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A series of cationic heteroleptic Ir(Ill) complexes with different N-heterocycle groups (N-phenothiazinyl,
N-indolyl, N-carbazolyl, 3,6-di-tert-butyl-N-carbazolyl) were synthesized and characterized. The photo-
physical properties of these complexes were systematically investigated. All complexes exhibit strong 7-
7" absorption bands in the UV region and broad 'MLCT absorption bands in the visible region. In addition,
these complexes exhibit weak absorption after 500 nm, which could be attributed to *m,7"/>CT transition.
All complexes exhibit broad and structureless emission bands from 568 nm to 627 nm at room tem-
perature, which are originated from 3MLCT/’LLCT excited states. The electron donating substituents
attached on the 2-phenylpyridine ligands cause a pronounced red-shift of the emission band. Except 1d,
all complexes show strong triplet transient absorptions from UV to visible region, which were assigned to
the 3MLCT/?=, " excited state. In addition, complexes 1a-1c all exhibit reverse saturable absorption (RSA)
at 532 nm, which follows the trend of 1a>1b > 1c. The photophysical properties of these Ir(Ill) complexes
can be influenced drastically by the substituents on 2-phenylpyridine ligands, which would be useful for

rational design of optical functional materials.

© 2018 Elsevier B.V. All rights reserved.

Cyclometalated Ir(Ill) complexes have attracted extensive in-
terest in the past decade, due to the strong spin—orbit coupling
induced by the Ir(Ill) ion, which gives rise to efficient intersystem
crossing and high phosphorescence quantum efficiencies. This
unique feature makes the Ir(Ill) complexes promising candidates
for applications in organic light-emitting devices (OLEDs) [1—4],
organic light-emitting electrochemical transistor [5], low-power
upconversion [6,7], photocatalysts [8—10] and nonlinear optics
[11,12]. These applications are intrinsically based on their rich
photochemical and photophysical properties. In addition, their
photophysical properties can be modulated by structural modifi-
cation of the ligands to meet the requirements for different
applications.

Among these Ir(Ill) complexes, cationic heteroleptic Ir(IIl)
complexes are more appealing because the ground-state and
excited-state properties of these complexes can be readily tuned by
modification of either the diimine (N°N) ligand or the cyclo-
metalating 2-arylpyridine (C'N) ligands [13—17]. For example, the
research conducted by Sun group demonstrated that m-
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conjugations on the N'N ligands could significantly change the
excited-state absorption characteristics of the Ir(Ill) complexes, and
thus strongly impact their photophysical properties [11]. In addi-
tion, 1,10-phenanthroline has been amply confirmed that its rigid
and conjugated structure makes the density of the electron cloud of
the nitrogen atom on the aromatic ring stronger, which is favorable
for the efficient transfer of electron energy between atoms and the
coordination with metal center. Furthermore, Thompson group
reported Ir(Ill) complexes bearing electron donors and acceptors on
monoanionic cyclometalating ligands [18], which indicate that
cyclometalated ligands are a key factor in the physical properties of
Ir(IIl) complexes due to the effect of functional substituents on the
ligands. Therefore, a strategy for achieving superior nonlinear op-
tical properties could be proposed by the introduction of different
substituents.

Furthermore, the investigation on the nonlinear optical prop-
erties of Ir(Ill) complexes by modifying cyclometalating C'N ligands
is still limited. We envision that by incorporating N-aryl chromo-
phores (N-arylamines) with different electron-donating abilities on
2-arylpyridine ligands, ground state absorption and excited state
absorption of these complexes will be significantly tuned, hence,
their excited state absorption region could be extended
accordingly.
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In this work, a series of cationic heteroleptic Ir(Ill) complexes
with different arylamino-substituents on 2-phenylpyridine ligands,
structurally, N-phenothiazinyl, N-indolyl, N-carbazolyl, 3,6-di-tert-
butyl-N-carbazolyl groups were synthesized (Scheme 1). These
complexes based on 1,10-phenanthroline ligand as main ligand
(N"N ligand) and modified 2-phenylpyridine as ancillary ligand
(C'N ligand). The structural characterization and photophysical
properties of these complexes were systematically investigated
with the aim of understanding the structure-property correlations
and developing novel functional materials. The synthetic details are
provided in Supplementary Information.

The UV—vis absorption characteristics of complexes 1a—1d
were studied in CH»Cl, at different concentrations (5 x 1078 to
1 x 10~ mol L~1). The absorption obeyed the Beer's law in the
studied concentration range, suggesting the absence of ground-
state aggregation in this concentration range. The UV—vis ab-
sorption spectra of complexes 1a-1d in CH,Cl;, solution is pre-
sented in Fig. 1. The band maxima and molar extinction
coefficients for each complex are summarized in Table 1. The
spectra of the complexes 1a-1d consist of intense absorption
bands below 300 nm, medium absorption bands between 300 and
500 nm, and broad weak tails above 500 nm. In comparison to
their respective ligands (2a-2d, Fig. S1), the strong absorption
bands of the Ir(Ill) complexes above 300 nm can be assigned to
ligand-based 7, 7* transitions (Fig. 1), which are also in line with
the other transition organometallic compounds reported previ-
ously [19—21]. The less intense bands in the range of 300—500 nm
for complexes have a mixed '"MLCT and 'LLCT character in view of
their relatively large extinction coefficients. A close examination
of the UV—vis absorption spectra of these complexes revealed a
very weak tail beyond 500 nm for complexes 1a-1d. As reported
for other Ir(Ill) complexes [22], these bands are attributed to the
So-Tn absorption via the spin-forbidden 3, " /3CT transition. It is
worth noting that the N-heterocycle substituents complexes
exhibit red-shifted absorption of the charge-transfer absorption
bands compared to those of their analogues without the N-het-
erocycle substituents [23,24].
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Fig. 1. UV—vis absorption spectra of 1a-1d in CH,Cl, (1 x 107> mol/L). The inset shows
the expanded spectra in the spectral region 400—800 nm.

The normalized room-temperature emission spectra of com-
plexes 1a-1d in CH,Cl; are shown in Fig. 2 and the emission data of
1a—1d are summarized in Table 1. Upon excitation at the corre-
sponding 'MLCT band, a broad and structureless emission band
appears from 568 nm to 627 nm for 1a-1d. Considering the signif-
icant stokes shifts and sensitivity to oxygen quenching (Fig. S2), the
emitting state of these complexes should be attributed to a triplet
excited state (T; excited state). In comparison to their respective
ligands (2a-2d, Fig. S3), these complexes show broad and un-
structured emission bands and point to a higher 3MLCT character
and intraligand (IL) character in the excited state. Furthermore, the
observed difference in emission should be attributed to the
different natures of the substituents attached on the terminal N-
heterocyclic unit, the N-heterocycle substituents complexes exhibit
red-shifted of the charge-transfer emission bands compared to
those of their analogues without the N-heterocycle substituents
[23,24], especially the electron-donating ability of the substituents.
Compared to 1c, complex 1d bearing stronger electron-donating
3,6-di-tert-butyl-N-carbazolyl groups shows pronounced red-shift
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Scheme 1. Synthetic routes for complexes 1a—1d.
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Table 1
Photophysical parameters of complexes 1a-1d.

Complex Aaps”/nm (9/]05 Lmol ™! Cmil) xeml)/nm (Tem/1s, Pem) Ari-mn/nm (TTA/MS)(I
1a 270 (2.85), 322 (0.77), 422 (0.117) 570 (3.00, 0.36) 540 (3.02)

1b 266 (2.62), 348 (0.49), 436 (0.098) 616 (0.12, 0.24) 525 (0.11)

1c 266 (3.49), 426 (0.179) 604 (0.06, 0.47) 520 (0.05)

1d 264 (3.27), 342 (0.58), 436(0.105) 627 (5, 0.22) ¢

2 Electronic absorption band maxima in CH,Cl, at R.T.
b Recorded in 1 x 10~° mol/L CH,Cl; solution at R.T.
€ Too weak to be measured.

4 Nanosecond TA band maxima, triplet extinction coefficients and triplet excited-state lifetimes in toluene at room temperature.
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Fig. 2. Normalized emission spectra of 1a-1d in CH,Cl, (1 x 10> mol/L).
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emission with structured feature. However, the emission quantum
yield of 1d decreases significantly by introducing tert-butyl groups
on carbazole units, we ascribe the drastically reduced emission of
1d to the enhanced intramolecular charge-transfer state, particu-
larly the 3LLCT state caused by the electron-donating tert-butyl-N-
carbazolyl group in the Ir(Ill) complex.

The photoluminescence of 1a-1d in different solvents was
investigated to further understand the nature of the emission, the
solvent-dependency emission spectra of 1a-1d are manifested in
Fig. 3, and the emission quantum yields of these four complexes in
different solvents are summarized in Table 2. A negative sol-
vatochromic effect is observed for 1a and 1b. However, a slight
positive solvatochromic effect is observed for 1d, while minor
solvatochromic effect is observed for 1c. These indicating that the
emitting states for these complexes are configurationally mixed
excited states or the emitting state changes in different solvents.
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Fig. 3. Emission spectra of 1a-1d (1 x 107> mol/L) in different solutions.
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Table 2
Emission energy and quantum yields of 1a—1d in different solvents.

Aem/nm (Perm)”

Toluene THF CH,Cl, CH5CN
1a 615 (0.30) 595 (0.34) 570 (0.36) 558 (0.33)
1b 612 (0.22) 603 (0.37) 616 (0.24) 617 (0.37)
1c 606 (0.37) 625 (0.41) 627 (0.47) 622 (0.44)
1d 612 (0.35) 615 (0.27) 604 (0.22) 609 (0.37)

2 Degassed aqueous solution of [Ru(bpy)3]Cly (Pem = 0.042, excited at 436 nm)
was used as the reference for the emission quantum yield measurement.

Considering the structureless feature of the emission spectra, the
emitting states for 1a-1d are predominantly 3MLCT/?LLCT in na-
ture. In addition, in a non-coordinating solvent like CH,Cly, higher
quantum yields are observed for these complexes in comparison to
coordinating solvent like CH3CN. This provides evidence for the
involvement of the 3MLCT character in the emitting state of these
complexes. The solvent induced quenching by coordinating sol-
vents is a common feature for transition-metal complexes with a
3MLCT emitting state.

In order to understand the triplet excited-state properties of
1a—1d, the triplet transient absorption (TA) of these complexes in
toluene and monitoring the decay characteristics. The time-
resolved triplet TA spectra of 1a, 1b, 1c recorded upon excitation
at 355 nm at room temperature in deaerated toluene solutions are
shown in Fig. 4. The TA absorption band maxima, the excited-state
lifetimes deduced from the decay of the TA, which are listed in
Table 1. It is obvious that the TA spectral features of Ir(Ill) complexes
1a, 1b, 1c exhibit broad positive absorption bands from 300 nm to
550 nm. The TA spectrum of 1a is drastically different from other
complexes, it exhibits broad positive absorption bands from
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300nm to 800nm, which was tentatively assigned to the
3MLCT/>m, 7" excited state. Meanwhile, the TA spectra of 1b and 1¢
show bleaching bands from 600 nm to 700 nm. The triplet excited
state giving rise to the observed TA for 1b and 1c¢ could be assigned
to the 3MLCT/’LLCT excited state. According to the literature
[25—27], it is not surprised that the TA spectra of 1d was unable to
be measured, because the shorter excited state lifetime as indicated
by the emission lifetime. These spectral information obtained from
TA spectra of the complexes helps us to understand the excited
state properties and to predict the spectral region where reverse
saturable absorption occurs, which could be useful for nonlinear
optics.

In order to study non-linear optical behaviors properties of the
complexes, nonlinear transmission measurements were carried out
in toluene solutions for all complexes at 532 nm using 4.1 ns laser
pulses. For easy comparison, the linear transmission of all sample
solutions was adjusted to 80% in a 2 mm cuvette at 532 nm to
ensure that the same numbers of molecules are populated to the
excited states. In such a case, the degree of reverse saturable ab-
sorption (RSA) will be determined by the excited-state absorption.
The transmission vs. incident fluence curves for these complexes
are presented in Fig. 5. Three complexes exhibit strong RSA prop-
erties at 532 nm for ns laser pulses, following the order of 1a >
1b > 1c. In addition, compared with the [Ir(ppy)2(phen)]" without
N-heterocycle substituents [24], N-heterocycle substituents on
ancillary ligands influence the non-linear optical properties of Ir(III)
complexes significantly.

In summary, four Ir(Ill) complexes were synthesized and their
photophysical properties were systematically investigated. All
complexes exhibit strong absorption bands in the UV region, and
broad structureless bands in visible region, which can be assigned
as the ligand-based !m,m* transitions and 'MLCT transitions,
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Fig. 4. The time-resolved triplet transient difference absorption spectra of 1a-1c in toluene solution.
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Fig. 5. Output energy density vs incident energy density of complexes 1a-1c in toluene
for 4.1 ns laser pulses at 532 nm. The linear transmission for all samples was adjusted
to 80% in a 2 mm cuvette at 532 nm.

respectively. In addition, all complexes exhibit weak absorption
after 500 nm, which come from mixed 3z-7", 3LLCT and 3MLCT.
Our studies reveal that electron-donating substituents on 2-
phenylpyridine ligands cause a pronounced red-shift of emission
bands. All the complexes exhibit broad absorption bands in their
triplet transient difference absorption spectra, which are attrib-
uted to the ancillary ligand localized triplet excited states. The
complexes 1a, 1b, 1c exhibit broad absorption bands in their
triplet transient difference absorption spectra, which are also
influenced by these attached substituents. These complexes
exhibit strong RSA properties at 532 nm for ns laser pulses, which
was significantly influenced by the N-heterocycle substituents on
ancillary ligands. These studies indicate that the photophysical
properties of these Ir(Ill) complexs can be tuned drastically by the
different aryl substituents, which not only builds a foundation in
both experiment and theory of the further study on the synthesis
and photophysical properties of cyclometalated iridium com-
plexes, but also provides experiment and theory reference with
the cyclometalated Ir(IlI) complexes for the applications in
nonlinear optics.
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