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One S atom contained ligand triethylamine salt of diphenylphosphinodithioic acid (dpss) was firstly
developed for two four-membered red-emitting iridium(Ill) complexes with Ir—S—P—S structures,
(tfmpiq)2Ir(dpss) and (tfmpqz),lr(dpss), in which 1-(4-(trifluoromethyl)phenyl)isoquinoline (tfmpiq)
and 4-(4-(trifluoromethyl)phenyl)quinazoline (tfmpqz) were employed as the cyclometalated ligands,
respectively. Owing to strong bonding ability of sulfur and iridium atom, two Ir(Ill) complexes were

obtained rapidly and efficiently at room temperature in 5 min. The computational Gibbs free energy
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changes of the complexes formation reactions further indicate that they are exothermic and thermo-
dynamically beneficial processes. They show similar PL emissions at 620 and 621 nm, respectively. Using
the two complexes as dopants, both organic light-emitting devices (OLEDs) exhibit good properties with
the maximum luminance of 16 400 cd/m? and the maximum external quantum efficiency of 19.38%.

© 2019 Published by Elsevier B.V.

1. Introduction

Among different types emitters of organic light-emitting de-
vices (OLEDs), phosphorescent iridium(Ill) complexes are
outstanding candidates due to their high efficiency and colorful
emissions [1-5]. In recent years, red OLEDs have a rapid develop-
ment [6—9]. However, when we focus on the reported red Ir(IIl)
complexes, most of their molecular structures have five or six
membered ring structures with acetylacetone (acac) or pyridinic
acid (pic) or their derivatives as ancillary ligands [10—14], but there
are only few reports about four membered ring ones [15,16].
Moreover, the Ir(Ill) complexes with four-membered ring struc-
tures have more vertical N—Ir—N and S—Ir—S angles in ancillary
ligands, which will make the distance of iridium atom and ancillary
ligand short, therefore, they have a good advantage to boost metal
to ligand charge transfer (MLCT) effect leading to red-shifted
emissions and potential EL performances [17—19].Therefore, it is
necessary to develop four-membered Ir(Ill) complexes in red
OLEDs.

Furthermore, as respect to most reported Ir(Ill) complexes, they
always were successfully prepared under the condition of
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prolonged heating and refluxing, which greatly increased the pro-
duction costs [20,21].It is crucial to exploit novel ancillary ligands,
which could be used to synthesize Ir(Ill) complexes rapidly at room
temperature to improve the synthesis efficiency.

According to our previous work [22—25], sulfur atom con-
tained ancillary ligands have strong coordination ability with
iridium atom, therefore, it is feasible to introduce S atom into
ancillary ligand to obtain Ir(Ill) complexes efficiently and rapidly
at room temperature. Take this into consideration, in this work,
one novel S atom contained ancillary ligand (triethylamine salt
of diphenylphosphinodithioic acid (dpss)) was firstly developed
for two four-membered red Ir(Ill) complexes (tfmpiq)zIr(dpss)
and (tfmpqz),Ir(dpss) with Ir—S—P—S structures, in which 1-(4-
(trifluoromethyl)phenyl)isoquinoline (tfmpiq) and 4-(4-(tri-
fluoromethyl)phenyl)quinazoline (tfmpqz) were selected as
cyclometalated ligands, respectively. As expected, both Ir(IIl)
complexes were synthesized rapidly at room temperature in
5min due to easy coordination of S atom with iridium atom.
Gibbs free energy changes of the complexes formation reactions
further prove that they are exothermic and thermodynamically
beneficial processes. Using the two complexes as dopants, both
devices achieve good performances with the maximum lumi-
nance (Lmax) of 16 400 cd/m2 and the maximum external quan-
tum efficiency (EQEmax) of 19.38%.
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2. Experimental section
2.1. General synthesis of the ancillary ligands and Ir(lll) complexes

The suspension of chlorodiphenyl phosphine (1.00g,
4.53 mmol) and Sg (3.48 g, 13.59 mmol) and triethylamine (1.37 g,
13.59 mmol) in toluene (50 mL) were refluxed for 12 h. Then the
precipitate was formed and filtered to get the ancillary ligand
(dpss) as dark brown solid, it is used directly without purification.
Then the ancillary ligand (800 mg, 2.28 mmol) and the chloro-
bridged dimer [(tfmpiq)Ir(u-Cl)]; or  [(tfmpgz),lr(p-Cl)],
(0.76 mmol, 0.33 eq) were stirred in 2-ethoxyethanol (15 mL) at
room temperature for 5 min. The crude products were purified with
a flash silica gel column and then sublimated under vacuum to give
red crystals.

(tfmpiq),Ir(dpss) (yield: 85%). '"H NMR (400 MHz, CDCl3) & 9.78
(d, J=6.5Hz, 2H), 8.90 (d, J=7.7 Hz, 2H), 8.25 (d, J= 8.4 Hz, 2H),
7.99—7.90 (m, 2H), 7.81-7.74 (m, 4H), 7.70—7.62 (m, 4H), 7.43 (dd,
J=8.4,6.4Hz,2H), 7.34—7.26 (m, 6H), 712 (d,] = 7.2 Hz, 2H), 6.53 (s,
2H). I%F NMR (376 MHz, CDCl3) § - 62.91 (s). HRMS (m/z): calcd for
Ca4Hp8FsIrN,PS; [1\/[-!—[‘[]Jr 987.1043, found 987.1047.

(tfmpqz),Ir(dpss) (yield: 88%). "H NMR (400 MHz, CDCl3) 5 10.45
(s, 2H), 8.85 (d, J=8.5Hz, 2H), 8.43 (d, J=8.4Hz, 2H), 8.21 (d,
J=83Hz, 2H), 8.01 (t, J=77Hz, 2H), 7.87 (t, J=7.8Hz, 2H),
7.67—7.55 (m, 4H), 7.44 (dd, ] = 8.4, 6.5 Hz, 2H), 7.32—7.27 (m, 4H),
7.21 (d, J=7.2 Hz, 2H), 6.67 (s, 2H). '°F NMR (376 MHz, CDCl3) & -
63.21 (s). HRMS (m/z): calcd for C43H26FgIrN4PS; [M+H]t 989.0948,
found 989.0944.

3. Results and discussion
3.1. Synthesis and characterization

As shown in Scheme 1, novel S atom contained ligand (trie-
thylamine salt of diphenylphosphinodithioic acid (dpss)) was pre-
pared by refluxing the mixture of chlorodiphenyl phosphine
(1.00 g, 4.53 mmol) and Sg (3.48 g, 13.59 mmol) and triethylamine
(1.37 g, 13.59 mmol) in toluene (50 mL) for 12 h, which was used
directly without further purification. Two complexes were obtained
by stirring p-chloro-bridged dimer [(tfmpiq),Ir(u-Cl)], or
[(tfmpqz)Ir(u-Cl)], with the ancillary ligand (dpss) in 2-
ethoxyethanol under room temperature in 5 min with good yields
as 85% and 88% for (tfmpiq),Ir(dpss) and (tfmpqz)Ir(dpss),
respectively. Furthermore, both complexes were confirmed with 'H
NMR, '°F NMR (see ESI), high resolution mass spectrometer (HRMS)
and X-ray crystallography. Gibbs free energy changes (AG) calcu-
lated by the density functional theory (DFT) calculations [26—28]
are —79.6 and —97.7 k]/mol for the formation of (tfmpiq),Ir(dpss)
and (tfmpqgz),Ir(dpss), respectively (Fig. 1).
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3.2. X-ray crystallographic analysis and thermal stability

The single crystals of two Ir(Ill) complexes are displayed in Fig. 2,
the crystal information and bond lengths/angles data are shown in
Table S1 and Table S2 (SI), respectively. Each Ir(Ill) complex contains
two CN main ligands and one S'S ancillary ligand. The four-
membered Ir—S—P—S structure results in bigger S—Ir—S bite an-
gles (80.2° and 79.2°, respectively). The Ir—S bonds lengths
(2.528(2) —2.545(2) A) are much longer than the Ir—C bond lengths
(1.992(2) - 2.064(8) A) and the Ir—N bond lengths (2.047(2) to
2.068(7) A), which are similar to the reported five or six membered
ring Ir(Ill) complexes [29,30].

The thermogravimetric analysis (TGA) measurements (Fig. S1
(SI)) show that both Ir(Ill) complexes have high decomposition
temperatures (Tq) of 381 and 352°C for (tfmpiq),Ir(dpss) and
(tfmpqz)Ir(dpss) complexes (with 5% loss of weight, Table 1),
respectively, suggesting they have good thermal stabilities.

3.3. Photophysical property

The UV/vis properties of two Ir(Ill) complexes are displayed in
Fig. 3. The Ir(Ill) complex (tfmpqz),Ir(dpss) exhibits a red-shifted
absorption bands than (tfmpiq),Ir(dpss) ranging from 230 to
600 nm due to one more nitrogen atom in tfmpqz cyclometalated
ligand. The absorptions under 380 nm are definitely ascribed to
ligand-centered (LC) transitions. While the other absorptions
(380—600 nm) are attributed to metal-to-ligand charge transfer
(MLCT) transitions. Both Ir(Ill) complexes show almost same PL
emissions at 620 and 621 nm, respectively, suggesting the alter-
ation of main ligands has little effect on their PL emissions. How-
ever, (tfmpqz),lr(dpss) complex displays much higher
phosphorescence quantum yields (®p.) of 0.68 than that of
(tfmpiq),Ir(dpss) complex (0.35) due to the N atom effect. The
phosphorescent lifetime (tp) of two Ir(Ill) complexes are 1.99 and
2.21 ps (Table 1), respectively. These research results prove that two
complexes with Ir—S—P—S structures are potential in OLEDs.

3.4. Electrochemical property and theoretical calculation

The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) energy levels (Egomo/ELumo)
of the Ir(Ill) complexes are significant for the OLEDs structures
design. Cyclic voltammetry (CV) measurements were carried out to
calculate these values of two complexes (Fig. S2 and Table 1).
Obviously, (tfmpqz),Ir(dpss) complex has lower Egomo (—5.75 eV)
and Ejymo (—3.50 eV) than that of (tfmpiq)2Ir(dpss) complex (—5.46
and —3.39 eV, respectively), which indicates that introducing one
more N atom into cyclometalated ligand tfmpqz has great effect on
their energy levels. The LUMO orbits of two complexes are largely
distributed in 7" orbitals of C'N cyclometalated ligands (tfmpiq and
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Scheme 1. Synthetic route of Ir(Ill) complexes.
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Fig. 1. The calculated Gibbs free energy change (AG) of the complexes formation reactions.

Fig. 2. ORTEP diagram of (tfmpiq),Ir(dpss) (CCDC No. 1822170) and (tfmpqz),Ir(dpss)
(CCDC No. 1828577) with the atom-numbering schemes. Hydrogen atoms are omitted
for clarity. Ellipsoids are drawn at the 50% probability level.

tfmpqz)(as high as 89.78% and 92.47%, respectively), while the
HOMO orbitals mostly localize on 7t orbitals of C N cyclometalated
ligands (tfmpiq and tfmpqz) (47.45% and 44.45%, respectively) and
the d- orbitals of iridium atom (47.68% and 48.95%, respectively),
together with 7 orbitals of dpss ligand (4.77% and 6.60%, respec-
tively) (Fig. S3 and Table S3).

3.5. Electroluminescent property

The devices with the structure of ITO/HATCN (hexaaza-
triphenylenehexacabonitrile, 5 nm)/TAPC ((bis(4-(N,N-ditolyla-
mino)phenyl)cyclohexane, 40 nm)/TCTA (4,4',4"-tri(9-carbazoyl)
triphenyl amine, 10 nm)/(tfmpiq),Ir(dpss) or (tfmpqz),Ir(dpss):

TCTA (4,4',4"-tri(9-carbazoyl)triphenyl amine: TPBi (1,3,5-tris(1-

phenyl-1H-benzimidazol-2-yl)benzene) (12wt%, 10 nm)/TPBi
(1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene, 10 nm)/
TmPyPB (1,3,5-tri((3-pyridyl)-phen- 3-yl)benzene, 40 nm)/LiF

(1 nm)/Al (100 nm) were fabricated and named G1 and G2 to
explore the electroluminescence (EL) performances of two com-
plexes (Scheme 2), respectively. HATCN and TAPC are employed as
hole-injecting and transport layer, respectively. LiF and TmPyPB are
acted as electron-injecting and transport material, respectively.
TCTA and TPBi are applied as host materials together. Moreover,
TCTA and TPBi are selected as hole- and electron-blocking layer,
respectively. Fig. 4 displays characteristics of devices G1 and G2
with the EL spectra, current efficiency (7.) versus luminance, and
power efficiency (np) versus luminance curves. The EL data are
summarized in Table 2. Both devices have low turn-on voltage of
2.7V (Table 2), which is owing to effective recombination of elec-
trons and holes in the emitting layer (EML). The EL emissions of two
devices are a little different from each other. Device G1 shows a
emission peak at 612 nm and a shoulder peak at 654 nm, while
device G2 exhibits a little red-shifted emission peak at 617 nm due
to their individual main ligands. Two devices show red emissions
with the Commission Internationale de 1’Eclairage (CIE) co-
ordinates at (0.66, 0.34) and (0.65, 0.35), respectively.
Furthermore, due to the similar molecular structures of two
complexes, their OLEDs performances are greatly related to their
®p;. For example, due to the lower ®p; of (tfmpiq)Ir(dpss)
(®pL = 0.35), device G1 exhibits a little lower device properties with
a maximum luminance (Lyax) of 6300 cd/m?, a maximum current
efficiency (7¢max) of 8.22cd/A, a maximum power efficiency
(1p,max) of 10.08 Im/W and a maximum external quantum efficiency

Table 1

Photophysical data of two iridium complexes.
Complex Ta (°C) PL* (nm) DpL” (%) T (KS) Er (V)" Enowmo (eV)® Erumo (eV)!
(tfmpiq)Ir(dpss) 381 620 35 1.99 2.15 546 ~339
(tfmpqz).Ir(dpss) 352 621 68 221 2.10 _575 ~350

3 Measured in DCM (10> M) at room temperature.

> Measured in DCM (10~ M) in N, atmosphere with a reference of fac-Ir(ppy)s (®p, = 0.40).

¢ Measured in DCM (10~> M) in N, atmosphere.
d

€ Calculated from empirical equation: Egonmo = - (Eox + 4.8) €V.

f Calculated from Ejymo = ES** + Enomo.

Er (triplet energy): estimated from the highest-energy peaks of the 77 K phosphorescence spectra.
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Fig. 3. Normalized absorption and emission spectra of the iridium complexes in dilute
DCM (10~ M) at room temperature.
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Scheme 2. The OLEDs device structure and their molecular structures used in this
work.
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(EQEmax) of 9.3%, respectively. The device G2 doping with
(tfmpqz),Ir(dpss) complex (Pp. =0.68) shows better device per-
formances with a Lyax of 16 400 cd/mz, a Nemax Of 20.78 cd/A, a
7p,max 0f 23.32 Im/W and an EQEax of 19.38%, respectively (Figs. S5
and SI).

In general, both devices doping with four-membered red Ir(III)
complexes show good device performances, which is attributed to
the following reasons. Firstly, novel S atom contained ancillary
ligand dpss is successfully introduced into Ir(Ill) complexes
forming four-membered Ir—S—P—S structures with large spatial
steric hindrance, which can help supress molecular packing and
TTA effect. Secondly, the reasonable OLEDs structures are
designed, and the energy levels of Ir(Ill) complexes are follow in
that of two host materials TCTA and TPBi, thus the energy transfer
from the host to Ir(Ill) complexes are efficient in EML. Moreover,
TCTA and TPBi are used as hole and electron blocking layer,
respectively, which is beneficial for reducing the energy barrier
between layers and further debase turn-on voltage. Lastly, nitro-
gen heterocycle in cyclometalated ligand would help improve the
electron mobility of Ir(Ill) complex [31]. Therefore electrons and
holes can be efficiently recombined in EML, which would improve
OLEDs performances.

4. Conclusion

In summary, two four-membered red Ir(Ill) complexes (tfmpi-
q)2Ir(dpss) and (tfmpqz),Ir(dpss) using S atom contained ligand
with Ir—S—P—S structures were obtained rapidly at room temper-
ature in 5 min. The much high negative calculated Gibbs free en-
ergy changes results (-79.6 and —97.7 kJ/mol) of the complexes
formation reactions suggest that both reactions are exothermic and
thermodynamically favorable processes. Employing the two red
Ir(IlT) complexes, both devices achieve good OLEDs performances
with the maximum luminance of 16 400 cd/m? and the maximum
external quantum efficiency of 19.38%.
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Fig. 4. Characteristics of devices G1 and G2: (a) EL spectra; (b) L-V curves; (c) n.-L curves; (d) np-L curves.
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Table 2

Key EL data of devices G1 and G2.
Device Von (V) Limax (Cd/mz)b Ne.max (cd/A) Mp,max (lm/w)d EQE nax (%)° CIE (x,y)
G1 2.7 6300 8.22 10.08 9.30 (0.66,0.34)
G2 2.7 16400 20.78 23.32 19.38 (0.65,0.35)
2 Turn-on voltage, the driving voltage at 1 cd/m?.
b Maximum luminance.
¢ Current efficiency.
d power efficiency.
e

External quantum efficiency calculated within visible spectrum region.
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