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ABSTRACT: In an effort to develop hypoxia-active iridium(III) complexes with
long visible-light absorption, we synthesized and characterized five bis(terpyridine)
Ir(III) complexes bearing oligothienyl substituents on one of the terpyridine
ligands, i.e., nT-Ir (n = 0−4). The UV−vis absorption, emission, and transient
absorption spectroscopy were employed to characterize the singlet and triplet
excited states of these complexes and to explore the effects of varied number of
thienyl units on the photophysical parameters of the complexes. In vitro
photodynamic therapeutic activities of these complexes were assessed with respect
to three melanoma cell lines (SKMEL28, A375, and B16F10) and two breast cancer
cell lines (MDA-MB-231 and MCF-7) under normoxia (∼18.5% oxygen tension)
and hypoxia (1% oxygen tension) upon broadband visible (400−700 nm), blue
(453 nm), green (523 nm), and red (633 nm) light activation. It was revealed that
the increased number of thienyl units bathochromically shifted the low-energy
absorption bands to the green/orange spectral regions and the emission bands to the near-infrared (NIR) regions. The lowest triplet
excited-state lifetimes and the singlet oxygen generation efficiency also increased from 0T to 2T substitution but decreased in 3T
and 4T substitution. All complexes exhibited low dark cytotoxicity toward all cell lines, but 2T-Ir−4T-Ir manifested high
photocytotoxicity for all cell lines upon visible, blue, and green light activation under normoxia, with 2T-Ir showing the strongest
photocytotoxicity toward SKMEL28, MDA-MB-231, and MCF-7 cells, and 4T-Ir being the most photocytotoxic one for B16F10
and A375 cells. Singlet oxygen, superoxide anion radicals, and peroxynitrite anions were found to likely be involved in the
photocytotoxicity exhibited by the complexes. 4T-Ir also showed strong photocytotoxicity upon red-light excitation toward all cell
lines under normoxia and retained its photocytotoxicity under hypoxia toward all cell lines upon visible, blue, and green light
excitation. The hypoxic activity of 4T-Ir along with its green to orange light absorption, NIR emission, and low dark cytotoxicity
suggest its potential as a photosensitizer for photodynamic therapy applications.

■ INTRODUCTION
Transition-metal complexes have been a center of attention in
fields ranging from optoelectronics to photovoltaics for more
than several decades now.1−5 Their highly tunable electronic
properties have been exploited for not only luminescence
imaging and solar energy conversion but also in photoredox
catalysis.6 More recently, they have emerged as promising
systems for medicinal applications such as photodynamic
therapy (PDT) and photoactivated chemotherapy
(PACT).7−15 The ruthenium(II) complex TLD1433 is one
example and has advanced to Phase 2 clinical trials for treating
b l a dde r c an c e r (C l i n i c a lT r i a l s . g o v I d en t i fi e r :
NCT03945162).10 Although Ru(II) may in fact be the most
widely studied transition metal for its properties and potential
applications,16 iridium(III) is quickly gaining interest.
Ir(III) complexes are also attractive transition-metal

complexes for photonic and biophotonic applications and
have potential as photosensitizers (PSs) for PDT.12−15 The

heavy Ir(III) ion facilitates intersystem crossing to populate the
lowest-energy triplet excited state (T1) that sensitizes singlet
oxygen and other reactive molecular species (RMS). There is
considerable interest in PSs that can be activated by tissue-
penetrating near-infrared (NIR) light and remain active under
hypoxia. The latter can render PDT ineffective due to its
reliance on oxygen and the fact that the PDT process itself can
cause tissue to become hypoxic. Long-lived T1 states are
particularly attractive since they may enable sensitization of
singlet oxygen and other reactive oxygen species (ROS) even
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at low oxygen tension or act via oxygen-independent pathways.
Most Ir(III)-based PSs that have been reported absorb shorter
wavelength UV to blue light and lose their photocytotoxicity
under hypoxia.12−15 Longer visible to NIR light absorbing and
hypoxia-active Ir(III) PSs are quite scarce.17−20

A majority of the published Ir(III) PSs contain tris-bidentate
ligands.12−15 Although the tris-bidentate geometry may
provide greater structural diversity and can be prepared
under mild reaction conditions, the presence of stereoisomers
can be problematic.21−27 In contrast, bis-terdentate Ir(III)
complexes containing symmetric terdentate ligands, such as
terpyridine (tpy), do not exhibit stereoisomerism like their tris-
bidentate counterparts, preventing the complication in the
separation of different stereoisomers. In addition, the
mononuclear bis-tpy Ir(III) complexes ([Ir(tpy)2]3+) have +3
charges compared to their Ru(II)/Os(II) bis-tpy counterparts
having +2 charges and the widely studied monocationic
biscyclometalated [Ir(C^N)2(N^N)]+ (C^N refers to the
cyclometalating ligands and N^N refers to the diimine ligands)
complexes. The higher charge increases the water solubility,
making them more suitable for bioapplications. However, bis-
terdentate Ir(III) complexes are far less developed in
comparison due to the harsher reaction conditions for
synthesizing them.
Our past work investigated the PDT effects of mononuclear

and dinuclear bis-tpy Ir(III) complexes toward melanoma cells
or lung cancer cells and toward MCF-7 breast tumors.28−30 We
found that π-expansive pyrenyl (pyr) substituents appended to
one of the tpy ligands extended the lifetime of the T1 state
from 2.25 to 5.79 μs and increased the singlet oxygen quantum
yield from 14% to 81%. These systems were phototoxic to
SKMEL28 melanoma cells in the submicromolar regime using
broadband visible light (400−700 nm), with phototherapeutic
indices (PIs) > 10.3,29 [Ir(Ph-tpy)(pyr-tpy)]3+ induced
effective tumor regression for mice bearing MCF-7 tumors
upon blue light irradiation.29 The dinuclear Ir(III) counterpart,
end-capped with 4-phenylterpyridine ligands, was also photo-
toxic in the submicromolar regime with a PI on the order of
102 toward SKMEL28 cells under similar conditions.30

Although promising, the absorption of these bis-tpy Ir(III)
complexes was limited to the blue spectral regions.
Our previous studies showed that the absorption of tris-

bidentate Ir(III) complexes can be significantly red-shifted by
introducing π-conjugated organic chromophores to the ligand
that also switch the T1 state to the long-lived 3π,π* state
localized to the organic chromophore.19,31,32 This strategy was
also applied to shift the absorption of Ru(II) bis-tpy complexes
into the green spectral region with boron dipyrromethene
(BODIPY)-appended tpy ligands.33 Unfortunately, the BOD-
IPY unit cannot tolerate the high temperatures required for
preparing the corresponding Ir(III) complexes. Thus, more
heat-stable organic chromophores are needed to generate the
Ir(III) bis-tpy systems.
For this, we turned to oligothiophenes, a key feature of

TLD1433 that simultaneously red-shifted the ground-state
absorption and prolonged the T1 lifetime.34−38 Herein, we
append oligothienyl groups (nT, where n = 0−4) to one of the
tpy ligands and study the impact of the π-conjugation length
on the photophysics and in vitro PDT effects toward melanoma
and breast cancer cells under normoxia and hypoxia. These cell
lines were selected because they represent cancers for which
the clinical presentation of hypoxia is known and both cancers
involve surgery as a standard of care whereby intraoperative
PDT could be realized.

■ EXPERIMENTAL SECTION
Synthesis and Characterizations. All of the reagents and

solvents were obtained from commercial sources and used directly
without further purification. Methanol was purchased from Fisher
Scientific and different grades were used for different purposes: i.e.,
ACS grade for synthesis, HPLC grade for LC eluent, and Optima
grade for sample preparation for HPLC and mass analyses.
Deuterated solvents from Cambridge Isotope Laboratories were
used for the NMR analyses. A Teledyne ISCO CombiFlash EZ Prep
UV Preparative Flash Chromatograph System was used for carrying
out flash column chromatography using SILICYCLE SiliaSep 25 g
prepacked silica cartridges. The 1H NMR spectra in DMSO-d6 were
measured on a Bruker Ascend 500 spectrometer, and the spectra in
CD3OD were measured on a JEOL 400 MHz spectrometer. High-
resolution electrospray ionization (ESI+) mass spectra were obtained

Scheme 1. Synthetic Route and Structures for Ir(III) Complexes 0T-Ir−4T-Ir
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on a Waters Xevo G2-XS QTof instrument. An Agilent/Hewlett-
Packard 1100 series instrument with a Hypersil GOLD C18 reversed-
phase column was used for HPLC analyses. Methanol solutions of
0T-Ir−4T-Ir (100 μM) were injected, and the eluent varied from
98% of gradient A (0.1% formic acid in H2O) mixed with 2% of
gradient B (0.1% formic acid in CH3CN) to 5% of gradient A mixed
with 95% gradient B. The errors for the retention times are within
±0.1 min.

The synthetic route for complexes 0T-Ir−4T-Ir is illustrated in
Scheme 1. Compounds thiophene-2-carboxaldehyde (1), 2,2′:5′,2″-
terthiophene (4), 2,2′:6′,2″-terpyridine (tpy), 2-(tributylstannyl)-
thiophene, 2-acetylpyridine, and iridium(III) chloride trihydrate
(IrCl3(H2O)3) were purchased from VWR. Compounds 4′-phenyl-
2,2′:6′,2″-terpyridine (Ph-tpy),29 (Ph-tpy)IrCl3,

29 5-bromothio-
phene-2-carboxaldehyde (2),39 (2,2′-bithiophene)-5-carboxaldehyde
(3),40 (2,2′:5′,2″-terthiophene)-5-carboxaldehyde (5),41 5″-bromo-
(2 ,2 ′ :5 ′ ,2″ - ter th iophene)-5-carboxa ldehyde (6) ,42 and
(2,2′:5′,2″:5″,2‴-quaterthiophene)-5-carboxaldehyde (7)40 were syn-
thesized according to the literature procedures. Ligands 1T-tpy−4T-
tpy and the target complexes 0T-Ir−4T-Ir were synthesized following
the procedure reported by our group before29 and were characterized
via 1H NMR (Figures S1−S12 in the Supporting Information). 0T-
Ir−4T-Ir were further characterized via 13C and 1H−1H COSY NMR
(Figures S1−S5 and S8−S12 in the Supporting Information), ESI+−
MS (Figures S13−S17 in the Supporting Information), and HPLC
(Figures S18−S22 and Table S1 in the Supporting Information). No
uncommon hazards are noted.
General Procedure for the Synthesis of 1T-tpy − 4T-tpy. To a

250 mL round-bottom flask, compounds 1, 3, 5, or 7 (1.0 equiv), 2-
acetylpyridine (2.0 equiv), and ethanol were added followed by the
addition of KOH (2.0 equiv). The resulting mixture was stirred at
room temperature for 2 h. Then, ammonium aqueous solution (28%
(w/v), 5.0−20.0 equiv) was added into the reaction mixture and the
mixture was refluxed for 24 h. After the reaction mixture was cooled
to room temperature, the precipitate was filtered out, washed with
water and ethanol, and then air-dried. 1T-tpy, 2T-tpy, and 4T-tpy
were directly used for the complexation with (Ph-tpy)IrCl3 without
further purification, while 3T-tpy was recrystallized in ethanol.
4′-(Thiophen-2-yl)-2,2′:6′,2″-terpyridine (1T-tpy). Thiophene-2-

carboxaldehyde (3) (1.12 g, 10.0 mmol), 2-acetylpyridine (2.42 g,
20.0 mmol), ethanol (100 mL), KOH (1.12 g, 20.0 mmol), and
ammonium aqueous solution (28%) (6.9 mL, 50.0 mmol) were used.
The product obtained was an off-white solid (1.3 g, yield: 41%),
which was used for the complexation reaction directly. 1H NMR (400
MHz, CDCl3) δ: 8.77 (m, 4 H), 8.69 (d, 2H), 7.95 (m, 2H), 7.88 (m,
1H), 7.46 (m, 1H), 7.42 (m, 2H), 7.19 (m, 1H).
4′-((2,2′-Bithiophen)-5-yl)-2,2′:6′,2″-terpyridine (2T-tpy). (2,2′-

Bithiophene)-5-carboxaldehyde (5) (800 mg, 4.12 mmol), 2-
acetylpyridine (997 mg, 8.24 mmol), ethanol (100 mL), KOH (462
mg, 8.24 mmol), and ammonium aqueous solution (28%) (5.8 mL,
41.2 mmol) were used. The product obtained was a yellow solid (400
mg, yield: 24%) and used for the complexation reaction directly.
4′-((2,2′:5′,2″-Terthiophen)-5-yl)-2,2′:6′,2″-terpyridine (3T-tpy).

(2,2′:5′,2″-Terthiophene)-5-carboxaldehyde (5) (276 mg, 1.0
mmol), 2-acetylpyridine (242 mg, 2.0 mmol), KOH (112 mg, 2.0
mmol), ethanol (20 mL), and ammonium aqueous solution (28%)
(2.8 mL, 20.0 mmol) were used. After washing with water and
ethanol, the obtained solid was recrystallized from ethanol, and the
product was obtained as a yellow solid (280 mg, yield: 58%). 1H
NMR (400 MHz, CDCl3) δ 8.78 (d, J = 4.4 Hz, 2H), 8.70 (s, 2H),
8.68 (d, J = 8.0 Hz, 2H), 7.91 (td, J = 1.7, 7.6 Hz, 2H), 7.74 (d, J =
3.8 Hz, 1H), 7.39 (td, J = 0.4, 5.3 Hz, 2H), 7.27 (t, J = 3.9 Hz, 2H),
7.23 (d, J = 2.5 Hz, 1H), 7.21 (d, J = 3.8 Hz, 1H), 7.15 (d, J = 3.8 Hz,
1H), 7.07 (q, J = 3.5 Hz, 1H).
4′-((2,2′:5′,2″:5″,2‴-Quaterthiophen)-5-yl)-2,2′:6′,2″-terpyridine

(4T-tpy). (2,2′:5′,2″:5″,2‴-Quaterthiophene)-5-carboxaldehyde (7)
(235 mg, 0.64 mmol), 2-acetylpyridine (155 mg, 1.28 mmol), KOH
(71.7 mg, 2.0 mmol), ethanol (20 mL), and ammonium aqueous
solution (28%) (1.8 mL, 12.8 mmol) were used. The product

obtained was a brown solid (250 mg, yield: 69%), which was used for
the complexation reaction directly.

General Procedure for the Synthesis of 1T-Ir − 4T-Ir.
Compounds (Ph-tpy)IrCl3 (1.0 equiv) and nT-tpy (n = 0−4) (1.0
equiv) were added to a 50 mL nitrogen flushed round-bottom flask,
and ethylene glycol (5.0−10.0 mL) was then added. The resulting
mixture was refluxed under nitrogen in the dark for 1 h. When the
reaction mixture was cooled to room temperature, an aqueous
solution of NH4PF6 (0.25 M, 10.0 equiv) was added into the reaction
solution and stirred at room temperature for 2 h. The precipitate was
collected by filtration and washed with distilled water. Then, the solid
was disbursed in methanol and NH4Cl (30.0 equiv) was added. The
resulting mixture was stirred overnight at room temperature. After the
solid was filtered out, the solvent in filtrate was removed under
vacuum and the residue was washed with water to remove the
remaining salt. The obtained crude product was purified on an
alumina (basic) column using CH2Cl2/CH3OH (100:0−100:10 (v/
v)) as the eluent. The product was then further purified on the
Teledyne ISCO CombiFlash EZ Prep Chromatograph System using a
silica gel flash column chromatography cartridge with a gradient of
CH3CN to 10% water in CH3CN followed by 7.5% water in CH3CN
with 0.5% KNO3. The dark red product-containing fractions that were
eluted only in the presence of KNO3 were then combined and
concentrated under vacuum, then transferred to a separatory funnel
with CH2Cl2 (25 mL), deionized water (25 mL), and saturated
aqueous KPF6 (1 mL). The resulting mixture was gently agitated, and
the CH2Cl2 layer was drained. Additional CH2Cl2 (2 × 25 mL
portions) was used to extract the remaining product until the aqueous
layer was colorless. The CH2Cl2 layers were then combined, dried
under vacuum, and then converted to the corresponding Cl− salt in
quantitative yield by eluting the samples through a column of
Amberlite IRA-410 with MeOH as the eluent. The complexes were
then collected and dried under reduced pressure. The product was a
powder with a color from yellow to orange to dark red as the number
of thiophene rings increased on the tpy ligand. The yields varied from
13% to 74%.

0T-Ir. Compounds (Ph-tpy)IrCl3 (260 mg, 0.429 mmol), tpy (100
mg, 0.429 mmol), and ethylene glycol (19.0 mL) were used. The
product obtained was a pale-yellow powder (160 mg, yield: 44%). 1H
NMR (500 MHz, DMSO-d6): δ 9.67 (s, 2H), 9.33−9.28 (m, 4H),
9.02 (d, J = 8.0 Hz, 2H), 8.93 (t, J = 8.2 Hz, 1H), 8.51 (d, J = 8.0 Hz,
2H), 8.37 (td, J = 7.9, 1.5 Hz, 2H), 8.33 (td, J = 7.9, 1.4 Hz, 2H), 7.97
(dd, J = 5.7, 1.3 Hz, 2H), 7.85 (dd, J = 5.8, 1.4 Hz, 2H), 7.83 (t, J =
7.2 Hz, 2H), 7.75 (t, J = 7.5 Hz, 1H), 7.60−7.54 (m, 4H) ppm. 13C
NMR (126 MHz, DMSO-d6) δ: 158.62, 158.54, 154.90, 154.81,
154.45, 153.80, 153.72, 143.62, 143.03, 142.95, 135.14, 132.39,
130.03, 129.97, 128.89, 127.80, 127.61, 127.20, 124.04 ppm. HRMS:
C36H26IrN6

3+ Calcd: 245.0617, Found: 245.0623; C36H25IrN6
2+

Calcd: 367.0886, Found: 367.0884.
1T-Ir. Compounds (Ph-tpy)IrCl3 (231 mg, 0.381 mmol), 1T-tpy

(120 mg, 0.381 mmol), and ethylene glycol (17.0 mL) were used. The
product obtained was a yellow powder (260 mg, yield: 74%). 1H
NMR (500 MHz, DMSO-d6): δ 9.68 (s, 2H), 9.53 (s, 2H), 9.36 (d, J
= 6.3 Hz, 2H), 9.32 (d, J = 7.9 Hz, 2H), 8.72 (s, br., 1H), 8.52 (d, J =
7.5 Hz, 2H), 8.38−8.34 (m, 4H), 8.17 (d, J = 5.0 Hz, 1H), 8.03 (d, J
= 5.6 Hz, 2H), 7.97 (d, J = 5.6 Hz, 2H), 7.83 (t, J = 7.5 Hz, 2H), 7.75
(t, J = 7.3 Hz, 1H), 7.58 (t, J = 6.7 Hz, 3H), 7.55 (t, J = 5.0 Hz, 2H)
ppm. 13C NMR (126 MHz, DMSO-d6) δ 158.72, 158.56, 154.99,
154.90, 154.39, 153.83, 153.73, 148.25, 142.95, 142.90, 139.13,
135.16, 133.89, 132.37, 132.19, 130.19, 130.03, 130.00, 129.97,
128.90, 127.92, 127.81, 124.04, 122.01 ppm. HRMS: C40H28IrN6S3+
Calcd: 272.3909, found: 272.3915; C40H27IrN6S2+ Calcd: 408.0824,
found: 408.0824.

2T-Ir. Compounds (Ph-tpy)IrCl3 (138 mg, 0.227 mmol), 2T-tpy
(90.0 mg, 0.227 mmol), and ethylene glycol (10.0 mL) were used.
The final product was obtained as a light orange powder (160 mg,
yield: 70%). 1H NMR (500 MHz, DMSO-d6): δ 9.66 (s, 2H), 9.49 (s,
2H), 9.28 (t, J = 9.1 Hz, 4H), 8.66 (d, J = 4.0 Hz, 1H), 8.49 (d, J = 7.6
Hz, 2H), 8.38 (tt, J = 7.9, 1.9 Hz, 4H), 8.03 (dd, J = 5.8, 1.4 Hz, 2H),
7.96 (dd, J = 5.8, 1.4 Hz, 2H), 7.87−7.82 (m, 3H), 7.78−7.74 (m,
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2H), 7.65 (dd, J = 3.6, 1.2 Hz, 1H), 7.61−7.55 (m, 4H), 7.28 (dd, J =
5.1, 3.6 Hz, 1H) ppm. 13C NMR (126 MHz, DMSO-d6) δ: 158.72,
158.57, 155.00, 154.82, 153.74, 147.56, 143.51, 142.90, 137.11,
135.77, 135.17, 133.62, 130.04, 129.98, 129.49, 128.88, 128.41,
127.78, 126.66, 124.02, 121.53 ppm. HRMS: C44H30IrN6S23+ Calcd:
299.7201, found: 299.7206; C44H29IrN6S22+ Calcd: 449.0762, found:
449.0762.
3T-Ir. Compounds (Ph-tpy)IrCl3 (121 mg, 0.199 mmol), 3T-tpy

(96 mg, 0.199 mmol), and ethylene glycol (10.0 mL) were used. The
product obtained was a dark red powder (80 mg, yield: 35%). 1H
NMR (500 MHz, DMSO-d6): δ 9.67 (s, 2H), 9.51 (s, 2H), 9.32 (d, J
= 7.9 Hz, 2H), 9.29 (d, J = 8.0 Hz, 2H), 8.71 (d, J = 4.0 Hz, 1H), 8.50
(d, J = 7.3 Hz, 2H), 8.38 (tt, J = 7.9, 1.4 Hz, 4H), 8.04 (dd, J = 5.8,
1.4 Hz, 2H), 7.97 (dd, J = 5.6, 1.5 Hz, 2H), 7.87 (d, J = 3.9 Hz, 1H),
7.84 (t, J = 5.4 Hz, 2H), 7.76 (tt, J = 7.4, 1.3 Hz, 1H), 7.65 (dd, J =
5.1, 1.1 Hz, 1H), 7.62 (d, J = 3.8 Hz, 1H), 7.60−7.56 (m, 4H), 7.49−
7.46 (m, 2H), 7.19 (dd, J = 5.1, 3.6 Hz, 1H) ppm. 13C NMR (126
MHz, DMSO-d6) δ 158.68, 158.53, 154.97, 154.79, 154.46, 153.81,
153.70, 147.43, 142.98, 142.92, 142.87, 138.20, 137.27, 135.96,
135.20, 134.19, 133.65, 132.37, 130.05, 130.00, 129.20, 128.87,
127.79, 127.12, 126.79, 125.96, 125.60, 124.04, 121.52 ppm. HRMS:
C48H32IrN6S33+ Calcd: 327.0493, Found: 327.0499; C48H31IrN6S32+
Calcd: 490.0700, found: 490.0698.
4T-Ir. Compounds (Ph-tpy)IrCl3 (61.0 mg, 0.100 mmol), 4T-tpy

(56 mg, 0.100 mmol), and ethylene glycol (5.0 mL) were used. The
product obtained was a dark red powder (16 mg, yield: 13%). 1H
NMR (500 MHz, DMSO-d6): δ 9.69 (s, 2H), 9.56 (s, 2H), 9.37 (dd, J
= 8.1, 1.4 Hz, 2H), 9.33 (dd, J = 8.0, 1.5 Hz, 2H), 8.78 (d, J = 4.1 Hz,
1H), 8.53 (d, J = 7.4 Hz, 2H), 8.38 (tt, J = 7.8, 1.5 Hz, 4H), 8.05 (dd,
J = 5.7, 1.4 Hz, 2H), 7.98 (dd, J = 5.7, 1.4 Hz, 2H), 7.86 (d, J = 3.8
Hz, 1H), 7.83 (t, J = 7.5 Hz, 2H), 7.76 (t, J = 7.3 Hz, 1H), 7.64 (d, J =
3.8 Hz, 1H), 7.62−7.55 (m, 5H), 7.52 (d, J = 3.8 Hz, 1H), 7.45 (d, J
= 3.7 Hz, 1H), 7.42 (dd, J = 3.5, 1.2 Hz, 1H), 7.38 (d, J = 3.8 Hz,
1H), 7.16 (dd, J = 5.1, 3.6 Hz, 1H). 13C NMR (126 MHz, DMSO-d6)
δ: 158.72, 158.58, 154.99, 154.81, 154.41, 153.84, 153.73, 147.42,
142.96, 142.90, 142.71, 137.54, 137.44, 136.95, 136.17, 135.17,
134.60, 134.46, 133.89, 132.36, 130.02, 129.99, 129.07, 128.92,
127.91, 127.84, 126.94, 126.70, 126.58, 126.21, 125.71, 125.21,
124.06, 121.62 ppm. HRMS: C52H34IrN6S43+ Calcd: 354.3785,
Found: 354.3782; C52H33IrN6S42+ Calcd: 531.0638, found: 531.0630.
Photophysical Studies. The UV−vis absorption spectra of the

Cl− salts of 0T-Ir−4T-Ir were measured in dilute methanol solutions
(5−20 μM) on a Jasco v730 dual beam spectrophotometer. Steady-
state emission spectra were measured on a PTI Quantamaster
spectrometer with a K170B PMT detector for visible and NIR
emission (max ≈ 800 nm), and a Hamamatsu R5509−42 PMT
(600−1400 nm) for longer wavelength emission measurements. Each
sample was excited at its most intense and longest-wavelength peak.
Degassed dilute methanol solution of each complex was used for the
room temperature emission study. Five free-pump-thaw cycles in a
custom Schlenk-style cuvette were performed to completely remove
air from the sample solutions. Emission at 77 K was measured in a 4/
1 (v/v) EtOH/MeOH glassy matrix in a 5 mm NMR tube immersed
in liquid nitrogen in a custom apparatus.

The differential triplet transient absorption (TA) spectra and the
triplet decay characteristics were investigated on an Edinburgh LP-
980 laser flash photolysis spectrometer with a PMT-LP detector. The
methanol solution of each sample was degassed by five freeze−
pump−thaw cycles prior to measurement. The pump beam was
provided by a Continuum Minilite Nd:YAG laser at 355 nm (the
pulse width is approximately 5 ns and the energy per pulse is ca. 7−9
mJ). The sample concentration was adjusted to reach an absorbance
of ca. 0.4 in a 1 cm cuvette at 355 nm. The triplet lifetimes were
deduced from the decay curves of the transient signals at the
corresponding wavelengths of the TA band maxima.
Singlet Oxygen Quantum Yield Measurements. The singlet

oxygen generation (1O2) was studied in air-saturated acetonitrile
solutions of each sample by monitoring the 1O2 emission band near
1268 nm. The 1O2 quantum yield (ΦΔ) was calculated by actometry
using Ru(bpy)3(PF6)2 in aerated acetonitrile as the reference (ΦΔ =

0.56).43 The 1O2 emission signal was measured on a PTI
Quantamaster emission spectrometer with a 1000 nm long pass filter
and a Hamamatsu R5509−42 near-infrared PMT that was cooled to
−80 °C.

Computational Methodology. Calculations of the UV−vis
absorption spectra were carried out using Gaussian-16 software44 at
the density functional theory (DFT) level for the ground-state
properties and time-dependent DFT (TDDFT) level for the singlet
excited state properties.45,46 The LANL2DZ basis set47 was used for
Ir(III) and the 6-31G* basis48 was used for H, C, N, and S atoms of
the complexes. Calculations were carried out using PBE0 func-
tional.49,50 For all calculations, the conductor polarizable continuum
model (CPCM)51 was utilized to simulate a methanol solvent
environment. All TDDFT calculations were performed for the first
100 states, with each state being convolved by a Gaussian function
with a 0.1 eV line width. This convolution mimics the vibrational
broadening observed in the experimental absorption spectra. The
calculated spectra were uniformly shifted by 0.2607 eV to aid in
comparison with the experimental spectra. This shift constant was
derived as an average from the individual shifts observed between the
calculated and experimental absorption spectra for each Ir(III)
complex. Additionally, natural transition orbitals (NTOs)52 were
generated from the transition density matrix obtained from the
TDDFT calculations and then visualized using the isovalue of 0.02 to
provide insight into the nature of the electron−hole pairs contributing
to the main absorption bands.

The emission spectra were calculated based on the optimization of
the first singlet excited state using the analytical gradient time-
dependent DFT (AG-TDDFT) with implemented spin−orbit
couplings (SOCs), as provided in the ORCA 5.04 software package.53

The trial wave function for optimizing the first excited state was
derived from the geometry obtained during ground state optimization
as described above using Gaussian 16 software.44 The AG-TDDFT/
SOC calculations utilized the PBE0 hybrid functional and the mixed
basis set containing ZORA-def2-TZVP54 for C, H, N, and S atoms,
and SARC-ZORA-def2-TZVP54 for Ir(III), with SARC/J auxiliary
basis set being used in addition for all atoms. Methanol solvent was
included in all calculations using the CPCM model.51 Optical
transitions obtained from AG-TDDFT/SOC calculations were
convolved by a Gaussian function with a 0.2 eV line width in order
to mimic the vibrational broadening observed in the experimental
emission spectra. The isovalue of 0.02 was used to visualize molecular
orbitals (MOs) that contribute to the electron−hole pairs responsible
for the main emission states.

Photobiological Studies. The in vitro cytotoxicity and photo-
cytotoxicity of the complexes against normoxic and hypoxic
melanoma cells (SKMEL28, A375, and B16F10) and breast cancer
cells (MDA-MB-231 and MCF-7) were evaluated according to our
published procedures.36 Dose−response curves were fitted using a
nonlinear-regression sigmoidal dose−response curve model (Graph-
Pad software, Inc., San Diego, USA) to yield EC50 values calculated as
the average of three independent replicates with variation reported as
the standard deviation of the mean.55 One-way ANOVA analysis with
Tukey’s test as post-ANOVA analysis (p < 0.05) was used to test for
statistical significance. The details regarding the use of scavengers and
probes for identifying the RMS that may be implicated in
photocytotoxicity are provided in the Supporting Information.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The ligands were

prepared following literature procedures, as shown in Scheme
1. The precursor (Ph-tpy)IrCl3 and nT-tpy were then reacted
to form the desired products nT-Ir (n = 0−4) alongside [(Ph-
tpy)2Ir]3+, which were difficult to separate by manual column
chromatography and required a CombiFlash Chromatograph
System to obtain the desired Cl− salt of the product with >95%
purity via HPLC analysis. The proton NMR signals were
assigned by analyzing the chemical shifts and splitting patterns

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.4c03847
Inorg. Chem. 2024, 63, 21323−21335

21326

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c03847/suppl_file/ic4c03847_si_001.pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c03847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and the correlations from the 1H−1H COSY spectra.
Formation of the desired products was further confirmed by
high-resolution mass spectrometry. The 1D and 2D NMR
spectra with proton assignments, the structures of the
complexes with hydrogens labeled, the mass spectra, and the
HPLC traces are provided in the Supporting Information
(Figures S1−S22).
It is worth noting that the chemical shifts of protons 5, 6,

and 7 on Ph-tpy and d, e, and f on nT-tpy (n = 1−4, see
labeling in Figure 1 and Supporting Information Figures S6
and S7), especially the β-proton on the thienyl ring directed
attached to the tpy ligand (i.e., proton f), are impacted by the
concentration of the solutions. As exemplified by the 1H NMR
spectra of 3T-Ir at different concentrations (Figure 1), the
aforementioned NMR peaks progressively shifted downfield
with an increasing concentration. This change may reflect the
changes of dihedral angles between the phenyl/thienyl
substituents and the tpy ligands due to increased intermo-
lecular interactions and possible aggregation at higher
concentration.

The complexes were stable in the dark but underwent some
degree of photobleaching upon prolonged irradiation. As
illustrated in Supporting Information Figure S23, the UV−vis
absorption spectra of 2T-Ir − 4T-Ir in H2O/DMSO (9/1, v/
v) did not change over a 70 min observation window in the
dark. However, the absorptivity of these solutions gradually
decreased with broadband cool white light (400−700 nm)
irradiation.

UV−vis Absorption. The UV−vis absorption spectra of
the Cl− salts of 0T-Ir − 4T-Ir were measured in methanol
solutions in a concentration range of 5−20 μM. The
absorption followed Beer’s law in the concentration range
investigated and the absorption spectra are provided in Figure
2. The absorption band maxima and molar extinction
coefficients are listed in Table 1. All complexes exhibited
structured absorption bands below 365 nm with large molar
extinction coefficients, which can be ascribed to the tpy-ligand-
localized 1π,π* transitions. Except for 0T-Ir, the other four
complexes with 1−4 (oligo)thienyl substituents exhibited a
broad, featureless absorption band at >365 nm. This band
gradually red shifts when the number of thienyl groups

Figure 1. 1H NMR spectra of 3T-Ir in DMSO-d6. The concentrations of solutions are 6.47 × 10−5, 1.29 × 10−4, 2.59 × 10−4, 5.18 × 10−4, 1.04 ×
10−3, and 2.07 × 10−3 mol/L for spectra of a−f, respectively.
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increases. Based on the shape of this band, the moderate to
strong molar extinction coefficients, and the dependence on
the number of thienyl groups, this band is mainly attributed to
the nT-tpy (n = 1−4)-based transitions including the 1π,π*
transitions within the nT-pyridine component and the
intraligand charge transfer (1ILCT) from the oligothiophene
to tpy ligand, possibly mixed with metal-to-ligand charge
transfer (1MLCT), ligand-to-metal charge transfer (1LMCT),
and ligand-to-ligand charge transfer (1LLCT) from the nT-tpy
ligand to the Ph-tpy ligand. This assignment is supported by
the TDDFT calculations (Supporting Information Figures S24
and S25), as demonstrated by the NTOs shown in Table 2 for
the S1−S3 states of 0T-Ir − 4T-Ir and in Supporting
Information Table S2 for the high-energy excited states. The
NTOs in Table 2 clearly show that the involvement of the d
orbitals in the holes of S1 and S2 states diminishes when the
number of thienyl groups increases, which decreases the
contribution of 1MLCT transitions to the low-energy
absorption bands on going from 0T-Ir to 4T-Ir. Especially
in 3T-Ir and 4T-Ir, the nT-tpy ligand localized 1π,π*/1ILCT
transitions become the dominant contributors, admixing with
some 1LMCT transitions. Probably due to the different degrees
of contributions from the 1π,π*, 1ILCT, 1MLCT, 1LMCT, and
1LLCT transitions, the molar extinction coefficients of this
low-energy absorption band do not follow a systematic trend.

The minor solvatochromic effects observed from these
complexes (Supporting Information, Figure S26) also support
the mixed nature of the electronic configurations giving rise to
these absorption bands.
Another possible attribution to this nonmonotonic trend

could be the agglomeration effect in methanol solutions
although no visible aggregates were observed in these
solutions, which would change the torsional angles between
the tpy ligand and the thienyl group directly attached to it. Our
TDDFT calculations show that variations of this angle
drastically change the shape and intensity of this absorption
band (Supporting Information Figure S27). The piece of
experimental evidence that could support the agglomeration
effect comes from the UV−vis absorption study of 4T-Ir in
mixed DMSO/H2O solutions with varied percentage of H2O
content (H2O is a poor solvent for these complexes). As
presented in Supporting Information Figure S28, the increased
H2O content in solutions gradually reduced the absorptivity of
the solutions and caused a minor red-shift of the low-energy
absorption band and a slight blue-shift of the high-energy
absorption band.

Photoluminescence. The emission of 0T-Ir−4T-Ir was
studied in methanol solutions at room temperature (rt) and in
4/1 (v/v) EtOH/MeOH glassy matrix at 77 K. Upon
excitation at their corresponding lowest-energy absorption
bands, all complexes are weakly emissive at rt in methanol. As
shown in Figure 3, the spectrum of 0T-Ir exhibited a vibronic
structure, possibly originating from the Ph-tpy ligand-localized
3π,π* excited state. For 1T-Ir and 2T-Ir, the significantly red-
shifted emission is tentatively ascribed to nT-tpy ligand-
localized 3ILCT/3π,π* excited states admixing with 3MLCT
configurations as we reported for related [Ir(Ar-tpy)(Ph-
tpy)]3+ complexes previously.29 Both 3T-Ir and 4T-Ir
exhibited dual emission, with the shorter wavelength band
being ascribed to nT-tpy ligand-localized 1π,π*/1ILCT
fluorescence and the longer wavelength shoulder being
ascribed to 3π ,π*/3ILCT states. Ligand-localized
1π,π*/1ILCT nT-tpy fluorescence was assigned based on a
comparison with the corresponding free nT-tpy ligands, which
do not phosphoresce (Supporting Information Figure S29)
while the assignment of the longer wavelength bands was made
based on our previously reported Ir(III) and Ru(II) bis-tpy
complexes bearing π-expansive Ar-tpy ligands.29,33 The blue-

Figure 2. Normalized UV−vis absorption spectra of 0T-Ir−4T-Ir in
methanol. 0T-Ir is normalized to the absorption band at 337 nm, and
1T-Ir−4T-Ir is normalized to their corresponding low-energy
absorption bands.

Table 1. Photophysical Parameters of 0T-Ir−4T-Ir

λem/nmb λT1−Tn/nm
c

λabs/nm (ε /L·mol−1·cm−1)a R.T. 77 K (τT/μs)
ΦΔ (λex/
nm)d

0T-Ir 251 (46040), 279 (35600), 301 (30520), 321 (28220), 337 (22970),
365 (10440)

494, 520 476, 507, 535, 577 (sh.),
630 (sh.)

380 (0.29), 630 (0.31) 0.04 (322)

1T-Ir 253 (41960), 295 (39590), 318 (33410), 381 (22300) 558, 582
(sh.)

537, 581, 630, 688 (sh.) 620 (0.57) 0.20 (384)

2T-Ir 251 (23840), 290 (21730), 300 (21780), 321 (21390), 457 (14560) 720, 763
(sh.)

511, 679, 749, 829, 930
(sh.)

725 (35) 0.84 (460)

3T-Ir 250 (40950), 288 (33530), 299 (33660), 320 (30750), 341 (28210),
500 (24520)

658, 794 579, 623 (sh.) 565 (5.8), 720 (−) 0.64 (476)

4T-Ir 251 (27210), 287 (24270), 320 (19970), 370 (15130), 508 (16160) 601, 822 609, 639 (sh.) 650 (0.30 (73%), 2.0
(27%))

0.34 (472)

aAbsorption band maxima (λabs) and molar extinction coefficients (ε) at room temperature in methanol. bEmission band maxima (λem) at room
temperature and 77 K, λex = 366, 379, 454, 494, and 508 nm for 0T-Ir−4T-Ir, respectively. The emission lifetimes were too short, or the signals
were too weak to allow for the lifetimes to be measured. cNanosecond TA band maxima (λT1−Tn) and triplet excited−state lifetimes (τT) were
measured at room temperature in deaerated CH3CN.

dSinglet oxygen generation efficiency (ΦΔ) in aerated CH3CN at the indicated excitation
wavelengths. Ru(bpy)3(PF6)2 in aerated CH3CN was used as the reference (ΦΔ = 0.56).43
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shifted emission at 77 K for 0T-Ir - 2T-Ir exhibited vibronic
structures and the thermochromic shifts were in the range of
666−839 cm−1, implying that their emitting states have a
significant 3π,π* character. In contrast, the 77 K emission
profiles for 3T-Ir and 4T-Ir were dominated by the shorter
wavelength fluorescence and showed a less vibronic structure.
Assignment of the emitting states is supported by AG-

TDDFT calculations. As shown in Supporting Information
Figure S30 and Table S3, the emitting triplet excited states for
all complexes admix 3π,π*/3ILCT/3MLCT/3LMCT charac-
ters. However, when the number of the thienyl ring increases,

contribution from the 3MLCT/3LMCT transitions diminishes
and 3π,π*/3ILCT transitions emerge as the dominant
configuration. This characteristic becomes more salient in
3T-Ir and 4T-Ir. Similar to the emitting triplet excited states,
the emitting singlet excited states possess the mixed
1π ,π*/1ILCT/1MLCT/1LMCT configurations, with
1π,π*/1ILCT being the dominant configurations in 3T-Ir and
4T-Ir.

Triplet Transient Absorption (TA). The triplet transient
difference absorption spectra of 0T-Ir − 4T-Ir were studied in
deaerated CH3CN solutions. The time-resolved transient

Table 2. NTOs of the Transitions Contributing to the Low-energy Absorption Band, Calculated Using the TDDFT Method
with the PBE0 Functional and LANL2dz/6-31G* Basis Set in Methanol
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Figure 3. Normalized emission spectra of 0T-Ir−4T-Ir (a) in methanol at room temperature and (b) in an EtOH/MeOH (4/1, v/v) glassy matrix
at 77 K.

Figure 4. Time-resolved transient differential absorption spectra of 0T-Ir−4T-Ir in deaerated acetonitrile solutions (A355 nm = 0.4) in a 1 cm
cuvette: (a) 0T-Ir, (b) 1T-Ir, (c) 2T-Ir, (d) 3T-Ir, (e) 4T-Ir, and (f) stacked spectra of nT-Ir at zero delay after excitation.
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difference absorption spectra of 0T-Ir−4T-Ir are presented in
Figure 4. The TA band maxima and triplet lifetimes measured
at the band maxima are compiled in Table 1. 0T-Ir exhibits
broad positive absorption bands at 340−750 nm, with the
maximum TA signal appearing at 625 nm. For 1T-Ir − 4T-Ir,
the positive TA bands appear at 410−750, 490−750, 525−750,
and 550−750 nm, respectively, while bleaching occurs at the
corresponding 1π,π*/1CT (charge transfer) spectral regions.
The triplet lifetimes increase from 0T-Ir to 2T-Ir and then
decrease in 3T-Ir and 4T-Ir. This trend can be rationalized as
the following: when the number of thienyl groups increases
from 0T-Ir to 2T-Ir, the contribution of the ligand-localized
3π,π* configuration increases, resulting in an increased triplet
lifetime. However, when the number of thienyl groups
increases to 3 and 4, the triplet energy levels of the complexes
are lowered, leading to increased nonradiative decays and
reducing the triplet lifetime.
Singlet Oxygen Generation. Previously, we reported that

Ir(R-tpy)(R′-tpy)3+ (R = pyr, R′ = Ph; or R = R′ = pyr)
complexes possessing long-lived triplet excited state exhibited
high efficiency (ca. 80%) for generation of singlet oxygen.29

Our TA study discussed above reveals that these nT-Ir
complexes possess reasonably long-lived triplet excited states.
Thus, they are expected to produce singlet oxygen in aerated
solutions upon light activation. To demonstrate it, 0T-Ir−4T-

Ir were dissolved in acetonitrile solution and the singlet oxygen
luminescence at 1268 nm was monitored. Acetonitrile was
used as the solvent to avoid quenching of singlet oxygen
phosphorescence by protic solvents. Ru(bpy)3(PF6)2 was used
as the reference for calculation of the singlet oxygen generation
quantum yield (ΦΔ). The obtained ΦΔ values for 0T-Ir−4T-Ir
are provided in Table 1, which follows the trend of increasing
from 0T-Ir to 2T-Ir but decreasing from 2T-Ir to 4T-Ir. This
trend parallels that of the triplet excited-state lifetimes in these
complexes. Because singlet oxygen is produced via an energy
transfer process from the triplet excited state of a PS to the
ground-state oxygen, which is a bimolecular process. The
longer the triplet excited-state lifetime of the PS, the more
opportunity for it to encounter oxygen and thus the higher the
singlet oxygen generation. This has been demonstrated by our
group previously and holds the same in this series of
complexes.29

In Vitro PDT. Because of the ability of 0T-Ir−4T-Ir to
generate singlet oxygen upon visible light excitation, their
potentials as PSs for PDT were assessed against three
melanoma cell lines, i.e., SKMEL28, A375, and B16F10, and
two breast cancer cell lines MDA-MB-231 and MCF-7 under
nomoxia (∼18.5% oxygen tension) and hypoxia (1% oxygen
tension) upon broadband visible (400−700 nm), blue (453
nm), green (523 nm), and red (633 nm) light activation. The

Table 3. Cytotoxicity and Photocytotoxicity (EC50 Values/μM) of nT-Ir on SKMEL28, A375, and B16F10 Cells under
Normoxic (∼18.5% O2) and Hypoxic (1% O2) Conditions

a,b

PIc

cell line complex O2 (%) dark visibled bluee greenf redg visibled bluee greenf redg

SKMEL28 0T-Ir ∼18.5 >300 180 ± 11 263 ± 22 >300 >300 ∼2 ∼1 ∼1 ∼1
1 >300 >300 >300 >300 >300 ∼1 ∼1 ∼1 ∼1

1T-Ir ∼18.5 >300 38.7 ± n.d. 41.5 ± n.d. 181 ± 4 >300 ∼8 ∼7 ∼2 ∼1
1 >300 >300 >300 >300 >300 ∼1 ∼1 ∼1 ∼1

2T-Ir ∼18.5 >300 0.313 ± 0.021 0.334 ± 0.006 0.574 ± 0.051 >300 ∼958 ∼898 ∼523 ∼1
1 >300 >300 >300 >300 >300 ∼1 ∼1 ∼1 ∼1

3T-Ir ∼18.5 59.8 ± 1.2 0.0942 ± n.d. 0.142 ± n.d. 0.160 ± n.d. 4.32 ± 0.09 635 421 374 14
1 61.2 ± 1.2 5.48 ± n.d. 5.44 ± n.d. 5.33 ± n.d. 63.2 ± 1.5 11 11 11 1

4T-Ir ∼18.5 86.0 ± 2.7 0.327 ± 0.050 0.646 ± n.d. 0.292 ± 0.032 3.19 ± 0.74 263 133 295 27
1 89.2 ± 2.5 4.95 ± n.d. 4.98 ± n.d. 2.96 ± 0.25 85.3 ± 2.1 18 18 30 1

A375 0T-Ir ∼18.5 81.2 ± 9.8 28.7 ± 2.1 30.4 ± 1.9 61.9 ± 3.0 74.3 ± 7.4 3 3 1 1
1 127 ± 15 224 ± 28 191 ± 25 123 ± 14 118 ± 13 1 1 1 1

1T-Ir ∼18.5 >300 17.3 ± 0.1 18.3 ± 1.5 >300 >300 ∼17 ∼16 ∼1 ∼1
1 >300 >300 >300 >300 >300 ∼1 ∼1 ∼1 ∼1

2T-Ir ∼18.5 >300 0.662 ± 0.071 0.811 ± 0.056 2.70 ± 0.34 >300 ∼453 ∼370 ∼111 ∼1
1 >300 >300 >300 >300 >300 ∼1 ∼1 ∼1 ∼1

3T-Ir ∼18.5 28.7 ± 1.3 0.149 ± 0.008 0.211 ± 0.032 0.273 ± 0.031 3.33 ± 0.27 193 136 105 9
1 48.8 ± n.d. 5.29 ± n.d. 5.30 ± n.d. 32.4 ± 5.5 30.2 ± 1.8 9 9 2 2

4T-Ir ∼18.5 46.1 ± 1.4 0.0206 ± 0.0009 0.0355 ± 0.0039 0.0410 ± 0.0021 1.85 ± 0.11 2238 1299 1124 25
1 45.2 ± 1.2 0.788 ± 0.156 0.952 ± 0.217 0.546 ± 0.162 35.9 ± 2.2 57 47 83 1

B16F10 0T-Ir ∼18.5 >300 161 ± 7 184 ± 7 >300 >300 ∼2 ∼2 ∼1 ∼1
1 >300 >300 >300 >300 >300 ∼1 ∼1 ∼1 ∼1

1T-Ir ∼18.5 >300 23.7 ± 1.4 26.6 ± 1.5 >300 >300 ∼13 ∼11 ∼1 ∼1
1 >300 >300 >300 >300 >300 ∼1 ∼1 ∼1 ∼1

2T-Ir ∼18.5 >300 0.225 ± 0.013 0.373 ± 0.028 1.80 ± 0.11 >300 ∼1333 ∼804 ∼167 ∼1
1 >300 >300 >300 >300 >300 ∼1 ∼1 ∼1 ∼1

3T-Ir ∼18.5 55.6 ± 4.2 0.0952 ± 0.0027 0.305 ± 0.018 0.446 ± 0.178 6.39 ± 0.09 584 182 125 9
1 53.6 ± 2.8 69.5 ± 3 67.1 ± 3.2 63.9 ± 3.2 58.7 ± 2.8 1 1 1 1

4T-Ir ∼18.5 95.7 ± 3.1 0.0456 ± 0.0048 0.0736 ± 0.0046 0.131 ± 0.010 4.11 ± 0.14 2099 1300 731 23
1 94.6 ± 4.0 10.8 ± 1.9 13.2 ± 1.7 11.1 ± 1.1 89.7 ± 3.9 9 7 9 1

aHypoxia and normoxia experiments were ran in parallel. bn.d. = SEM not determined due to steep hill slope. cPI = phototherapeutic index. dCool
white visible (400−700 nm). eBlue (453 nm). fGreen (523 nm). gRed (633 nm). Light treatments were approximately 100 J cm−2 delivered at 18−
24 mW cm−2.
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resultant EC50 values and PI (phototherapeutic indices) values
are provided in Table 3 and Supporting Information Tables S4
and S5, and the activity plots are exemplified in Figure 5 for
4T-Ir toward A375 cells. A general trend observed is that 0T-
Ir - 2T-Ir exhibited no dark cytotoxicity against all five cell
lines without light activation, while 3T-Ir and 4T-Ir showed
weak dark cytotoxicity. In contrast, upon broadband visible
light and blue and green light activation, 2T-Ir−4T-Ir
exhibited strong photocytotoxicity toward all cell lines, giving
submicromolar EC50 values under normoxia. 3T-Ir and 4T-Ir
also exhibited moderate PDT effects toward all cell lines upon
red-light irradiation, with <10 μM EC50 values and 7−27 PI
margins. The strength of the PDT effect followed the trend of
2T-Ir > 3T-Ir ≥ 4T-Ir toward SKMEL28, MDA-MB-231, and
MCF-7 cells, which parallels the trend of singlet oxygen
quantum yields of these three complexes; while for B16F10
and A375 cells, 4T-Ir exhibited the strongest PDT effects (PI
varied from 23 to 2238) followed by 2T-Ir and then 3T-Ir
regardless of the excitation light wavelengths. Moreover, upon
red-light excitation, 4T-Ir showed the strongest PDT effects
compared with the other four complexes toward all cell lines.
However, under hypoxia, the PDT effect was significantly

attenuated regardless of the cell lines and excitation wave-
lengths. 3T-Ir and 4T-Ir gave EC50 values of <70 μM and
considerable PI margins (2−83) upon visible, blue, and green
light activation toward the three melanoma cell lines, with 4T-
Ir showing 1 order of magnitude stronger PI values than those
of 3T-Ir. Especially 4T-Ir gave a PI value of 83 toward the
A375 cells with green light activation under hypoxia. To the
best of our knowledge, this probably is the largest PI value for
Ir(III)-based PSs upon green light activation under hypoxia.
However, no complex showed PDT effects toward the two
breast cancer cell lines under hypoxia.
Overall, 4T-Ir was the top performer in terms of activity as

defined by PI across all of the cancer cell lines and light
conditions, and 0T-Ir was the poorest. Both 1T-Ir and 2T-Ir
were inactive in hypoxia under all of the conditions tested.
Although 2T-Ir stood out for its activity in normoxia, it
surpassed only 4T-Ir in one cell line. Blue and green light were
most effective at activating the complexes and were the only
wavelengths that resulted in activity in hypoxia for 4T-Ir. The
fact that photosensitizers such as 4T-Ir are only active with red
light under normoxia and would not be responsive to NIR light

points toward their greatest utility, being applications where
limited tissue penetration is desirable.
To gain a better understanding of which RMS could be

involved in photocytotoxicity, we examined the effects of
various probes (i.e., singlet oxygen sensor green (SOSG) as a
fluorometric probe and anthracene-9,10-dipropionic acid
disodium salt (ADPA) as the colorimetric probe for singlet
oxygen, and hydroxyphenyl fluorescein (HPF) as the
fluorometric probe for hydroxyl radicals and peroxynitrite
anions) and scavengers (i.e., 1,4-diazabicyclo[2.2.2]octane
(DABCO), NaN3, and L-histidine for singlet oxygen, uric
acid for peroxynitrite anions, mannitol, tert-butanol and
DMSO for hydroxyl radicals, sodium pyruvate for hydrogen
peroxide, and disodium 4,5-dihydroxy-1,3-benzenedisulfonate
(Tiron) for superoxide anion radicals) on the cell-free and
cellular responses (SKMEL28) of 0T-Ir − 4T-Ir. As
demonstrated in Supporting Information Figures S32−S36
for the nT-Ir, all complexes produced singlet oxygen and
peroxynitrite anions and 1T-Ir−4T-Ir also generated super-
oxide anion radicals upon cool white light irradiation with and
without SKMEL28 cells, and the presence of scavengers for
these ROS species either suppressed the generation of these
species or reduced their photocytotoxicity. In contrast, no
hydroxyl radicals or hydrogen peroxide were generated from
these complexes upon photoactivation, which was confirmed
by the lack of impact on the cell viability upon the addition of
scavengers for these two species. The results of these collective
experiments indicate that singlet oxygen, superoxide anion
radicals, and peroxynitrite anions could be involved in
photocytotoxicity, while hydroxyl radicals and hydrogen
peroxide do not appear to be involved.
It should be noted that these RMS represent only a handful

of possibilities and should be interpreted with caution.
Oligothiophenes are known to exhibit complex redox behavior,
and it is likely that a combination of primary and competing
phototoxic pathways operates in tandem and could in fact be
followed by secondary chain reactions. The fact that the most
potent compounds are subject to photobleaching yet are
extremely active underscores that there is much still to be
learned and that the source of photocytotoxicity should not be
viewed in terms of one exclusive pathway. In addition, the
variation in activity within and across cell lines could reflect
different mechanistic pathways or contributions but could also
simply reflect differences in melanocytic activity since melanin

Figure 5. In vitro dose−response curves for 4T-Ir toward A375 cells under (a) normoxia and (b) hypoxia without (black) or with broadband
visible (400−700 nm, plum), blue (453 nm, blue), green (523 nm, green), or red (633 nm, red) light irradiation. Light treatments were
approximately 100 J cm−2 delivered at 18-24 mW cm−2.
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is known to detoxify RMS but can also contribute to a source
of oxidative stress.56

The complexes were also tested for their abilities to be
selectively phototoxic toward cancer cell lines compared with
noncancerous skin fibroblast cells (CCD-1064Sk). As shown in
Supporting Information Table S6, the complexes did not
exhibit any selectivity for cancer cells over noncancerous cells,
underscoring the importance of light as a means to control
where and when the compounds are cytotoxic.

■ CONCLUSIONS
Five tricationic bis-tpy Ir(III) complexes bearing varying
oliogothiophene units nT-Ir (n = 0−4) on one of the tpy
ligands were synthesized and fully characterized. Systematical
photophysical studies of the Cl− salts of these complexes
revealed that oligothienyl substitution introduced nT-tpy
localized π,π*/ILCT configurations into the lowest singlet
and triplet excited states, which caused red-shifts of the lowest-
energy absorption bands and emission bands. Increasing the
number of thienyl units from 0 to 4 progressively shifted the
1π,π*/1CT absorption bands from the UV region in 0T-Ir to
green/orange spectral regions in 4T-Ir and the emission bands
bathochromically shifted from blue/green to the NIR regions.
In contrast, the T1 lifetimes increased from 0T-Ir to 2T-Ir but
decreased in 3T-Ir and 4T-Ir, reflecting the overplay of the
increased 3π,π*/3ILCT contribution in T1 and the enhanced
nonradiative decay rates associated with the reduced T1
energies when the number of thienyl units increased. In
accordance with the trend observed for the T1 lifetimes, the
singlet oxygen generation efficiency (ΦΔ) also followed the
same trend, which consequently impacted the trend of the in
vitro photocytotoxicity toward SKMEL28, MDA-MB-231, and
MCF-7 cells upon visible, blue, and green light activation
under normoxia. However, for B16F10 and A375 cells, 4T-Ir
exhibited the strongest PDT effects followed by 2T-Ir and then
3T-Ir under normoxia regardless of the excitation light
wavelengths. Upon red-light excitation, 4T-Ir also showed
the strongest PDT effects compared to those of the other four
complexes toward all cell lines under normoxia. More
importantly, 4T-Ir retained its photocytotoxicity under
hypoxia toward all cell lines upon visible, blue, and green
light excitation, suggesting the importance of increasing the
number of thienyl groups on the tpy ligand. In addition to
singlet oxygen, superoxide anion radicals, and peroxynitrite
anions were found to likely be involved in the photo-
cytotoxicity exhibited by the complexes. The hypoxic activity,
together with the red-shifted absorption and emission and low
dark cytotoxicity, makes the 4T-Ir complex a potential
hypoxia-active PS for PDT application. To further red-shift
the absorption of this complex to the biologically relevant NIR
range, the complex could be tethered to a π-conjugated organic
chromophore such as the styryl-substituted BODIPY like we
reported for a neutral Ir(III) complex BODIPY-Ir before.19 To
improve the aqueous solubility of these complexes, carboxylate,
sulfonate, or quaternary ammonium substituents could be
introduced to one or both tpy ligands and to the nT groups.
Alternatively, the current complexes could be encapsulated
into micelles or nanovehicles formed by amphiphilic polymers.
These strategies will be investigated and utilized in our future
work.
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