabilizing the phos-
phors.”* The conclusion that we can draw from these researches
is that the emission wavelength can be easily tuned through
subtle changes in the ligands and a deep understanding of the
structure-property relationships is quite significant in
designing and synthesizing potentially highly efficient true-blue
emitting complexes.**

The developments of computing equipment and methods
make quantum calculation become an increasingly powerful
tool for chemists and the quantum calculation shows signifi-
cant advantages in many fields, in particular in elucidating the
structure-property relationships. In a number of theoretical
researches,*° the results of DFT calculations are comparable
to the experimental data, such as bond length, emission wave-
length, and spectroscopic properties and thus suggest their
credibility.

In this paper, we carried out a density functional theory
(DFT) study on a novel complex, [Ir(fpmi),(pyim)] (1), and its
derivatives, [Ir(pyim),(fpmi)] (2), [Ir(fpmi),(fptz)] (3),
[Ir(tfmppz),(pyim)] (4), (fpmi = 1-(4-fluorophenyl-3-methyl-
imdazolin)-2-ylidene-C,C*¥; pyim = 2-(1H-imidazol-2-yl)
pyridinato; fptz = 5-(trifluoromethyl-2H-1,2,4-triazol-3-yl)
pyridine; tfmppz = 1-(4-trifluoromethylphenyl)pyrazolyl)
(Scheme 1, Fig. 1).

Complex 1 has a high quantum yield with 30.7% and
however, exhibits the sky-blue phosphorescence with vibronic
peak wavelengths at 474 and 497 nm measured in toluene.*®
According to what we know, the triazole has a larger HOMO-
LUMO gap than that of imidazole,** we thus anticipated that
replacing the imidazole moiety with triazole group in complex 3
would lead to a blue-shifted emission wavelength.*

Moreover, we designed complexes 2, for which pyim ligand
serves as the main ligand, and 4, for which tfmppz serves as the
main ligand, and then studied electronic structures and phos-
phorescence properties of the four complexes, with the aim of
finding suitable true-blue emitting complexes and of under-
standing their structure-property relationship. Finally, to study
the phosphorescence efficiency of the four complexes, their
radiative rate constant values were estimated.
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Scheme 1 Chemical structures of Ir(i1) complexes 1-5.

Computational details

In all calculations, the “double-{” quality LANL2DZ basis set
was employed for Ir atom,** and 6-31G(d) basis set for non-
metal atoms.**** A relativistic effective core potential (ECP)

Fig. 1 Optimized geometries of 1-5 in the ground states at DFT/
B3LYP level.

This journal is © The Royal Society of Chemistry 2018
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Table1 Optimized geometries of 1, 5 in the ground state by different functionals and the percent error (6), together with experimental data of 5

5 1
B3LYP CAM-B3LYP M062X B3LYP CAM-B3LYP M062X
Expt* Cal 0 Cal 0 Cal 0 Cal 0 Cal 0 Cal 0
Bond length (A)
Ir-C1 2.041 2.058 0.8 2.050 0.4 2.025 0.8 2.055 0.7 2.047 0.3 2.022 0.9
Ir-C2 2.034 2.053 0.9 2.042 0.4 2.031 0.1 2.064 1.5 2.056 1.1 2.041 0.3
Ir-C3 2.026 2.046 1.0 2.037 0.5 2.013 0.6 2.046 1.1 2.038 0.6 2.012 0.7
Ir-C4 2.031 2.061 1.5 2.051 1.0 2.040 0.4 2.055 1.2 2.045 0.7 2.035 0.2
Ir-N1 2.146 2.216 3.4 2.196 2.3 2.225 3.8 2.222 3.5 2.198 2.4 2.230 4.0
Ir-N2 2.097 2.144 2.2 2.126 1.4 2.149 2.5 2.161 3.1 2.140 2.1 2.162 3.1
“ See ref. 40.

was used on Ir atom,*® which replaces the inner core electrons
and accordingly leaves outer [(5s)*(5p)®] and (5d)° as the valence
electrons of Ir(m). Meanwhile, one f-type (of = 0.14)* polariza-
tion function was adopted for Ir atom.

Considering that some experimental data, for example, the
absorption and emission spectra, were measured in certain
solutions, we thus used the polarized continuum model (PCM)
approach to model the solvent effect.**

Recently, a large number of functionals have been developed
to improve accuracy and save computational time. In this study,
we examined the applicability of B3LYP (Becke's three param-
eter functional and the Lee-Yang-Parr functional),*>** M062X,>>
and CAM-B3LYP* for our system. Because the crystal data of
complex 1 lacks in the paper,* for better comparing the reli-
ability of the three functionals, geometry and excitation ener-
gies calculations were also performed on 5 (shown on Scheme 1
and Fig. 1). According to the ordinary process,* the geometrical
structures of 1 and 5 in the ground and lowest-lying triplet
excited state were optimized using the DFT method with the
above three functionals. To get accurate energies of reoptim-
izations, single-point calculations were performed with the
dispersion-corrected functionals, but the computational accu-
racy is not increased immediately under the condition of
increasing computational cost. Based on the respective opti-
mized structures in the ground and excited states, TDDFT>*~”
calculations utilizing these functionals associated with PCM
model were carried out to acquire their vertical singlet-singlet
and vertical singlet-triplet excitation energies. There is a newly
developed method, the Spin-Flip TDDFT (SF-TDA), which per-
formed better in computing phosphorescence energies of
transition metal complexes than TDDFT.*® However, the TDDFT
method was still used to calculate excitation energies in our
work because it has been proven reliable and can implement
PCM approach to stimulate the solvent effect.

The selected parameters of optimized geometrical structures
of 1, 5 in the ground state and corresponding experimental data
of 5 are presented in Table 1. The calculated geometries of 1
were also compared with experimental data of 5 as 1 is similar
to 5 in terms of their chemical structures. From Table 1, the
percent error indicates that the geometries optimized by CAM-

This journal is © The Royal Society of Chemistry 2018

B3LYP are in the best agreement with the measured values.
However, with respect to absorption spectra, we can conclude
from Fig. 2 and 3 that the absorption spectra computed by the
B3LYP functional is more accurate than by other functionals
comparing with experimental results.*® For example, the simu-
lated absorption spectrum by B3LYP of 1 best reproduces the
features, including band positions and separations, of its
experimental spectrum. Meanwhile, for the simulated spectra
of 5, it can be noticed that there is an absorption peak on the
spectrum calculated by B3LYP appearing at approximately
356 nm that deviates from the corresponding experimental data
(379 nm) by 23 nm,* while there is almost no noticeable
absorption peak around in the spectra simulated by CAM-
B3LYP and MO062X functionals. Because the geometries opti-
mized by B3LYP are also comparable to experimental results
(though not as good as CAM-B3LYP functional) and the
absorption properties are quite important in our study, the
B3LYP functional was used to optimize geometrical structures
of three other complexes in the ground state and to calculate
their absorption spectra. It should be indicated that the simu-
lated absorption spectrum depends on the choice of half-width
and it is set to 0.14 eV in this work.**
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Fig. 2 Simulated absorption spectra of 1 in CH,Cl, media using
TDDFT method with different functionals.
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Fig. 3 Simulated absorption spectra of 5 in CH,Cl, media using
TDDFT method with different functionals.

The lowest emission wavelengths calculated by the three
functionals on the basis of the excited state geometrical struc-
tures optimized by respective functionals are shown in Table 2.
For 1, the result gained from M062X deviates from experimental
data (497 nm) by 10 nm,* while the emission wavelengths
calculated by two other functions, BALYP and CAM-B3LYP, lead
to deviations of 43 nm and 81 nm, respectively. Meanwhile, it is
obvious that the performance of M062X in calculating the
emission wavelength of 5 is much better that other functionals.
And previous work has proven that the M062X functional can be
adopted to evaluate the singlet-triplet excitation energies of Ir
complexes,® and the non-local correlation effects and self-
interaction error (delocalization SIE) have been systematically
investigated by comparing the electron density distribution p(r)
generated with a series of reference densities obtained by DFT
that cover typical electron correlation effects. In this regard, the
geometrical structures in the T, state and the singlet-triplet
excitation energies of three other complexes were calculated by
TDDFT method with the M062X functional in this study. All the
calculations were performed using the Gaussian 09 software
package.*

Results and discussion

Molecular geometries structures in the ground and the excited
states

The optimized geometrical structures for 1-4 in the ground
state are displayed in Fig. 1.

Table 2 Calculated lowest emission wavelengths of 1, 5 with TDDFT
method in toluene media on the basis of triplet excited-state
geometrical structures optimized by respective functionals

EXpta B3LYP CAM-B3LYP MO062X
1/nm 497 540 578 507
5/nm 468 520 555 482
¢ See ref. 40.
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Since Ir(m) has d® configuration, all the complexes exhibit
a pseudo-octahedral coordination geometry. Selected optimized
geometrical parameters are listed in Table 3. In order to test if
each of the optimized geometries is truly the global minimum
of the potential energy surface, the vibrational frequencies
calculation was performed for complexes 1-4. The results, in
which there is no imaginary frequency, indicate that the opti-
mized geometries are reasonable.

With respect to 1, two carbene fragments are at the trans
position, whereas both of phenyl fragments are located in the
cis position. As shown in Table 3, the dihedral angles of C1-C2-
Ir-C3 (90.67) and C1-Ir-C2-N1 (95.96) are nearly 90 degree,
suggesting that the three ligands are mutually perpendicular,
which also can be observed in other complexes. It is worth
noting that the bond distances of Ir-C2 and Ir-C4 are slightly
longer than that of Ir-C1 and Ir-C3, respectively. The discrep-
ancy can be traced back to the fact that the intense electron
donation of the methyl group weakens the interaction between
the carbene ligand and the metal center.*

It is notable that the bond distance of Ir-C (average = 2.055
A) in 1 is significantly longer than that in complex 2 (2.020 A).
The different bond distances suggest that the bonds are not in
the same electronic environment,® though the two complexes
have similar cyclometalated ligands. However, the average Ir-C
distance (2.054 A) in 3 is almost identical to that in 1, indicating
that the replacement of imidazole moiety with triazole
substituted by a CF; group exerts no apparent effect on the Ir-C
distances. Meanwhile, the lengths of Ir-C1 and Ir-C3 (average =
2.051 A) in 1 are significantly longer than those in complex 4
(average = 2.035 A), because the carbene is a stronger field
ligand than the pyrazolyl.>® Moreover, for 1 and 3, since the -
accepting ability of the imidazole and triazole ring is bigger
than that of the pyridine ring,* the Ir-N1 bond lengths are
longer than the Ir-N2.

The calculated geometrical parameters of 1-4 in the triplet
excited states by M062X are also listed in Table 3. The selected
dihedral angles in the two states are nearly identical, for
example, the dihedral angles of C1-C2-Ir-C3 for complex 1 in
ground and excited states are 90.67 and 89.52, respectively,
meaning that there is only a slight distortion in geometry on
going from the ground state to the T; state.

The frontier molecular orbital properties

In order to investigate the effects of varying ligands on opto-
electronic properties in nature, we would discuss comprehen-
sively the ground state electronic structure in this part,
particularly the HOMO and LUMO distributions, energy levels
and energy gaps. Selected FMOs (frontier molecular orbitals)
compositions of 1-4 are listed in Tables 4-7, and the HOMO
and LUMO distributions and energy levels are illustrated in
Fig. 4.

For complex 1, the HOMO is predominantly localized on the
iridium metal center (18%) and the pyim ligand (69%), while
the LUMO is principally composed of w*(pyim), indicating the
ancillary ligand pyim is also involved in determining the
emissive excited state of 1. Therefore, we anticipate that the

This journal is © The Royal Society of Chemistry 2018
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Table 3 Main optimized geometry structural parameters of 1-4 in the ground and lowest lying triplet states calculated by B3LYP and M062X,

respectively, together with the experimental values of 5

5 1 2 3 4

Expt® So T, So T, So T, So T,
Bond length (A)
Ir-C1 2.041 2.055 2.015 2.041 2.015 2.053 2.020 2.042 2.001
Ir-C2 2.034 2.064 2.051 2.000 1.967 2.056 2.035
Ir-C3 2.026 2.046 2.019 2.043 2.017 2.028 2.004
Ir-C4 2.031 2.055 2.033 2.063 2.042
Ir-N1 2.146 2.222 2.200 2.220 2.190 2.238 2.217 2.221 2.191
Ir-N2 2.097 2.161 2.184 2.070 2.063 2.153 2.152 2.147 2.170
Ir-N3 2.166 2.187 2.043 2.046
Ir-N4 2.064 2.044 2.147 2.044
Bond angle (°)
C1-Ir-C2 79.11 78.84 79.33 79.29 79.65 78.90 79.27
N1-Ir-N2 76.56 76.00 76.27 75.34 76.30 76.36 76.49
C2-Ir-C4 168.54 169.90 169.55 169.92 169.10
N2-Ir-N4 168.35 168.49
C1-Ir-N3 79.54 80.06
N3-Ir-N4 77.79 77.81 174.16 174.08
Dihedral angle (°)
C1-C2-Ir-C3 90.67 89.52 91.02 89.55
C1-Ir-C2-N1 95.96 95.07 95.35 95.07
N1-N2-Ir-N3 85.40 85.08
N3-Ir-N4-C1 94.11 94.63
C1-N3-Ir-C3 89.13 87.83
C1-Ir-N3-N1 96.91 97.21
“ See ref. 40.

emission color can be adjusted by grafting electron withdrawing
groups or electron donating groups to the pyim ligand.”

With respect to 2, the HOMO is mainly composed of d(Ir)
(19%) atom and 7(pyim-2) (70%) and the LUMO is contributed
principally by *(pyim-1), almost identical to the compositions
in 1. However, due to the large electronegativity of pyim ligand,®
the energy levels of HOMO (—5.14 eV) and LUMO (—1.21 eV) are
lower than that of HOMO (—4.96 eV) and LUMO (—1.04 eV) in 1,

Table 4 Molecular orbital compositions in the ground state for 1 at
DFT/B3LYP level

respectively. We can see from Table 5 that the LUMO+1 is also
contributed chiefly by one pyim ligand (89%), but not the one
that mainly dominates the composition in the LUMO.

For 3, the HOMO is dominantly composed of d(Ir) and
mt(fpmi). Meanwhile, like that in 1, the LUMO resides primarily
on the ancillary ligand (91%). Moreover, because triazole has
a lower LUMO energy than that of imidazole and the LUMO is
mainly composed of rt(ancillary ligand) for 1, 3, the energy level
of LUMO (—1.52 eV) of 3 is lower than that in 1 (—1.04 eV).

Table 5 Molecular orbital compositions in the ground state for 2 at
DFT/B3LYP level

MO composition (%)

MO composition (%)

Energy Energy

Orbital (eV) Ir fpmi-1 fpmi-2 pyim Characteristics Orbital (eV) Ir pyim-1 pyim-2 fpmi Characteristics

L+4 0.09 6 23 63 7 7*(fpmi) L+4 -036 7 3 5 85 *(fpmi)

L+3 -017 8 63 26 m*(fpmi) L+3 —0.55 2 18 77 4 7¥(pyim)

L+2 —029 10 25 57 8 m*(fpmi) L+2 —078 2 76 16 6 m*(pyim)

L+1 -058 2 5 4 89 *(pyim) L+1 -111 6 3 89 2 *(pyim)

L -1.04 7 3 2 88  m*(pyim) L -121 5 89 3 3 7*(pyim)

H —-4.96 18 8 5 69 d(Ir) + w(pyim) H —-5.14 19 3 70 8 d(Ir) + 7(pyim)
H-1 —511 37 24 20 20 d(ir) + ©(fpmi/pyim) H-1 -5.25 11 78 7 5 d(Ir) + m(pyim)

H-2  —544 35 27 26 12 d(Ir) + w(fpmi) H-2  —549 29 13 21 37 d(1r) + w(pyim/fpmi)
H-3  -570 38 17 33 11 d(Ir) + 7(fpmi) H-3  —5.83 44 17 13 25 d(Ir) + (pyim/fpmi)
H-4  —585 27 44 16 13 d(tr) + 7(fpmi) H-4  —6.10 23 17 11 49 d(Ir) + w(pyim/fpmi)
H-5 —-6.09 32 22 42 4 d(Ir) + 7c(fpmi) H-5 —-637 70 6 9 15 d(Ir) + 7c(fpmi)

This journal is © The Royal Society of Chemistry 2018
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Table 6 Molecular orbital compositions in the ground state for 3 at
DFT/B3LYP level

MO composition (%)

Energy
Orbital (eV) Ir fpmi-1 fpmi-2 fptz Characteristics
L+5 0.34 7 77 13 4 7o*(fpmi)
L+4 —0.01 7 14 72 8 m*(fpmi)
L+3 —0.18 9 80 9 3 m*(fpmi)
L+2 —039 11 9 5 74 wH(fptz)
L+1 -1.04 2 4 2 93 mH(fptz)
L -152 5 3 1 91 m(fptz)
H —5.22 42 38 16 3 d(tr) + 7(fpmi)
H-1 —-5.58 34 28 28 10 d(Ir) + =(fpmi)
H-2 —5.81 37 18 29 16 d(Ir) + (fpmi/pyim)
H-3 —5.97 27 42 16 14 d(Ir) + w(fpmi/pyim)
H-4 -6.22 32 17 43 8 d(Ir) + w(fpmi)
H-5 —6.40 12 23 4 61 d(Ir) + w(fpmi/pyim)
H-6  —652 6 30 60 5 o(fpmi)
H-7  —694 4 16 14 66  m(fpmi/fptz)

With respect to 4, unlike 1 and 3, for which the fpmi is the
main ligand and the ancillary ligands contribute more to the
LUMO, the LUMO is mainly contributed by the main ligand
tfmppz, not the ancillary ligand pyim, verifying that the strong
field of the fpmi ligand provides the LUMO level of the
complexes principally located on the ancillary ligand.*® It is
noteworthy that the HOMO resides mainly on pyim ligand, with
less compositions from Ir atom (5%), which is different from
most Ir complexes.

Absorptions in CH,Cl, media

The calculated absorption spectra of the four complexes associated
with their oscillator strengths, main configurations, and assign-
ments with experimental wavelengths are shown in Table 8.

For clarity, merely the typical excited states possessing rela-
tively larger oscillator strengths are listed. Meanwhile, the
simulated Gaussian type absorption curves are displayed in
Fig. 5.

As shown in Table 8, the lowest lying absorption bands of 1-4
are 368, 367, 400, 356 nm, respectively. The S, — S, transitions
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for the titled complexes are principally contributed by the
HOMO — LUMO excitation, with the exception of 2, for which
the HOMO — LUMO+1 excitation is the core configuration.
According to above FMOs discussion, the HOMO of 1 is domi-
nantly localized on the Ir atom and the pyim ligand, whereas the
LUMO of 1 mainly resides on the pyim ligand, thus the lowest
lying absorption can be characterized as [d(Ir) + =(pyim)] —
[*(pyim)] transition with mixing MLpyimCT/ILp,imCT charac-
ters. Correspondingly, for 2 and 3, the transitions can be
described as characters of MLpyimCT/ILpyimCT, [d(Ir) + 7t(pyim)]
— [m*(pyim)], and MLg,,CT/LpmiLepe,CT, [d(Ir) + m(fpmi)] —
[*(fptz)], respectively. However, for complex 4, the HOMO is
mainly localized on the pyim ligand, while the LUMO is
primarily composed of (tfmppz) (81%), therefore the lowest-
lying absorption at 356 nm can be attributed to [w(pyim)] —
[7*(pyim)] transition with ILyy;mCT.

As shown in Table 8 and Fig. 5, the calculated values of the
first distinguishable absorption bands are 348, 351, 360, and
352 nm for 1-4, respectively. The absorptions of 1 and 3 are
contributed by the transition configuration of HOMO—-1 —
LUMO, while the HOMO-1 — LUMO+1 excitation is the main
configuration for 2, and the HOMO — LUMO+1 for 4. As shown
in Tables 4-7, for 1 and 3, LUMO resides primarily on the
ancillary ligands, and HOMO is d(Ir) + m(chelate ligands),
therefore, the MLCT/LLCT are the transition character for their
absorptions around 350 nm. The absorption at 351 nm for 2 can
be characterized as MLCT/LLCT, [d(Ir) + w(fpmi) — m*(fptz)].
For 4, the absorption at 352 nm can be ascribed to [7(pyim) —
m*(pyim + tfmppz)] transition.

One can see from Fig. 5 that the calculated spectrum of
complex 1 have two non-negligible higher energy absorption
peaks at around 289, and 267 nm. However, in experiment,
probably because they are too close to each other and are not
well separated,® or one of them is relatively weak and can't be
detected experimentally, there is only one absorption peak
localized at 292 nm in this region.*” In Fig. 5, the second
apparent absorption bands of the four complexes are located at
285-315 nm. The absorption at 289 nm for 1 can be character-
ized as MLCT[d(Ir) — mv*(pyim)] mixing with LLCT [r(fpmi) —
*(pyim)]. Likewise, with respect to 2, 3 and 4, the absorption at

Table 7 Molecular orbital compositions in the ground state for 4 at DFT/B3LYP level

MO composition (%)

Orbital Energy (eV) Ir tfmppz-1 tfmppz-2 pyim Characteristics
L+4 —0.19 6 23 63 8 m*(ftmppz)

L+3 —0.66 2 1 3 94 o*(pyim)

L+2 —1.16 5 32 3 61 ¥ (tfmppz/pyim)
L+1 —1.16 4 52 14 30 m*(tfmppz/pyim)
L —1.27 2 14 81 4 *(tfmppz)

H —5.14 5 1 1 94 m(pyim)

H-1 —5.64 49 25 27 4 d(Ir) + m(tfmppz)
H-2 —5.92 52 10 7 30 d(Ir) + w(tfmppz/pyim)
H-3 —6.29 66 8 19 6 d(Ir) + we(tfmppz)
H-4 —6.38 2 45 41 13 m(tfmppz/pyim)
H-5 —6.65 3 5 21 72 m(tfmppz/pyim)
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Fig. 4 Presentation of the frontier molecular orbital energy levels and
molecular orbital profiles of the HOMO and LUMO of four subject
complexes calculated at DFT/B3LYP level.

312, 312 and 302 nm, respectively, can be classified as mixed
character of MLCT/LLCT/ILCT.

Furthermore, the calculated highest-energy absorptions are
267, 273, 277, 271 nm for 1-4, respectively. The absorption at
267 nm for 1 is mainly contributed by the HOMO-3 —

View Article Online
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LUMO+2 configuration and can be characterized as MLCT/
LLCT/ILCT, [d(Ir) + w(fpmi) — 7* (fpmi)]. For 2 and 3, the
absorptions are contributed by HOMO-5 [d(Ir) + w(fpmi)] —
LUMO+2 [m*(fpmi)], and HOMO [d(Ir) + =(fpmi)] — LUMO+4
[*(fpmi)], respectively. With respect to 4, the absorption at
271 nm is contributed by HOMO—4 — LUMO+2, [wt(tfmppz) —
m*(tfmppz + pyim)], and HOMO—1 — LUMO+4, [d(Ir) +
(tfmppz) — ¥ (tfmppz)].

It's notable that the corresponding absorption peak posi-
tions for the four complexes are practically identical to each
other. Equally noteworthy is that the relative absorption inten-
sities of the bands for the complexes are quite different,
following the order: 2 >4>1> 3.

Phosphorescence spectra

On the basis of the optimized triplet excited-state geometries,
TDDFT method was used to compute emission spectra of 1-4 in
toluene solution with M062X functional, and the results are
shown in Table 9. The FMOs concerning the lowest-lying
emission transitions of the complexes are presented in Table
10 and Fig. 6.

The maxima emission wavelengths of the four complexes under
investigation are 507, 512, 468, 513 nm, respectively. The calcu-
lated emission wavelength of 1 is satisfactorily consistent with the
experimental value of 497 nm,* with a deviation of only 10 nm.

Table 8 Calculated absorptions of 1-4 in CH,Cl, media at TDDFT/B3LYP level, together with experimental energy wavelength values

Complex States Oscillator E/nm (eV) Main configuration Assignment Expt“/nm
1 S 0.017 368 (3.37) H — L (88%) MLCT/ILCT
S, 0.0836 348 (3.57) H-1 — L (79%) MLCT/LLCT 356
S 0.0779 326 (3.80) H-2 — L (91%) MLCT/LLCT
S, 0.1317 303 (4.09) H-3 — L (24%) MLCT/LLCT
H-1 — L+1 (46%) MLCT/LLCT/ILCT
S10 0.0816 289 (4.28) H-2 — L+1 (74%) MLCT/LLCT 292
S17 0.0744 272 (4.55) H-5 — L (90%) MLCT/LLCT
Sie 0.1123 267 (4.65) H-3 — L+2 (55%) MLCT/LLCT/ILCT
2 S 0.0255 367 (3.38) H — L+1 (92%) MLCT/ILCT
Ss 0.078 351 (3.53) H-1 — L+1 (75) MLCT/LLCT
So 0.0826 312 (3.97) H-3 — L+1 (77%) MLCT/LLCT
S21 0.0716 275 (4.51) H-2 — L+4 (69%) MLCT/LLCT/ILCT
Sas 0.2394 273 (4.54) H—5 — L+1 (58%) MLCT/LLCT
3 S 0.0002 400 (3.10) H — L (98%) MLCT/LLCT
S, 0.0481 360 (3.45) H-1 — L (89%) MLCT/LLCT
Ss 0.0468 312 (3.98) H-3 — L (90%) MLCT/LLCT/ILCT
S1a 0.121 281 (4.41) H-5 — L (70%) MLCT/LLCT/ILCT
Sis 0.1015 277 (4.48) H — L+4 (77%) MLCT/LLCT/ILCT
Si5 0.1067 269 (4.60) H-2 — L+2 (71%) MLCT/LLCT/ILCT
4 S 0.0235 356 (3.49) H — L (94%) LLCT
S, 0.1078 352 (3.53) H — L+1 (91%) LLCT/ILCT
So 0.0719 303 (4.09) H—2 — L+2 (33%) MLCT/LLCT/ILCT
H — L+3 (25%) ILCT
S10 0.1237 302 (4.11) H-2 — L+1 (32%) MLCT/LLCT/ILCT
H-2 — L+2 (50%) MLCT/LLCT/ILCT
S1a 0.1432 287 (4.33) H-3 — L+1 (61%) MLCT/LLCT
Sis 0.1026 271 (4.58) H—4 — L+2 (44%) LLCT/ILCT
H—1 — L+4 (44%) MLCT/LLCT/ILCT
S20 0.1219 269 (4.61) H—4 — L+2 (41%) LLCT/ILCT
H-1 — L+4 (33%) MLCT/LLCT/ILCT
“ See ref. 40.
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Fig.5 Simulated absorption spectra of 1-4 in CH,Cl, media under the
TDDFT/B3LYP level.

For 1, the 507 nm emission is principally contributed by
HOMO — LUMO transition configuration. The HOMO for 1 is
mainly localized on the pyim ligand, the LUMO is also primarily
composed of w*(pyim). Thus, the calculated emission should be
3IprimCT character. Like 1, the emission of 2 at 512 nm is
predominately contributed by transition of HOMO — LUMO.
Since the HOMO of 2 has 89% m(pyim-1) and the LUMO is
mainly localized on the pyim-1 moiety, the emission can be
assigned to 3ILPyim_lcT character. With respect to 3, two tran-
sitions of HOMO—2 — LUMO and HOMO—-1 — LUMO are
responsible for the emission at 468 nm, which is blue-shifted
compared with 1. Correspondingly, the calculated emission at
468 nm is contributed by the *MLCT/’LLCT/’ILCT. As for 4, the
calculated emission at 513 nm originates mainly from HOMO
— LUMO. As the HOMO is contributed by 7t(pyim) with 97%
compositions and the LUMO is composed of 88% 7*(pyim), the
phosphorescence at 513 nm can be assigned to *ILpim,CT.*

The calculated emission wavelength of 3 at 468 nm is the
shortest and is blue-shifted by almost 40 nm compared with 1.
Thus, complex 3 can be considered as a potential pure-blue
phosphorescent material.?

Prediction of the radiative rate
constant for the complexes

It is meaningful to utilize our results of calculation to discuss
the photoluminescence quantum yield, which is an important
consideration when choosing which complex can be used as the
dopant emitter for OLED device fabrication, in terms of the
radiative rate constant k.

View Article Online
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The radiative rate constant k, from the T; state to the ground
state (So) can be theoretically calculated using the following
formula:®*-%*

kru(TI _)TO) =

3h80

167 x 109E(T,)*n?
— E(S,) — E(T))

o 2
LA

(1)

where 7, h, o, E(T,), and Mg_represent the refractive index of the
medium, Planck's constant, vacuum permittivity, energy of the
T; — Sy transition, and transition dipole moment from the S,
state to the S, state. In addition, the o denotes the spin sublevel
of the triplet state T, (@ = x, y, or z). Meanwhile, the Ms_can be
given by

3he® fa
N 2
Sn 8m2mec % E(S,) )

where e and m, are the charge and mass of an electron, c is the
speed of light and f; is the oscillator strength.

Therefore, by putting eqn (2) into (1), the k. can be depicted
as

kra (Tm - SO) -

(3)

"_E(Tmf{ pPRCaLLEL }2 x I
1.5 — E(S,) — E(Tn) E(S,)

In order to simplify the calculation, the spin-orbit integrals
between two coupling states are reduced to that between two 5d
atomic orbitals on iridium(m).*** It is important that the elec-
tronic spin-orbit coupling matrix element SOCMEs are often
less sensitive to the level of electron correlation treatment than
the energetic splittings.®>*® Hereupon, the matrix elements
(Sn|Hsoc|T1%) can be depicted as

<llpn|HSOC‘3wm> = < Z lajlpj|HSOC| Z3ajq’f>
i

J
= Z Z 1“/'3“1'2 Z CUC/(]'E(XH Xis s, 2r)
J i 1 k
(4)

where "W, and *W,, are the nth singlet and the mth triplet state
wavefunctions.®**” In the eqn (4),

1’3qj :Zaf]’3'P; (5)

Table 9 Calculated phosphorescent emissions of 1-4 in toluene media at TDDFT/M062X level, together with corresponding experimental

values
Complexes States E/nm (eV) Configurations Assignments Expt®
1 T, 507 (2.45) H — L (0.95) ILCT 497
2 T, 512 (2.42) H — L (0.96) 3LLCT
3 T, 468 (2.65) H-2 — L (0.31) *MLCT/’LLCT/ILCT
H-1 — L (0.54) *MLCT/’LLCT
4 T 513 (2.42) H — L (0.94) SLLCT
“ See ref. 40.
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Table 10 Molecular orbital compositions (%) of 1-4 in the excited states with TDDFT/M062X level
MO composition (%)
Ir 1st ligand 2nd ligand 3rd ligand Characteristics
1 fpmi-1 fpmi-2 pyim
L —0.38 0.08 0.03 0.02 0.87 *(pyim)
H —6.10 0.03 0.01 0.01 0.95 o(pyim)
2 pyim-1 pyim-2 fpmi
L —0.65 0.05 0.89 0.03 0.03 *(pyim)
H —6.35 0.03 0.95 0.01 0.01 o(pyim)
3 fpmi-1 fpmi-2 fptz
L —-0.97 0.04 0.03 0.02 0.92 ¥ (fptz)
H-1 —7.00 0.20 0.11 0.20 0.48 d(Ir) + m(fpmi/fptz)
H-2 —-7.10 0.09 0.27 0.33 0.31 w(fpmi/fptz)
4 tfmppz-1 tfmppz-2 pyim
L —0.50 0.06 0.02 0.04 0.88 *(pyim)
H —6.20 0.02 0.01 0.01 0.97 o(pyim)

where g; is the CI coefficient of the configuration y; contributing
to the state wavefunction ¥, and v; represents a one-electron
excitation from an occupied orbital to an unoccupied orbital,
such as a HOMO — LUMO transition. The one-center spin-
orbit approximation simply involves the coupling between
'MLCT and *MLCT, which is considerably bigger than the
neglected ones between *'MLCT and “’LC in the magni-
tude.’**® These molecular orbitals involved in the transition
could be described as a combination of atomic orbitals via ¢ =
> cixi, in which the ¢; is the mixing coefficient. In eqn (4), Q
represents the singlet spin function or three components of the
triplet spin function.®® One example of the integrals = is,

E (dez Xdy:7 ‘QS7 ‘QTY) = (<Xd\,‘.6 ‘HSOC|Xd‘.:ﬂ>

3
- <Xd\ya\Hsoc|Xdy:a>>
¢((a, 11 % e,
- <Xd\.}a‘1 X S|de“:a>>

= 3¢ (©

N —

where { is a spin-orbit coupling constant. And the radiative rate
constant k, is equal to the algebraic average of the three k.”
values

1 a
kr = § ;kr (7)

Thus, the calculation of radiative rate constant k. can be
literally straightforward according to the above equations. Take
the spin-orbit coupling between S, and T; of complex 1 for
example, the T; excited state is derived mainly from one tran-
sition: H — L (a; = 0.69), with H composed of Ir d orbital: 83%
Ir(d,), where the coefficient of natural atomic orbitals is ob-
tained from NBO analysis.*® The S, is derived dominately from
the H—1 — L transition [a; = 0.47; 28% Ir(d,,)]. Thus, we could
evaluate the (S,|Hsoc|Ty’) value, with theoretical values of {541

This journal is © The Royal Society of Chemistry 2018

= 4430 em ™' for the Ir(m) ion.” The coefficients of natural
atomic orbitals, and the use of eqn (4) and (6). Then, with E(S,),
E(T,), f provided by TDDFT result, and 7, the refractive index of
the medium, the k,, can be obtained according to eqn (3).
Further calculations for 1 and others can be done in the same
way.

Presented in Table 11 are the ¢ calculated radiative rate
constants, k.. For 1, the number (k. = 3.90 x 10* s7%) is
underestimated compared to the experimental radiative rate
constant (kyexpe = 4.72 x 10") obtained from the phosphores-
cence lifetime and quantum yield: k;expe = /7, however, the
deviation, which can be due to the oversimplifications of spin—-
orbit interaction, is relatively small, and k. and & c.pc have the
same magnitude. Thus, the present simplified analysis can be
applicable in evaluating the k; values.

The calculated radiative decay rate constants &, are in the
order: 3 (k, = 5.07 x 10* s7") > 1 (k, = 3.90 x 10* s 1) > 2 (k, =
5.01 x 10> s7") > 4 (k, = 76 s ). It is obvious that the replace-
ment of ligands leads to larger changes in k; values. The
complex 4 has an extremely low k. value because the "MLCT and
*MLCT transitions have almost no identical unoccupied ligand
m* orbital, a requisite for the effective spin-orbit coupling
between the triplet and singlet excited states. Meanwhile,
complex 3 has the largest k, value and thus can be reasonably
considered to be a highly efficient blue-emitting iridium(ur)
complex.

The gap between computational &, value and experimental
radiative rate constant is still should not negligible, and first
principle relativistic density functional theory may be only
method for describing large and complex systems containing
heavy elements very well. Meanwhile, it is of great value to
extend it to the time-dependent domain in order to describe
excited states and dynamical properties of heavy elements. Even
though it is hard to treat the larger transition metal complexes
throughout, but the exact two-component (X2C) Hamiltonian
can be applied to construct the SOC operator to treat spin-orbit
coupling as a perturbation for more accurate k, and k¢ calcu-
lations.” Our future work should be devoted to further improve

RSC Adv., 2018, 8, 19437-19448 | 19445
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Fig. 6 Singlet electron emission of T; — Sg transition for 1-4,
calculated at TDDFT/M062X level.

Table 11 Radiative rate constants of 1-4 calculated at the triplet
excited state geometry obtained at TDDFT/M062X level in toluene
media in comparison with experimental data

kst kst ks kefs? Keexpt™ls
1 0.00 1.87 x 10*  9.84 x 10*  3.90 x 10* 4.72 x 104
2 0.00 13.45 1.49 x 10°  5.01 x 10?
3 949 x10° 5.03 x 10° 1.38 x 10°  5.08 x 10*
4 1.11 x 10> 1.16 x 10>  0.00 76
¢ See ref. 40.
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the estimations of radiative and nonradiative rate constants and
luminescence efficiencies in a quantitative basis.

Conclusions

The geometrical structures, electronic structures, optoelec-
tronic properties and phosphorescence mechanism of four
blue-emitting iridium(m) cyclometalated complexes were
investigated in this study. Through the comparison of calcu-
lated results of 1, 5 with experimental data, we tested the
applicability of three functionals and then applied the reason-
able functionals to study three other complexes. The calculated
results show that the HOMOs of 1-3 in the ground state were
mainly localized on the metal center and the cyclometalated
ligands. However, for 4, the HOMO mainly resides on pyim
ligand, while the LUMOs of all these complexes are localized on
the ligands. According to the frontier molecular orbital
discussion, we can anticipate that the emission color can be
adjusted by grafting electron withdrawing groups or electron
donating groups to the pyim ligand in 1. Although the corre-
sponding absorption peaks for the complexes are found at
approximately the same positions, the absorption intensities of
the bands differ largely from each other and follow the order: 2
>4 >1 > 3. As to phosphorescence behavior in toluene media,
four complexes exhibit their emissions at 507, 512, 468 and
513 nm, respectively. Moreover, we evaluated the radiative rate
constants and the results show 3 has the largest k, value and the
complex 4 has the smallest k, value. That *MLCT and *MLCT
transitions have almost no identical unoccupied ligand m*
orbital probably explains the extremely low k, value of 4 (76 s~ ).
And 3 can be expected to be a highly efficient blue-emitting
iridium(m) complex. In the end, we hope that our work in
elucidating structure-property relationships and estimating the
radiative rate constant k. values of the four complexes can
provide experimenters with a guideline for the fabrication of
more efficient blue phosphorescence-based OLED dyes.
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