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Abstract: Near-infrared (NIR) phosphorescent iridium(III) complexes have been demonstrated to
possess photophysical properties superior to those of traditional NIR dyes. However, the NIR
emission wavelength is restricted in the range of 700–800 nm. For realizing deeper NIR emission, a
novel type of iridium(III) complex was designed and synthesized in this work. The main ligand of the
iridium(III) complex was constructed using a donor-acceptor structure containing benzothiophene as
the donor and quinoxaline as the acceptor. The β-diketone derivative was chosen as the auxiliary
ligand owing to its symmetrical structure and p-donating character. The complex exhibits deep
NIR-I phosphorescence (764 nm in CH2Cl2, 811 nm in aqueous solution) and broad full width at half
maximum (108 nm in CH2Cl2, 154 nm in aqueous solution). Theoretical calculations based on the
density function and time-dependent density function were carried out to support the experimental
data. Moreover, in vitro biological performance of the complex was determined as well. This
work supports the possibility that via a systematic transformation between the D and A units, the
photophysical performance of NIR emissive iridium(III) complexes can be greatly improved.

Keywords: iridium(III) complex; near-infrared emission; donor-acceptor structure; phosphores-
cence; lifetime

1. Introduction

Optical molecular imaging technology is an extraordinary tool that can provide non-
invasive, high-accuracy and high-resolution optical information in biomedical areas [1–4].
In order to stimulate the progress of this technology, the most important point is to promote
innovations of higher-performance molecular probes [5–12]. Recently, many studies have
demonstrated that regulating the probe emission wavelength to the near-infrared area is
the most efficient of all performance-improving strategies [13–18]. Compared to visible
light, near-infrared (NIR) light has many advantages such as less photon scattering, deeper
penetration and lower tissue absorption [19–23]. Thus, the optical performance of NIR
emissive probes, including signal-to-noise ratio, spatial resolution and feature contrast, can
be greatly boosted in the imaging process [24–26].

Thanks to various structural engineering and functional group grafting methods,
the outstanding optical properties of NIR organic molecules can now be easily realized.
For example, phthalocyanine [27–29] and boron dipyrromethene dyes [30–32] can easily
exhibit NIR emissions between 800 and 1000 nm and have been well investigated for
in vivo applications. Methylene blue [33–35] and indocyanine green [36–39], approved
by the government, have been widely used in clinical applications. However, owing to
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their high chemical reactivity, most of these organic dyes can easily oxidize into molecular
fragments, resulting in the loss or blue shift of luminescence. Moreover, the highly reactive
excited states of NIR dyes can capture a hydrogen atom from any available source, leading
to photobleaching under long-term exposure to a light source [40,41]. Moreover, the
luminescence lifetime of conventional NIR molecules is limited to the range of hundreds of
picoseconds to tens of nanoseconds, which cannot be distinguished from the short-lived
NIR autofluorescence contributed by chlorophyll and melanin in tissues [42,43].

Compared to the traditional optical dyes mentioned above, NIR phosphorescent
iridium(III) complexes have been demonstrated to possess certain superior advantages,
such as high stability against photobleaching, excellent thermal stability, rich electronic
characteristics, as well as long-lived phosphorescence that can be easily distinguished from
autofluorescence in vivo [44–47]. Luminescent probes based on NIR iridium(III) complexes
have shown reliable optical performance in biological areas. However, the NIR emission
wavelength of reported iridium(III) complexes is restricted in the range of 700–800 nm,
which limits their further application. Hence, exploiting deeper NIR-emission iridium(III)
probes will have an important role in the development of optical imaging technology.

In this work, we reported a novel type of iridium(III) complex with deep NIR-I
phosphorescence (Figure 1a). Given that donor-acceptor (D-A) type cyclometalating ligands
have narrow energy gaps, which can effectively lower the triplet state (T1) energy [48–50],
a large conjugated plane containing benzothiophene as the donor and quinoxaline as the
acceptor was chosen as the main ligand of the iridium(III) complex. Additionally, because
symmetrical auxiliary ligands can reduce the lowest unoccupied molecular orbital (LUMO)
energy of the iridium(III) complex, β-diketone derivative was selected as the auxiliary
ligand [48,50]. The photophysical properties of this complex are presented in the main
part of this article. Density functional theory (DFT) and time-dependent density functional
theory (TDDFT) calculations were performed to thoroughly elucidate the structure-function
relationship of the complex. Moreover, in vitro biological performance was determined for
further applications.
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iridium (III)-chlorobridged dimers were prepared by refluxing iridium trichloride with the main ligand, which was treated 

Figure 1. (a) Synthesis scheme of iridium(III) complex. The main ligand was prepared via Suzuki coupling reaction.
Complex 4 was synthesized according to the typical two-step method for neutral iridium(III) complex (the cyclometalated
iridium (III)-chlorobridged dimers were prepared by refluxing iridium trichloride with the main ligand, which was treated
with the auxiliary ligand to obtain the final product). (b) The ground state geometric structure of complex 4 based on the
B3LYP/LANL2DZ method.
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2. Materials and Methods

Materials: Benzothiophen-2-ylboronic acid, 2-chloroquinoxaline, 1,3-bis(4-bromophenyl)-
3-oxidaneylpropanal, tetrakis(triphenylphosphine)palladium, iridium(III) chloride hy-
drate, potassium hexafluorophosphate and all of the solvents were bought from Sigma-
Aldrich®(Shanghai, China). All of the reagents were used without further purification
unless otherwise stated. The aqueous solutions used throughout the experiment were
prepared with deionized water. The supplier of cell culture flasks, culture dishes and
96-well cell culture plates was Thermo Fisher. The Hela cell lines were purchased from
KeyGEN BioTECH(Nanjing, Jiangsu, China). Dulbecco’s modified eagle medium (DMEM),
trypsin and fetal bovine serum (FBS) were supplied by Gibcco(Nanjing, Jiangsu, China).

Instrumentation: NMR spectra were utilized to verify the compound structure, and
a Bruker Ultrashield 400 Plus(Bruker, Beijing, China) instrument was employed for the
measurements. To further demonstrate the validity and rationality of the complex structure,
a Bruker autoflex matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
mass spectrometer was employed to record the data. The absorption measurements were
conducted with a Shimadzu UV-3600 spectrophotometer(Shimadzu, Shanghai, China).
The emission of the complex was recorded with an Edinburgh FL 920 spectrophotometer.
Absolute quantum yields of the complex were determined in N2 atmosphere by using an
integrating sphere. An Olympus LFS-920 spectrometer(Olympus, Beijing, China) was used
to assist in the study of luminescence lifetime.

2.1. Synthesis
2.1.1. Synthesis of Ligand 1

A flask contained 2-chloroquinoxaline (0.92 g, 5.60 mmol) and 1-Benzothiophen-2-
ylboronic acid (1.00 g, 5.62 mmol) was prepared in advance. Then, degassed toluene
(20 mL), ethanol (10 mL) and 2 M K2CO3 aqueous solution (8 mL) was injected. The
mixture was vigorously stirred under N2 atmosphere at 85 ◦C for 20 h. After shutting
down the heating equipment, the mixture was extracted with water and dichloromethane.
The organic layer was treated by reduced pressure distillation and the raw product was
purified by column chromatogram using the mixture of dichloromethane and petroleum
ether (3: 2, v:v) to obtain the white powder. Yield: 81%. 1H NMR (400 MHz, CDCl3):
δ (ppm): δ 9.37 (s, 1H), 8.14–8.08 (m, 2H), 8.11 (s, 1H), 7.92–7.87 (m, 2H), 7.80–7.71 (m, 2H),
7.42–7.40 (m, 2H).

2.1.2. Synthesis of Iridium(III) Complex 4

Compound 2: IrCl3·3H2O (1.5 g, 4.25 mmol) and ligand 1 (2.45 g, 9.35 mmol) were
dissolved with 2-ethoxyethanol and water (40 mL, 3:1, v:v). Then, the mixture was heated
at 110 ◦C under N2 atmosphere for 1 day. After shutting down the heating equipment,
the dark brown precipitate was acquired by filtering and washed with a solution of water
and ethanol.

Complex 4: After a mixture of compound 2 (1.20 g, 0.67 mmol), 1,3-bis(4-bromophenyl)
propane-1,3-dione (0.56 g, 1.47 mmol) and excess ground K2CO3 was added into the flask,
60 mL degassed CH2Cl2 was injected. The flask was set at room temperature under nitrogen
for 14 h accompanied with vigorous stirring. Then, the mixture was extracted with water
and dichloromethane. The organic layer was treated by reduced pressure distillation and
the raw product was purified by column chromatogram using the mixture of petroleum
ether, ethyl acetate and dichloromethane (1:2:2, v:v:v). Yield: 13%. 1H NMR (400 MHz,
CDCl3) δ (ppm): δ 9.26 (s, 2H), 8.01 (d, J = 8.3 Hz, 2H), 7.90–7.79 (m, 4H), 7.44–7.37 (m, 8H),
7.28–7.24 (m, 2H), 7.13 (t, J = 7.5 Hz, 2H), 7.02–6.98 (m, 2H), 6.65 (t, J = 7.6 Hz, 2H), 6.34–6.31
(m, 2H), 5.30 (s, 1H). MALDI-TOF-MS m/z: 1095.78.

2.2. Computational Details

Density functional theory (DFT) calculations in conjunction with different basis set
calculations were performed with the assistance of the Gaussian 09 package. The full
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geometry optimizations of iridium(III) complex both in the ground and excited state
were optimized using the Becke’s three-parameter Lee–Yang–Parr (B3LYP) hybrid density
functional method. The LANL2DZ basis set was employed for iridium(III) atoms, and
the 6–31G (d, p) basis set was employed for other non-metal atoms. The highest occupied
molecular orbital (HOMO) and LUMO energy levels were calculated via DFT as well.
After optimization of the ground and excited states, time-dependent density functional
theory (TDDFT) method was applied to predict UV–visible spectra, singlet and triplet
energy levels.

2.3. Cell Viability Assessment

Before cell viability assessment, Hela cancer cells were cultured in DMEM and supple-
mented with 10% (v:v) FBS at 37 ◦C. The cells were maintained under the atmosphere of
5% CO2. The methyl thiazolyl tetrazolium (MTT) test was conducted to assess the in vivo
cytotoxicity of complex 4 toward Hela cells. First, cells growing in exponential period
were suspended by trypsin and cultured in a 96-well cell plate at proper concentration.
Then, the solution of complex 4 was dropped into the cell plate with the concentrations
of 0, 5, 10, 20 and 40 µM. The following day, cells were cultured with MTT solution
(5 mg/mL in PBS solution) in each well. About 4 h later, all of the culture solution in the
cell plate was removed and DMSO (dimethylsulfoxide) was added with the volume of
150 µL. Then, the optical density (OD value, monitored at 570 nm) was measured by a
microplate reader after shaking the cell plate for 10 min. The collected data was analyzed
using OriginPro 8.5 software.

3. Results and Discussion
3.1. Structural Characterization

The chemical structures and synthesis routes of compounds investigated in this work
are displayed in Figure 1. The main ligand (compound 1) was prepared in high yield
(81%) according to the classic Suzuki C-C coupling reaction. The necessary recrystallization
steps of compound 1 should be conducted to improve the yields of subsequent coordina-
tion reaction. After the coordination of compound 1 to the cyclometalated iridium(III)-
chlorobridged dimers (compound 2), the crude target product was acquired in a relatively
low yield. This was because the main ligand bearing two nitrogen atoms formed a different,
undesired coordinate structure with the iridium center. Meanwhile, the poor solubility
of the auxiliary ligand limited the collision probability of the coordinate reaction as well.
Compared to other NIR iridium(III) complexes, which utilize strong electron-withdrawing
groups (e.g., –CF3) and electron-withdrawing groups (e.g., –NCH3) to regulate the energy
gaps, the synthetic complexity and cost of complex 4 was more acceptable. All new com-
pounds were characterized by 1H NMR spectrometry and MODI-TOF (Figures S1–S3). It
can be observed in 1H NMR spectra that the chemical shift of benzene protons of ligand 1
(H-3, 9.37 ppm) moved to low field (9.26 ppm) after the final coordination reaction. This
result indicates a reduced deshielding effect and the effective coordination between the
iridium(III) center and ligand 1.

3.2. Absorption and Emission Studies

To investigate excited state properties, the UV-Vis absorption spectrum of complex 4
was studied first (Figure 2). The representative absorption data are summarized in Table 1.
As depicted in Figure 2a, the strong absorption signal around 300 nm is attributed to 1π–π*
transitions in the organic conjugated ligands. The weaker absorption band between 340 and
500 nm is attributed to the spin-allowed singlet metal-to-ligand charge-transfer (1MLCT)
and ligand-to-ligand charge-transfer (1LLCT) transitions. The lowest and structure-less
absorption bands above 595 nm are attributed to the mixture of 1MLCT and triplet metal-to-
ligand charge transfer (3MLCT) transitions. The typical shape of the absorption spectrum
proves that the noteworthy spin–orbit coupling between T1 and singlet (S1) states occurs
due to the heavy-atom effect of the iridium atom [46,47].
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Table 1. Photophysical data of Ir(III) complex a.

Solvent λabs/nm ε/105/M−1/cm−1 λem/nm b τ/ns c Φ d

CH2Cl2 302, 373, 594 0.66, 0.43, 0.18 764 257 0.016

H2O 303, 377, 596 0.57, 0.39, 0.11 811 78 0.007
a All data were collected in a 1 cm width quartz cell. The sample concentration was 50 µM. b 405 nm light was
used as the excitation source. c Luminescence lifetime was determined in air at room temperature. d Absolute
quantum efficiency was collected via an integrating sphere under the atmosphere of N2 at room temperature.

Crystals 2021, 11, x FOR PEER REVIEW 5 of 11 
 

 

1π–π* transitions in the organic conjugated ligands. The weaker absorption band between 
340 and 500 nm is attributed to the spin-allowed singlet metal-to-ligand charge-transfer 
(1MLCT) and ligand-to-ligand charge-transfer (1LLCT) transitions. The lowest and struc-
ture-less absorption bands above 595 nm are attributed to the mixture of 1MLCT and tri-
plet metal-to-ligand charge transfer (3MLCT) transitions. The typical shape of the absorp-
tion spectrum proves that the noteworthy spin–orbit coupling between T1 and singlet (S1) 
states occurs due to the heavy-atom effect of the iridium atom [46,47]. 

Table 1. Photophysical data of Ir(III) complex a. 

Solvent λabs/nm ε/105/M−1/cm−1 λem/nm b τ/ns c Φ d 
CH2Cl2 302, 373, 594 0.66, 0.43, 0.18 764 257 0.016 

H2O 303, 377, 596 0.57, 0.39, 0.11 811 78 0.007 
a All data were collected in a 1 cm width quartz cell. The sample concentration was 50 μM. b 405 
nm light was used as the excitation source. c Luminescence lifetime was determined in air at room 
temperature. d Absolute quantum efficiency was collected via an integrating sphere under the 
atmosphere of N2 at room temperature. 

 
Figure 2. (a) UV/vis absorption spectrum of complex 4; (b) Emission spectra of complex 4 under 405 
nm excitation. The concentration of complex 4 was 50 μM. 

In order to further study the properties of the excited state, the emission spectra of 
iridium(III) complex were acquired. The PL spectra measured in CH2Cl2 and aqueous so-
lution at room temperature are shown in Figure 2b, and the representative data are listed 
separately in Table 1. It is seen that the main phosphorescence emissions were in the range 
of 700–1000 nm, which are located in the deep NIR-I region. Because of the electron-do-
nating character of its S atom and its large rigid plane skeleton, benzothiophene was se-
lected to serve as the electron donor in the main ligand. Meanwhile, owing to the relatively 
high electronegativity of the two N atoms, the quinoxaline could easily withdraw the de-
localized electron and act as an electron acceptor group. The combination of benzothio-
phene and quinoxaline could promote the charge transfer within the ligand and narrow 
the HOMO-LUMO gap (HLG), resulting in the deep NIR-I emission. In addition, the max-
imum emission peaks of the PL spectra were at 764 nm and 811 nm in solution of CH2Cl2 
and deionized water, respectively. On account of the aggregation effect of complex 4 in 
aqueous solution, the molecular rigidity increased. The inhibition of intermolecular rota-
tion and the promotion of molecule coplanarity formed a larger π- conjugated structure, 
resulting in a remarkable bathochromic shift of about 47 nm in the emission spectra. More-
over, the full width at half maximum (FWHM) of the PL spectra reached 108 nm and 154 
nm in CH2Cl2 and deionized water, respectively, implying the active energy relaxation 
and rich excited state levels of complex 4. Utilizing an integrating sphere, the PL quantum 
yields (Table 1) of the iridium(III) phosphors were measured to be 1.6% in CH2Cl2 and 
0.7% in deionized water. This phenomenon may be interpreted as a result of the low 
HOMO-LUMO gap, which facilitates the nonradiative decay process, causing the high 

Figure 2. (a) UV/vis absorption spectrum of complex 4; (b) Emission spectra of complex 4 under
405 nm excitation. The concentration of complex 4 was 50 µM.

In order to further study the properties of the excited state, the emission spectra of
iridium(III) complex were acquired. The PL spectra measured in CH2Cl2 and aqueous
solution at room temperature are shown in Figure 2b, and the representative data are
listed separately in Table 1. It is seen that the main phosphorescence emissions were in
the range of 700–1000 nm, which are located in the deep NIR-I region. Because of the
electron-donating character of its S atom and its large rigid plane skeleton, benzothio-
phene was selected to serve as the electron donor in the main ligand. Meanwhile, owing
to the relatively high electronegativity of the two N atoms, the quinoxaline could easily
withdraw the delocalized electron and act as an electron acceptor group. The combina-
tion of benzothiophene and quinoxaline could promote the charge transfer within the
ligand and narrow the HOMO-LUMO gap (HLG), resulting in the deep NIR-I emission.
In addition, the maximum emission peaks of the PL spectra were at 764 nm and 811 nm
in solution of CH2Cl2 and deionized water, respectively. On account of the aggregation
effect of complex 4 in aqueous solution, the molecular rigidity increased. The inhibition
of intermolecular rotation and the promotion of molecule coplanarity formed a larger π-
conjugated structure, resulting in a remarkable bathochromic shift of about 47 nm in the
emission spectra. Moreover, the full width at half maximum (FWHM) of the PL spectra
reached 108 nm and 154 nm in CH2Cl2 and deionized water, respectively, implying the
active energy relaxation and rich excited state levels of complex 4. Utilizing an integrating
sphere, the PL quantum yields (Table 1) of the iridium(III) phosphors were measured to
be 1.6% in CH2Cl2 and 0.7% in deionized water. This phenomenon may be interpreted as
a result of the low HOMO-LUMO gap, which facilitates the nonradiative decay process,
causing the high dissipation of excited state energy. The above obtained results demon-
strate that by selecting the appropriate ancillary ligands, the emission wavelength of the
iridium(III) complexes can be significantly regulated into the NIR area. Moreover, because
of the rich electron characteristics and highly coupled energy levels of the transition metal
complexes, the efficient intersystem crossing, reflected by the long-lived phosphorescence,
can be easily observed. The luminescence lifetime fitting curves of complex 4 (Figure S4)
were determined to be 257 ns and 79 ns in CH2Cl2 and deionized water, respectively,
which indicates that complex 4 can be used as a promising optical probe for high accuracy
luminescence lifetime imaging or detection (Table 1).



Crystals 2021, 11, 1038 6 of 11

3.3. Theoretical Calculation of DFT

For a deeper understanding the photophysical properties, theoretical investigations
were performed on complex 4. First of all, the geometry of complex 4 was optimized
by using B3LYP/LANL2DZ. The optimized ground-state geometries of complex 4 are
displayed in Figure 1b. As shown, a slightly twisted octahedron coordination geometry
was adopted by complex 4. Owing to the d6 electron shell of the Ir(III) ion, the classical
chelating configurations of cis O-O, cis C-C, and trans N-N were calculated and found to
be similar to those most reported.

As we know, the frontier molecular orbital (FMO) is a vital theoretical tool to study
the optical and chemical properties of the complex. Using DFT, the FMO of complex 4 was
calculated and is illustrated in Figure S5. According to the calculation data for ground
state, the HOMO is mainly contributed by the dπ orbital of the central iridium atom and
the π orbital of thiophene groups in the main ligand. In comparison, the LUMO is mainly
distributed on the π* orbital of the quinoxaline groups in the main ligand. It is worth
noting that HOMO − 2, HOMO − 5, LUMO + 2 and LUMO + 5 orbits are distributed on
the β-diketonate ligand, which means that the auxiliary ligand effectively participates in
the excited state. Furthermore, the excited state FMO of complex 4 was also calculated.
Compared to the ground state information, the structure of complex 4 in the excited state
was almost unchanged (Figure S6) and the electron cloud distribution of excited state
HOMO and LUMO were almost the same.

To assist in the attribution of electron transition, the absorption spectra of complex 4
were calculated through TDDFT analysis after optimization of the ground state geome-
try. The corresponding calculated excitation energies, oscillatory strength, and transition
assignments are given in Table 2 and Figure 3a. The simulated absorption spectrum of
complex 4 is shown in Figure 3b. As is seen in Table 2 and Figure 3, there are intense
absorption bands of complex 4 centered at 448, 452, 476 and 578 nm. The lowest energy
excitation at 578 nm was assigned to HOMO-LUMO transition with the configuration
coefficient of 0.70. According to the DFT calculation above (Figure 4), this absorption
band can be attributed to the mixture of MLCT and intraligand charge transfer (ILCT).
The wavelength of the simulated lowest energy absorption peak was in accordance with
the experimental data (594 nm). Owing to the application of Gaussian smearing, which
can prevent the discontinuous change in the total calculation of energy, the intensity of
the simulated lowest absorption peak appeared relatively weaker than that based on the
experimental data. In order to depict the electron transition intuitively, the FMOs in the
singlet state are illustrated in Figure 4a.

Table 2. TD-DFT calculation of representative excitation state and transition assignment of complex 4.

Spin State a λabs(nm)
(Calcd)

Oscillator
Strength Major Transition (s) Character

S1 578 0.0149 HOMO→LUMO (0.70) MLCT/ILCT
S2 576 0.1006 HOMO→LUMO + 1 (0.70) MLCT/ILCT
S3 483 0.0050 HOMO→LUMO + 2 (0.70) MLCT/LLCT
S4 452 0.1137 HOMO − 1→LUMO (0.70) MLCT/ILCT

S5 450 0.0185 HOMO − 5→LUMO (0.10)
HOMO − 2→LUMO (0.69)

MLCT/LLCT
MLCT/LLCT

S6 448 0.0470 HOMO − 1→LUMO + 1 (0.69) MLCT/ILCT

T1 832 0.0000 HOMO→LUMO (0.65)
HOMO − 1→LUMO + 1 (0.23)

MLCT/ILCT
MLCT/LLCT

a The Sn and T1 excitation states were calculated on the basis of the ground state and excited state geometry,
respectively.
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On the basis of Kasha’s rule (photoluminescence results from the lowest excited
state T1) and spin-orbit coupling effect [51], all the excited energies of complex 4 would
tend to arrive at the T1 state via internal conversion or intersystem crossing. Thus, the
investigation of T1 state is the only requirement here. The calculated information for
excited triplet energy levels is shown in Table 2 and Figure 4b. It was found that the
excited state T1 is contributed by the LUMO-HOMO and LUMO + 1-HOMO − 1 transition.
Additionally, the configuration coefficient of the two dominating transitions was 0.65 and
0.23, respectively. Corresponding to the above analysis in Figure S7, the transition at triplet
state could be described as the mixture of MLCT, ILCT and LLCT. In general, the active
electron transition of complex 4 suggests that the D-A characteristic of the main ligand has
a significant impact on the excited state. Moreover, the calculated absorption spectrum for
complex 4 was roughly the same as the experimental one, which proved the accuracy of
this calculation method.
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3.4. Biological Application Performance

Chemical stability is a vital factor for evaluating the application value of optical
probes. For testing the chemical stability of complex 4, the sample dissolved in deionized
water was preserved at room temperature for 1 month. As displayed in Figure 5a, little
decrease was observed at the emission of 811 nm, implying the stable chemical reactivity
of the ground-state complex 4. Moreover, photobleaching resulting from the cleaving
of covalent bonds under light irradiation is another important reference parameter for
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imaging applications. The photostability of complex 4 in deionized water was assessed
under 532 nm laser irradiation for 30 min (Figure 5b). With the increase in irradiation time,
the emission intensity at 811 nm of complex 4 remained over 90% of its initial intensity.
This result shows that complex 4 in the excited state is capable of resisting dissociation
from interaction with photons, oxygen and other molecules, indicating better photostability
than traditional small molecular dyes thanks to its unreactive excited state and steady
conjugated ligand. All the data collected above indicated that complex 4 should be a
promising phosphorescent probe.

To further demonstrate the biological application performance of complex 4, a
cytotoxicity assessment was conducted utilizing the 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyltetrazolium bromide (MTT) assay. As shown in Figure 5c, after incubation with
20 µM complex 4 (a concentration much higher than conventional dosage of dyes) for 24 h,
the viability of Hela cells remained above 80%. Even at the highest concentration of 40 µM,
over 70% cells were alive. This result proves that complex 4 has almost no cytotoxicity
in vivo.

Crystals 2021, 11, x FOR PEER REVIEW 8 of 11 
 

 

Figure 4. (a,b) Abridged general view of singlet and triplet transitions of complex 4, respectively. 
The red dashed lines represent the HOMOs and the blue dashed lines represent the LUMOs (the 
transverse distances of the dashed lines only give a rough indication of FMO energy gaps). The 
orange arrows represent the transition between FMOs according to theoretical calculations. 

3.4. Biological Application Performance 
Chemical stability is a vital factor for evaluating the application value of optical 

probes. For testing the chemical stability of complex 4, the sample dissolved in deionized 
water was preserved at room temperature for 1 month. As displayed in Figure 5a, little 
decrease was observed at the emission of 811 nm, implying the stable chemical reactivity 
of the ground-state complex 4. Moreover, photobleaching resulting from the cleaving of 
covalent bonds under light irradiation is another important reference parameter for im-
aging applications. The photostability of complex 4 in deionized water was assessed un-
der 532 nm laser irradiation for 30 min (Figure 5b). With the increase in irradiation time, 
the emission intensity at 811 nm of complex 4 remained over 90% of its initial intensity. 
This result shows that complex 4 in the excited state is capable of resisting dissociation 
from interaction with photons, oxygen and other molecules, indicating better photostabil-
ity than traditional small molecular dyes thanks to its unreactive excited state and steady 
conjugated ligand. All the data collected above indicated that complex 4 should be a 
promising phosphorescent probe. 

To further demonstrate the biological application performance of complex 4, a cyto-
toxicity assessment was conducted utilizing the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenylte-
trazolium bromide (MTT) assay. As shown in Figure 5c, after incubation with 20 μM complex 
4 (a concentration much higher than conventional dosage of dyes) for 24 h, the viability of Hela 
cells remained above 80%. Even at the highest concentration of 40 μM, over 70% cells were 
alive. This result proves that complex 4 has almost no cytotoxicity in vivo. 

 
Figure 5. (a) The chemical stability test of complex 4. The sample was preserved at room temperature for 0.5 month, and 
the PL intensity was measured every other day. (b) The photostability test of complex 4. The sample was exposed under 
532 nm xenon lamp and the PL intensity was measured within 30 min. Complex 4 was dissolved in CH2Cl2 at the concen-
tration of 50 μM. The excitation wavelength was 532 nm, and the emission at 764 nm was collected in (a,b). (c) MMT assay 
of complex 4. The green bar graphs represent the cellular viability and the orange plot shows the correlation trend between 
concentration and cellular viability. 

4. Conclusions 
In summary, a novel type of cyclometalated iridium complex 4 was designed and 

prepared. A donor-acceptor structure containing benzothiophene (donor) and quinoxa-
line (acceptor) was used as the main ligand of complex 4. β-diketone derivative was cho-
sen to be the auxiliary ligand. The complex exhibited a red-light absorption spectrum and 
a broad emission band in the deep NIR-I region. According to the DFT/TDDFT calcula-
tions, the D-A structure of the main ligand and the extended π-conjugation of the β-
diketonate ligand have a prominent impact on electron density distributions of the mo-
lecular orbitals, HLG energies and absorption spectra. Moreover, in vitro tests of biologi-
cal performance including photostability and cytotoxicity proved that complex 4 can serve 

Figure 5. (a) The chemical stability test of complex 4. The sample was preserved at room temperature for 0.5 month, and the
PL intensity was measured every other day. (b) The photostability test of complex 4. The sample was exposed under 532 nm
xenon lamp and the PL intensity was measured within 30 min. Complex 4 was dissolved in CH2Cl2 at the concentration
of 50 µM. The excitation wavelength was 532 nm, and the emission at 764 nm was collected in (a,b). (c) MMT assay of
complex 4. The green bar graphs represent the cellular viability and the orange plot shows the correlation trend between
concentration and cellular viability.

4. Conclusions

In summary, a novel type of cyclometalated iridium complex 4 was designed and
prepared. A donor-acceptor structure containing benzothiophene (donor) and quinoxaline
(acceptor) was used as the main ligand of complex 4. β-diketone derivative was chosen
to be the auxiliary ligand. The complex exhibited a red-light absorption spectrum and a
broad emission band in the deep NIR-I region. According to the DFT/TDDFT calculations,
the D-A structure of the main ligand and the extended π-conjugation of the β-diketonate
ligand have a prominent impact on electron density distributions of the molecular orbitals,
HLG energies and absorption spectra. Moreover, in vitro tests of biological performance
including photostability and cytotoxicity proved that complex 4 can serve as a potential
clinical optical probe after further development. The next step in this work will focus on
improving the water dispersibility of complex 4 and developing multifunctional probes for
microenvironmental detection in vivo.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst11091038/s1, Table S1: The frontier orbital energy for complex 4, Figures S1 and S2:
1H-NMR spectra of ligand and complex 4, Figure S3: MALDI-TOF spectrum of complex 4, Figure S4:
Transient photoluminescence decay spectra of complex 4, Figure S5: Isodensity plots of ground state
frontier orbitals of complex 4, Figure S6: The excited state geometry structure of complex 4, Figure S7:
Isodensity plots of excited state frontier orbitals of complex 4.
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