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Abstract A density functional theory and time-depend-
ent density functional theory approaches were used to
understand the structure—property relationships of a
series of Ir(Ill) complexes Ir(x-NHC)(y-ppy), [where
NHC = 2,3-dihydro-1-methyl-3-phenyl-1H-imidazole,
ppy = 2-phenylpyridine, x = Cl, y = H (1a); x = Cl,
y = Cl (1a-Cl); x = Cl,y = F (1a-F); x = Cl, y = CN
(1a-CN); x = CL, y = CF; (1a-CF3); x = F, y = CF; (2-
CF;)]. The investigations on the electronic structures in
the ground and lowest triplet excited states, the frontier
molecular orbitals, the absorption and emission spectra, as
well as charge injection and transport of these Ir complexes
provided a good understanding of the structure—property
relationships. Furthermore, the full details of the metal
character in the phosphorescent spectraCMLCT %), triplet
energy (Er,), the singlet—triplet splitting energy (AEg;_t,),
SMLCT-"MC energy gap, as well as d orbitals splitting
revealed that quantum yield was effectively enhanced by
introducing CN and CF; groups on the ppy ligands. The

Electronic supplementary material The online version of this
article (doi:10.1007/s00214-015-1773-9) contains supplementary
material, which is available to authorized users.

P< Guo-Jun Kang
gjkang@cumt.edu.cn

P4 Xiang-Kun Ren
renxiangkun @baojukeji.com

Xue-Feng Ren
renxf@cumt.edu.cn

School of Chemical Engineering and Technology, China
University of Mining and Technology, Xuzhou 221008,
China

Low Carbon Energy Institute, China University of Mining
and Technology, Xuzhou 221008, China

designed complexes 1-CN, 1-CFj;, and 2-CF; are expected
to be highly efficient phosphorescent materials in organic
light-emitting diodes.
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1 Introduction

Phosphorescent iridium(III) complexes have attracted
considerable attention for their greatly potential appli-
cation as highly efficient electroluminescent (EL) emit-
ters in organic light-emitting diodes (OLEDs) [1-3].
Greater success has been achieved in developing the
Ir(IIT) type emitters with 2-phenylpyridine (ppy) ligand
[4—6]. For example, the green light emitting tris(2-
phenylpyridine) iridium [Ir(ppy);] exhibits very bright
phosphorescence with 90 % efficiency and fast charge
injection and transport, which makes Ir(ppy); highly
attractive for application in OLEDs [4, 7, 8]. In order
to meet the requirements of red—green—blue (RGB) full-
color displays, enormous efforts have been devoted to
modifying the chemical structure of cyclometalated
ligands [9-14].

Most recently, String et al. [15] synthesized a series
of blue emitters with two ppy groups in combination
with N-heterocyclic carbenes (NHC) unit. It was found
that the introduction of the electron-withdrawing (Cl, F)
and electron-donating (OMe) groups in the NHC ligand
exerted a great influence on the photoluminescence prop-
erties. Although the previous study [16] has qualitatively
analyzed the effect of F atoms on the metal-to-ligand
charge transfer (MLCT) and radiative decay rate (k,),
detailed analyses about the nonradiative decay rate (k,,),
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Fig. 1 The (1) schematic struc- 1)
tures and (2) optimized ground

state geometry of studied Ir

complexes

which is another important factor to influence the quan-
tum efficiency, are still scarce. Also, to our knowledge,
the effect of CI atoms at NHC on the phosphorescence
quantum yield (another efficient blue emit Ir(CI-NHC)
(ppy), synthesized by String et al. [15]) has not been
revealed. Therefore, to shed light on the natures of the
high quantum efficiency and provide valuable informa-
tion for new emitters design, complexes 1a-Cl, 1a-F, 1a-
CN, 1a-CFj;, and 2-CF; (see Fig. 1a) have been designed
and investigated theoretically. Detailed investigations
on the electronic structures, frontier molecular orbitals,
absorption and emission spectra, as well as charge injec-
tion and transport abilities are performed to estimate the
photophysical properties of these materials. Furthermore,
the analyses of participation of MLCT, the singlet—tri-
plet splitting energy (AEg, 1), transition electric dipole
moment in the SO-S1 transition (ug,), d orbital splitting,
as well as the energy difference between the *MLCT/7—n
and *MC d-d state for these Ir complexes are estimated
the k. and k. values to explore the reason of the differ-
ences in the quantum yields. We hope this work can pro-
vide an in-depth understanding of the optical and elec-
tronic properties of this type of complexes, thus providing
valuable information for design and synthesis of new
emitters with high phosphorescence quantum efficiency.
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2 Computational methods

Density functional theory calculations (DFT) using the
mPWI1PWO91 functional [17] combined with 6-31G(d)
basis set for the non-metal atoms and LANL2DZ for Ir
atom [18-20] was used to optimize the ground state and
ion state geometries of studied complexes, which had been
proved to be a reasonable and credible method to predict
the Ir(IIT) complexes with ppy and NHC chelating ligands
[16]. Vibrational frequencies were further calculated at
the same level to confirm that each of ground geometry
was a minimum on the potential energy surface. At the
optimized ground geometries, TDDFT calculations using
mPWIPWO1 functional with the same basis set were car-
ried out to obtain the absorption spectra. To analyze the
nature of absorption, the hole and electron distributions
were calculated by Multiwfn software [21]. The singlet
state (S1) and lowest triplet (Tn) n = 1-3 excited states
geometries of studied complexes were calculated at TD-
mPW1PWI91 method with LANL2DZ basis sets to analyze
the S1 and Tn energy gap (AEg,_t,). M06-2X functional
[22] was adopted to predict the emission spectra of these
complexes, which had been proved to be a reliable method
[16]. In addition, the electronic configurations of the triplet
metal centered *MC) d—d states were optimized according
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to the methodology suggested in Thummel’s work [23]. For
a better analysis of the nature of the excited states involved
in the emission process, natural orbital transition (NTO)
analyses [24] were performed via TD-DFT approach. All
the calculations were made with the Gaussian09 software
package [25].

3 Results and discussion

3.1 Geometries in ground and lowest-lying triplet
excited states

The schematic structures and optimized ground state geom-
etries of six complexes are shown in Fig. 1, together with
the number of some key atoms. The metal-ligand bond
lengths and bond angles of investigated complexes are col-
lected in Table 1.

Table 1 shows that the changes of these bond angles are
minor from complex la to these designed materials. As

shown in Fig. 1, all these studied complexes adopt a dis-
torted octahedral geometry, which are caused by the d°
configuration of the Ir(IIl) center. Besides, the calculated
results show that the Ir-C1 (2.075 A) and Ir—C2 (2.111 A)
bond lengths in complex la are shortened by 0.012 and
0.005 A, respectively, in comparison with those of F-sub-
stituted NHC complex 1 (2.087 A for I—C1 and 2.116 A
for Ir-C2) [16]. Clearly, the Cl substitutions in NHC moi-
ety have great influence on the metal-ligand relative to F
substitutions, which will increase the probability of charge
transfer from the metal to the ligand. In addition, the cal-
culated metal-ligand bond lengths Ir—C3, Ir-C4, Ir-NI1,
and Ir-N2 on ppy ligands of complex 1a are much shorter
than those on NHC ligand (Ir-C1 and Ir—C2 bond lengths),
suggesting a strong interaction between Ir metal center
and the ppy ligands. Therefore, the introduction of the F,
Cl, CN, and CF; substitutions on the ppy ligands could be
efficient strategies to tune the geometry and photophysical
properties. As collected in Table 1, the Ir-C3, Ir-N1, Ir-C4,
Ir-N2 bonds for 1a-Cl (2.038, 2.048, 2.056, and 2.054 A,

Table 1 The selected key bond

lengths (A) and bond angles (°) la la-Cl la-F
for studied complexes in the SO Tl SO Tl SO Tl
ground (S0) and lowest-lying -
triplet state (T1) geometry Bond length (A)
Ir-C1 2.075 2.073 2.076 2.064 2.074 2.062
Ir-C2 2.111 2.108 2.111 2.104 2.110 2.103
Ir-C3 2.043 2.043 2.038 2.042 2.039 2.046
Ir-N1 2.055 2.051 2.048 2.003 2.056 2.004
Ir-C4 2.063 2.049 2.056 2.058 2.059 2.061
Ir-N2 2.062 2.030 2.054 2.056 2.060 2.064
Bond angle (°)
Cl-Ir-C2 77.1 71.7 77.1 77.9 77.1 77.9
Cl-Ir-C4 101.0 99.6 100.7 102.2 100.9 102.2
C3-Ir-N1 79.7 80.1 79.2 81.2 79.8 81.6
N2-Ir-N1 171.7 172.2 171.7 172.2 171.6 172.3
1a-CN 1a-CF; 2-CF;
SO T1 SO T1 SO T1
Bond length (A)
Ir-C1 2.079 2.073 2.077 2.090 2.094 2.087
Ir-C2 2.110 2.112 2.114 2.123 2.114 2.122
Ir-C3 2.038 2.040 2.033 2.029 2.032 2.033
Ir-N1 2.051 2.046 2.047 2.044 2.045 2.039
Ir-C4 2.057 2.035 2.057 2.012 2.052 2.016
Ir-N2 2.057 2.034 2.055 2.041 2.055 2.042
Bond angle (°)
Cl-Ir-C2 77.1 77.6 77.0 77.0 71.7 78.0
Cl-Ir-C4 100.9 99.8 101.9 97.2 98.0 98.8
C3-Ir-N1 79.2 79.7 79.0 79.6 78.9 79.3
N2-Ir-N1 171.8 172.4 171.6 173.1 172.2 172.8
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respectively) are much shortened compared to those for
1a (2.043, 2.055, 2.063, and 2.062 A, respectively). This
means that the interactions between the metal and ppy
ligands are strengthened by importing the Cl atoms. Simi-
lar shortening for the Ir—C and Ir—N bonds (by ca. 0.01 A)
also observed for 1a-F, 1a-CN, 1a-CF3, and 2-CF;. Nor-
mally, the strengthened metal-ligand bond may increase
the probability of charge transfer from the metal center to
ppy ligands, which will be further testified in the following
section.

In order to gain insight into the geometric relaxations
upon excitation, the geometries parameters at the lowest-
lying triplet excited states (T1) of studied complexes
are also collected in Table 1. As listed in Table 1, all the
metal-ligand bond lengths of complex 1a at the T1 state
are pulled closed to the metal compared with SO state,
especially the bond lengths of Ir—C4 and Ir—N2, which are
shortened by 0.014 and 0.032 A, respectively, upon exci-
tation to T1 state. The strengthened metal-ligand bond is
useful to increase the charge transfer from the metal to
ligand (MLCT). Furthermore, the Ir-N1 for 1a-Cl and 1a-
F is contracted by 0.045 and 0.052 A, respectively, upon
SO-T1 excitation. The slightly elongated Ir—C3 for 1a-Cl
and 1a-F can be easily rationalized by the stronger Ir-N1
bond interaction, which weakened the Ir—C3 at its trans dis-
position. Similarly, for 1a-CN, 1a-CFj;, and 2-CFj, the Ir—
C4 in the T1 state is significantly shortened (0.022, 0.045,
and 0.036 A for 1a-CN, 1a-CF;, 2-CF;, respectively)
compared to the SO state. Therefore, it can be concluded
that the ppy ligand is pulled in closer to the metal by intro-
ducing these substitutions, which may facilitate the metal
center to ppy ligand charge transfer, eventually improving
the phosphorescence quantum efficiency.

3.2 Frontier molecular orbitals

To reveal the photophysical properties of these com-
plexes, we will discuss in detail the frontier molecular
orbital (FMO) energy levels and components. The main
FMO energy level and the contour plots of the HOMO and
LUMO are drawn in Fig. 2. The details of FMO compo-
sitions of studied complexes are shown in Table S1-S6 in
Supporting Information.

Figure 2 shows the HOMO (—5.27 eV) and LUMO
(—1.19 eV) values of complex la with Cl substitu-
tions at NHC ligand are much lower than the experimen-
tal synthesized complex with no substitutions at NHC
ligand (HOMO = —5.02 eV and LUMO = —1.00 eV
for 1 [16]) and with F substitutions at NHC ligand
(HOMO = —5.17 ¢V and LUMO = —1.12 eV for 1’ [16]).
We also noticed that the 1a-CF; has decreased LUMO
(—=2.02 eV) energy level compared with that of 2-CF;
(—1.97 eV). It is obvious that a type of attracting electron
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Fig. 2 The orbital energy level (eV), energy gap (eV), and contour
plot of the HOMO and LUMO for studied complexes

transporting materials can be obtained by introducing the
ClI atoms on NHC ligand instead of F atoms. In addition,
both of HOMO and LUMO energy levels of these Ir com-
plexes are dramatically stabilized by introducing the elec-
tron-withdrawing substitutions on ppy ligand compared to
applying them on the NHC ligand, which agrees with our
previous report [16]. For example, for 1a-F and 1a-Cl, the
LUMO energy levels are decreased by 0.19 and 0.50 eV,
respectively, compared with complex 1a. This means that
the electron injection ability can be effectively tuned by
introducing F and Cl atoms at ppy ligands. Moreover, the
LUMO energy of 1a-CN, 1a-CFj;, and 2-CF; are dramati-
cally decreased by 1.44, 0.83, 0.78 eV, respectively, com-
pared with that of complex 1a, which may be attributed to
extended conjugated plane (see Fig. 2) between the ppy and
NHC in 1a-CN, 1a-CFj;, and 2-CF;. Because of the differ-
ent degree of decrease in the HOMO and LUMO energy
level, the HOMO-LUMO energy gap is decreased in the
following order: 1a-F (4.31 eV) > 1a-Cl (4.15 eV) > 1a
(4.08 eV) > 1a-CF; (3.98 eV) > 2-CF; (3.94 eV) > 1a-CN
(3.80 eV). It is worth noting that the small HOMO-LUMO
gaps of 1a-CF;, 2-CF;, and 1a-CN might render a red-
shift in the emission spectra compared with la. Besides
the HOMO and LUMO energy, we also notice that inner
molecular orbital energies have been increased relative to
their corresponding HOMO levels. The energy gap between
HOMO-1 and HOMO is calculated to be 0.24, 0.25, 0.12,
0.19 eV for 1a-Cl, 1a-F, 1a-CN, 1a-CF;, respectively,
which is much smaller than those of 1a (0.39 eV) and
2-CF; (0.79 eV). This indicates that the probabilities of
electron transition from inner occupied MOs are increased.

As shown in Fig. 2 and Table S1-S6, all these Ir com-
plexes have similar HOMO and LUMO distribution, i.e.,
the HOMO is composed of ca. 40 % d(Ir), while LUMO
is predominantly localized on the m*(ppy) ligands. But
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the contributions from the ligands in these orbitals are
different. For example, the HOMO of complex la, la-
F, and 1a-Cl is mainly composed of ca. 55 %m*(ppy),
while for 1a-CN, 1a-CF;, and 2-CF;, their HOMOs
are contributed by 25 %n*(CI-NHC) + 33 %x*(CN-
ppy), 9 %n*(ClI-NHC) + 48 %n*(CF;-ppy), 20 %m*(F-
NHC) + 43 %n*(CF5-ppy), respectively. Therefore, the
well-conjugated ligands in 1a-CN, 1a-CF;, and 2-CF; are
useful for leading to better electron delocalization over the
whole molecule. This would be helpful to understand the
trend of the decreased orbital energy levels. In addition, it
is also noticed that the contribution of Ir(d) to the occupied
frontier orbitals are different by adding the substitutions on
ppy ligands (see Table S1-S6), all these different distribu-
tions will result in different electronic transition characters
upon excitation, which will be further discussed in follow-
ing section.

3.3 Absorption spectra

On the basis of the optimized ground state geometry, TD-
mPWIPWOI1 method was used to calculate the absorption
properties of these Ir complexes. The simulated absorption
spectra for these complexes are presented in Fig. 3. The
calculated absorption properties including the absorption
wavelength spectra, excitation energies, oscillator strength,
main configurations, as well as assignment are collected
in Table S7-S12. As depicted in Fig. 3, complex 1la dis-
plays intense high-energy absorption band (230-300 nm)
and weaker band in the region of 300—350 nm, which can
reproduce the experimental data [15]. Furthermore, the
calculated main absorption peaks of complex la are at
394.5, 334.5, 268.5, 256.0, and 237.4 nm (see Table S7),
which are well consistent with the experimental values
401, 368, 273, 244, and 215 nm [15], respectively. Thus,
the calculations obtained by TD-mPW1PW91 method are

Intensity

0.0

T T
350 400 450 500
Wavelength(nm)

T T
250 300

Fig. 3 Simulated absorption spectra of studied complexes

reliable in understanding the electronic transition of studied
complexes.

In order to analyze the nature of absorption, the hole
and electron distributions are calculated by Multiwfn soft-
ware [21]. The hole and electron distributions for the main
absorption peaks of 1a are drawn in Fig. 4, while the hole
and electron distributions for other complexes are given in
Figure S1 in supporting information. Figure 4 reveals that
the SO-S1 and SO-S32 transitions for 1a mostly process
metal-to-ligand charge transfer (MLCT)/intraligand charge
transfer (ILCT) transition. Because the holes of S1 and S32
states are mainly contributed by Ir(III) atom and ppy moi-
ety, while the electrons are only localized on ppy moiety.
For SO-S5, S0-S26, S0-S47 transitions of 1a, the distribu-
tion of their holes is focused on Ir(IIT) atom, NHC, and ppy
moiety, while the electrons are localized on ppy ligands
(except for S47 state, the electrons are localized on NHC
ligand), and as a result the mixed MLCT/LLCT/ILCT tran-
sition occur. According to the orbital component analysis,
the differences in the contributions of the Ir(III) atom on
hole and electron distribution (Alr) dramatically decrease
for S26 (18.7 %), S32 (13.7 %), S47 (7.3 %) relative to S1
(40.9 %) and S5 (40.9 %) of 1a. Thus the mount of MLCT
of high-lying absorption band (S0-S26, S0O-S32, and SO—
S47) of 1a slightly decreases relative to low-lying absorp-
tion band (S0-S1 and SO-S5).

As drawn in Fig. 3, the absorption intensity of these
designed Ir complexes is larger than 1a (except for 2-CFj3).
Therefore, the probability of the intersystem crossing
(ISC) from singlet and triplet state may be well tuned by
the introduction of these substituent groups at ppy ligands.
The calculated lowest-lying absorption band (S1) of 1la-
Cl, 1a-F, 1a-CN, 1a-CF;, and 2-CF; are at 385.9, 369.8,
422.0, 405.8, and 409.7 nm, respectively. Compared with
that of 1a (394.5 nm), 1a-Cl and 1a-F complexes are blue-
shifted (by 8.6 and 25.5 nm, respectively), while 1a-CN,
1a-CF;, and 2-CF; are red-shifted (by 27.5, 11.3, 15.2 nm,
respectively). This is well consistent with the trend of the
HOMO-LUMO energy gaps (see Sect. 3.2), because the
excitation of HOMO — LUMO is responsible for the low-
est-lying absorption peaks. Based on the hole and electron
distributions analysis (Figure S1), all the S1 states for these
complexes can be characterized as MLCT/ILCT transition.
As expect, the amount of Alr in the S1 of 1a-Cl (43.0 %),
1a-F (42.4 %), 1a-CN (46.9 %), 2-CF; (45.3 %), and
1a-CF; (45.5 %) are large relative to 1a (40.9 %), which
means the participation of MLCT in the absorption spec-
tra can be well tuned by introduction of the electron-with-
drawing substituent at ppy ligands. Besides, Figure S1 also
illustrates all the main absorption peaks for the complexes
can be characterized as MLCT/ILCT or MLCT/LLCT tran-
sitions. Especially, the high-energy absorption peak of 1a-
Cl (268.4 nm), 1a-CN (256.2 nm), 2-CF; (237.3 nm) has
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S5/334.5nm
Alr=40.9%

$1/394.5nm
AIr=40.9%

$26/268.5nm
AlIr=18.7%

S47/237.4nm
Alr=7.3%

$32/256.0nm
AIr=13.7%

Fig. 4 The distributions of electron and hole for 1a at the S1, S5, S26, S32, and S47 state. The blue and green isosurfaces represent hole and
electron distributions, respectively. The differences in the contributions of the Ir(IIl) atom on hole and electron distribution (Alr, %) are collected

Table 2 The lowest triplet (T1)

: Wavelength (nm) Main configurations Assignment Exp. [15]

state for studied complexes
Calculllated Pz 1\1/1106_2?? f;llethoda la 496.9 051L—H SMLCTAILCT 507
together with the avat‘able —0.40L — H-1 SMLCTAILCTALLCT
experimental values [15]

1a-Cl 4953 057L—>H SMLCT/ILCT/LLCT

1a-F 4797 057L—>H SMLCTAILCT/ALLCT

1a-CN 551.5 054L—H SMLCTAILCTALLCT

036L — H-2 SMLCT/ILCT/ALLCT
1a-CF, 538.2 0.58L —H SMLCT/ILCTALLCT
2-CF,4 553.2 059L — H SMLCT/PILCT/LLCT

Table 3 Frontier molecular orbital energies (eV) and compositions
(%) of different fragments in the lowest triplet state (T1) for studied
complexes

Table 4 The integral of overlap of hole-electron (S), distance
between centroid of hole and electron (D, A), Ir(Ill) composition to
hole (%) and electron (%)

MO Energy (eV) MO composition

la H-1 —5.86 41 %d(Ir) + 26 % (ppy) + 33 %m(Cl-
NHC)
H -538 39 %d(Ir) 4 56 %7 (ppy)
L -170 96 %*(ppy)
1a-Cl H —6.06 41 %d(Ir) + 11 %m(Cl-
NHC) + 49 %(Cl-ppy)
L —224 96 %m*(Cl-ppy)
1aF H —6.03 42 %d(Ir) + 12 %m(Cl-
NHC) + 47 %m(F-ppy)
L —2.08 96 %m*(F-ppy)

la-CN H-2 -7.01 43 %d(Ir) + 36 %m(Cl-

NHC) + 21 %n(CN-ppy)

H -653 43 %d(Ir) + 13 %mn(Cl-
NHC) + 44 % (CN-ppy)
L —3.18 97 %m*(CN-ppy)
1a-CF; H —-6.39 39 %d(Ir) 4+ 10 %n(Cl-
NHC) + 51 %n(CF;-ppy)
L —3.08 97 %n*(CF;5-ppy)
2-CF; H —645 43 %d(Ir) + 12 %7 (F-
NHC) + 46 %n(CF;-ppy)
L —3.08 97 %m*(CF5-ppy)

35.6,32.9, and 32.3 % Alr contribution, respectively. Obvi-
ously, the participation of MLCT in the absorption spectra
can be increased by introduction of the Cl, CN, and CF;

@ Springer

S D(A) Ircompositionto  Ir composition to
hole (%) electron (%)
la 0464 1332 1691 4.74
1a-Cl 0421 1513 1646 4.68
la-F 0370 1519 16.65 448
1la-CN 0473 0.227 17.98 3.82
1a-CF; 0425 0997 27.52 4.40
2-CF; 0.374 0.822 23.74 4.40

substituent at ppy ligands. The increased amount of MLCT
might be efficient to collect light energy participation of
metals and increase the spin-orbital coupling effect. Mean-
while, the intensities of the absorption bands of 1a-Cl, 1a-
CN, and 1a-CF; are much larger than those of 1a, which
may result in high intensity for the triplet excited states
through the ISC procedure, and hence increasing the phos-
phorescence efficiency.

3.4 Phosphorescence properties

As reported in our previous work [16], the TDDFT method
with M06-2X functional is reasonable to predict the emis-
sion wavelength of this type of compounds. Thus, the
MO06-2X functional is applied to calculate the emission
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Fig. 5 The hole and electron
wave functions of natural hole
transition orbitals (NTO) of Ir

wave function :;‘
complexes for the T1 state .

electron

wave function =+
<

spectra of all the studied molecules. The calculated emis-
sion wavelengths, main configurations, as well as assign-
ment are summarized in Table 2, together with the available
experimental data [15]. The molecular orbital compositions
which are responsible for the emission spectra are summa-
rized in Table 3.

The phosphorescence 496.9 nm of complex la agrees
well with the experimental observed value 507 nm, which
is contributed by the excitations of HOMO — LUMO
and HOMO-1 — LUMO. Table 4 shows that the
HOMO and HOMO-1 has 39 %Ir(d) +56 %m(ppy) and
41 %d(Ir) + 26 %n(ppy) + 33 %n(CI-NHC), respec-
tively, while LUMO is 96 %n*(ppy) type orbital. Thus,
the emission at 496.9 nm can be contributed from 16 %
SMLCT, °LLCT, and °ILCT characters. The calculated
emission spectra are at 495.3, 479.7, 551.5, 538.2, and
553.2 nm for 1a-Cl, 1a-F, 1a-CN, 1a-CF;, and 2-CF;,
respectively. Compared with complex 1a, the chlorine
and fluorine substituted ppy ligand in 1a-Cl (1.6 nm) and
1a-F (17.2 nm), respectively, lead to slightly blue shift,
which can be easily understood by the widening HOMO-
LUMO gap. Combining Tables 3 and 4, the emission of
1a-Cl and 1a-F can be described as the 3{d(Ir) + 7[(Cl-
NHC) + Cl-ppy)] — #*(ppy)} and 3d(Ir) + n[(Cl-
NHC) + F-ppy)] — m*(ppy)}excited state, respectively,
which can be described as *MLCT/LLCT/’ILCT charac-
ter. For 1a-CN, 1a-CF;, and 2-CF;, there is a dramatically
large red-shifted (by 54.6, 41.3, 56.3 nm, respectively)
compared with that of complex 1. This indicates that the
emitting color of la is efficiently tuned by introduc-
ing CF; and CN substitutions. As seen from Table 3, the
emission of 1a-CN, 1a-CFj;, and 2-CF; at 551.5, 538.2,
and 553.2 nm, respectively, is also mainly contributed by
LUMO — HOMO transition. Due to the significant com-
position of the d(Ir) orbital in HOMOs, the phosphores-
cence spectra of 1a-CN, 1a-CF;, and 2-CF; are mixed
characters of *MLCT/LLCT/ILCT.

In order to gain a better insight into the nature of the
triplet state, the calculated natural transition orbital NTO
is depicted in Fig. 5. The NTO eigenvalues (1) of these
Ir complexes (1a: 0.9616; 1a-Cl: 0.9462; 1a-F: 0.9413;

1a-CN: 0.9766; 1a-CF;: 0.9887; 2-CF5: 0.9884) are close
to 1. It indicates that the hole and electron wave func-
tions dominate the description of SO-T1 transition. From
Fig. 5, all these studied complexes have similar hole and
electron wave functions. The hole wave function is mainly
localized in ppy ligand and Ir(IIT) atom, while the electron
wave function is focused on the same ppy ligand. Obvi-
ously, the T1 state of these Ir complexes corresponds to
localized transition (LE). In addition, Table 4 shows the
distance between centroid of hole and electron (D) of 1a,
1a-Cl, 1a-F, 1a-CFj;, and 2-CF; are 1.332, 1.513, 1.519,
0.997, 0.822 A, respectively; therefore, it is expected that
these complexes probably have a charge transfer excitation
(CT) character. Furthermore, as listed in Table 4, the Ir(III)
atom composition from hole to electron of these Ir com-
plexes dramatically decreases (12.17, 11.78, 12.17, 14.16,
23.12, and 19.34 % for 1a, 1a-Cl, 1a-F, 1a-CN, 1a-CF;,
and 2-CF;, respectively), which indicates that the MLCT
dominates the description of SO-T1 transition.

3.5 The phosphorescence quantum yields

To increase the quantum yield (@p;) from the emissive
excited state to the ground state, a large radiative (k,) value
and a small nonradiative rate (k,,) are necessary, as shown
in the Eq. 1 [26, 27]

B ke + kny

PpL

ey

Theoretically, the k. is approximated by the Eq. 2.
[28-30]

_ 167310°n°E3, (®s1|Hsoc|Pr1)* 13,
' 3heg AES;

@)

where n, h, g, are the refractive index, Planck’s constant,
and permittivity in vacuum, respectively. The Ey; is the
emitting energy and g, denotes transition electric dipole
moment in the SO-S1 transition. The (®g|Hgocl®r)) is
SOC matrix element, which is considered as a key factor in
determine the k, [31]. It is well accepted that the increased
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:? gll: tsriprll‘:tesf:l?:(s;;ri e Ex; (V) MLCT (%) SO Tl Hsi AEg 11 (V) Kk Koy

eV), metal ligand charge Add,,. Add* Add,. Add*

transfer character CMLCT,

%), transition electric dipole la 249 16.0 0.39 6.61 0.48 6.79 146 0.35 3.4% 1.6°

moment (iig;, D), singlet-triplet  1a.C1 ~ 2.50 16.0 024 621 030 7.2 127 040

Zslggﬁga:rfﬁiﬁfg1221111\;){ laF 258 16.1 025 673 029 706 118 047

both the SO and T1 optimized la-CN 2.25 18.0 0.12 6.54 027 7.12 1.22 0.24

geometries, along with the 1a-CF; 2.30 14.7 0.19 6.82  0.38 7.04 1.06 0.09

f{’égf;fjﬁl;eafgglgggizgxi(vg(k 2-CF, 224 17.2 021 699 032 698 1.13 0.8

105 1) rate 17 2.50° 13.4° 029  656° 038  7.05° 251 0.67° 25" 2.5
1# 2.50* 16.2° 0.37* 6.55*  0.49* 6.76* 142 0.34% 2.6° 2.3°
o Ref. [16]; ° Ref. [15]

contribution of *MLCT in the T1 state or a minimal AEgy

is beneficial to enhance the SOC and transition probabil- —_ —Sl1

ity [32, 33]. Furthermore, the ISC rate can be performed :E

as a function of the energy separation between the singlet % 3.0 A — T3

S1 and the closest triplet Tn, [34] which means the mini- :;,3 ol

mal AEg, r, is beneficial to enhance the ISC rate and thus 5 T 0147

might increase k, [35]. In addition, the d orbital splittings it 040

are usually in determining the phosphorescence efficiency % 0,35 035

[36, 37]. The Add,, is the energy differences between the é =

two highest occupied molecular d orbitals, while the Add* &= 25 - = =

is the splitting between the highest lying occupied and low- 024 ();—29 gm

est unoccupied d orbitals. Therefore, the calculated Er,, 9 =

SMLCT, jg;, AEg; 1, Add, ., and Add* are collected in — —

Table 5. 1 1' 1a 1a-Cl 1a-F 1a-CN 1a-CF, 2-CF,

As listed in Table 5, the Ep; value of 1a is similar with
that of 1’ [16] and 1 [16]; however, the k, value of 1a is
obviously different from 1’ and 1, indicating the Er, value
is not a crucial factor to k. Furthermore, it is interesting
to find that the participation of MLCT of 1a (16.0 %)
[16] is much larger than that of 1/ (13.4 %) [16], and the
AEg,_r; of 1a (0.35 eV) [16] is much smaller than that of
1/ (0.67 eV) [16]; however, their k, values are still close to
each other. It suggests that other factors may also play an
important role in the quantum yield. The larger ug; value
of 1/ (2.51D) [16] relative to 1a (1.46D) might be one of
the main reasons. In addition, the smaller Add,. values at
both the SO and T1 states of 1’ (0.29 eV for SO and 0.38 eV
for T1) compared with 1a (0.39 eV for SO and 0.48 eV for
T1) may also result in a larger Hsoc matrix element and a
faster the radiative decay rate constant k, [37]. Therefore, it
can be concluded that the largest MLCT and ug,, as well
as the lowest AEg,_1; and Add, values are necessary to
judge the k. Furthermore, the excitation energy levels of
T2/T3 of designed molecules obtained by M06-2X method
based on optimized T2/T3 geometry are shown in Fig. 6.
Figure 6 demonstrates that T2 and T3 states of studied
complexes are closer to corresponding T1 state; thus, the
AEg, 1, is an important parameter to explain the dif-
ferences in ISC rate as well as the k. values. As shown

@ Springer

Fig. 6 The calculated excitation energy levels (eV) of studied com-
plexes

807 __McCd-d
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= —5,
(=}
E —
S 60 I - 610 T
S 64 7} I
) gz it B7 103 114
& ; ol
e
AR ‘%é ey
)
>
=
&

o4 . - _ _ _ _— _ _
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Fig.7 The energy level diagram of the theoretical designed and
experimental synthesized complexes [15] in the T1 and MC excited
states, together with the contour plots of the spin density distribution
in the *MC state. Complexes 1 [16] and 1’ [16] are the synthesized
complexes with F substitutions and no substitutions at NHC ligand,
respectively
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Table 6 The ionization

potential (IP, eV), electron IPV) IP@) EAW) EA@ *n ke Ahpe
affinities (EA, eV), hole/ 1a 6.26 6.05 0.10 0.20 0.49 0.20 0.29
flx?t{:’"eif)‘) rag:’xzﬁtfs“tﬁzergy 1a-Cl 6.77 6.55 0.65 0.76 0.52 0.22 0.30
energy differences between the 1a-F 6.68 6.48 0.28 0.38 0.48 0.20 0.28
hole and electron reorganization 1a-CN 7.34 7.15 1.61 1.72 0.51 0.22 0.29
energy (eV) 1a-CF, 6.94 6.69 0.96 1.14 0.59 0.34 0.25

2-CF, 6.87 6.64 0.89 1.07 0.57 0.35 0.22

17 6.03 0.10 0.52 0.01

18 6.19 0.01 0.49 0.20

4 Ref. [16]

in Fig. 6, the AEg,_1, is calculated to be 0.24, 0.09, and
0.18 eV for 1a-CN, 1a-CF;, and 2-CF;, respectively,
which is much smaller than experimental synthesized
1’ (0.67 eV) and 1 (0.35 eV). The minimal AEg, 1, will
definitely overcome competitive non-radiative decay path-
ways, therefore, leading to an increased k.. Especially for
1a-CF;, its AEg, 1, is close to the most efficient thermally
activated delay fluorescence (TADF; AEg, r; < 0.1 eV)
[38, 39] as reported by Adachi’s group. Accordingly, our
designed 1a-CF; may have high phosphorescence quantum
efficiency. Besides, 1a-CN has larger MLCT contribution
(18 %), g, value (1.22D), and smaller Add, . (at both SO
and T1 state) than 1a-CF; and 2-CF; complexes, suggest-
ing that the introducing CN might increase the possibility
of enhancement of k, value.

According to Eq. 1, it is necessary to provide some
insight into k,,. The *MC d-d state is considered as one
of the most important deactivation pathways for the emis-
sion, the separation between the SMLCT/7—7 and 3MC
d—d states is believed to be closely related to nonradiative
pathway [40]. Thus, the energy differences between these
states are shown in Fig. 7, along with the spin density of
theirs MC d—d state. As depicted in Fig. 7, the spin density
is mainly localized on the Ir atom. The *MC d—d excited
state is lying at a relatively higher energy than that of the
SMLCT/n—m excited states, indicating that the emitting
phosphors are the most thermodynamically stable ones.
The energy difference between the *MLCT/7—m and *MC
d—d state of 1a is close to that of 1 and 1/, indicating the
nonradiative pathway of 1a is similar with 1 and 1’. Thus
k, of these complex [1a (1.6 x 10°s7"), 1 (2.3 x 10° s,
and 1/ (2.5 x 10° s~1)] are close to each other. By intro-
ducing these substitutions, 1a-CN (13.7 kcal/mol), 1a-CF;
(10.3 kcal/mol), 2-CF; (11.4 kcal/mol) have larger energy
gaps between *MLCT/z—r and *MC d—d states than experi-
mental synthesized molecules, thus leading to a lower k.
Furthermore, the calculated Add* of 1a-CF;, 1a-CN, and
2-CF; at theirs SO and T1 state have larger value than 1a,
which may result in an effective thermal unaccessible MC
and reduce the non-radiative quenching [37].

From the analysis of the participation of *MLCT,
AEg, 1, gy, d orbital splitting, as well as the energy dif-
ference between the *MLCT/m—m and *MC d—d state, it can
be founded that compounds 1a-CN, 1a-CF; and 2-CF;
have relatively larger k, values and smaller k. values com-
pared with experimental synthesized and other theoretical
designed molecules. Thus, 1a-CN, 1a-CF; and 2-CF; may
be potential emitting materials with high efficiency.

3.6 Performance of OLEDs

The charge injection, transport, as well as balance are
important for the device performances of OLEDs. The ioni-
zation potential (IP) and electron affinity (EA) are calcu-
lated to evaluate the energy barrier of injection of holes and
electrons. A small IP value (large EA) indicates the ease of
holes injection (electrons) from the charge injection layer
into the emitting materials. The IP and EA are calculated
both the vertical excitation (v; at the geometry of neutral
molecule) and adiabatic excitation (a: optimized structure
for both the neutral and charged molecule). The calculated
vertical IP(v), vertical EA(v), adiabatic IP(a), and adiaba-
tic EA(a) of these compounds are listed in Table 6. Table 6
shows both the IP and EA values (both vertical and adi-
abatic) of 1a are larger than those of 1’ [16] and 1 [16].
Similarly, 1a-CF; gives much larger EAs compared with
2-CF;. Clearly the electron injection ability of this type
of complex can be enhanced by introducing Cl atoms at
NHC ligand instead of F atoms, which is consistent with
the analyses in their LUMO energies. In addition, it can be
seen that the calculated IP values (both vertical and adiaba-
tic) decrease in the order: 1a-CN > 1a-CF; > 2-CF; > 1a-
Cl > 1a-F > 1a, suggesting the ability of hole injection
gradually increases. This tendency is consistent with the
trend of HOMO energies in Sect. 3.2. For EA values (both
vertical and adiabatic), the introduction of CN, CF;, Cl, and
F has a positive influence on increasing the EA values. The
calculated EA values (both vertical and adiabatic) decrease
in the following order: 1a-CN > 1a-CF; > 2-CF; > la-
Cl > 1a-F > 1a, indicating that these designed complexes
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accept an electron more easily than 1a. This trend is well
consistent with the order of the LUMO energy.

The mobility of the hole and electron is investigated
based on the Marcus theory [41]. As well known, for
efficient charge transport, the reorganization energy is
required to be small. The hole/electron reorganization
energy (Ay/A.) is calculated as described in previous work
[42], and the calculated values of A;, and A, are also listed
in Table 5. From the calculated data in Table 5, 1a has
smaller A, (0.20 eV) than its A;, (0.49 eV). It means that 1a
is an excellent electron transport material, which is simi-
lar with its derivatives 1’ [16] and 1 [16]. After introduc-
ing the electron-withdrawing (F, Cl, and CN) substitutions
at ppy ligands, 1a-F, 1a-Cl, and 1a-CN have similar X,
and \;, values with those of 1a. Their A, values are almost
two times larger than theirs A, values, suggesting that 1a-
Cl, 1a-F, and 1a-CN still have excellent electron transport
ability. With respect to 1a-CF; and 2-CF;, the A, and A,
values become larger, indicating that they have relatively
poor charge transport rate comparison with those of 1a. It
is also found that the energy differences between A, and A,
(AAy_p) for all these designed complexes are ca. 0.30 eV,
implying that these materials are not suitable to be used as
emitting-layer materials in OLEDs because of their unbal-
anced hole and electron transport.

4 Conclusion

We have employed DFT and TDDFT investigations on the
electronic structures, photophysical properties, and phos-
phorescence quantum yields of a series of Ir complexes
coordinated with 2-phenylpyridine (ppy) and N-hetero-
cyclic carbenes (NHC) ligands. It is found that the intro-
duction of F, Cl, CN, and CF; substitutions on the ppy
ligands can strengthen the metal-ligand bond, stabilize
the LUMO energy levels, as well as increase the absorp-
tion intensities and participations of MLCT in the absorp-
tion band. Through the analyses of participation of MLCT,
AEg, 11, g, d orbital splitting, as well as the energy dif-
ference between the *MLCT/7— and MC d-d state, it can
be inferred that compounds 1a-CN, 1a-CF;, and 2-CF;
have larger k, values and smaller k,, values compared with
other molecules. In addition, these designed complexes are
suitable to be used as electron transport materials because
of better electron injection and transfer rates. Theses struc-
ture—property relationships are hoped to provide valu-
able information to obtain highly efficient phosphorescent
emitters.
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