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ABSTRACT: Two water-soluble triscyclometalated organoiridium com-
plexes, 1 and 2, with polar side chains that form nanoparticles emitting
bright-red phosphorescence in water were synthesized. The optimal
emitting properties are related to both the triscyclometalated structure and
nanoparticle-forming ability in aqueous solution. Nonlinear optical
properties are also observed with the nanoparticles. Because of their
proper cellular uptake in addition to high emission brightness and effective
two-photon absorbing ability, cell imaging can be achieved with
nanoparticles of 2 bearing quaternary ammonium side chains at ultra-low
effective concentrations using NIR incident light via the multiphoton
excitation phosphorescence process.
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■ INTRODUCTION

A number of imaging techniques have been developed over
recent decades for studying the structures and functions of
biological systems.1,2 Among them, fluorescence microscopy is
of particular value for allowing dynamic, real-time visualization
both in vivo and in vitro.3−5 Carefully designed fluorescent
probes and labels with properties specifically tailored for
targeted functions present additional advantages of this
technique. Moreover, with the advancement of nonlinear
optical techniques, multiphoton excitation looms as a more
potent method compared with conventional linear optical
microscopy because it utilizes significantly longer-wavelength,
lower-energy excitation light with greater penetration depth,
reduced photodamage, less scattering, and reduced interference
from cellular autofluorescence.6−8 Organic small molecules and
conjugated polyelectrolytes have both been studied as two-
photon fluorescent probes for cell imaging.9−15

Compared with fluorophores, phosphorescent molecules
possess additional advantages as optical bioprobes. With a
much longer lifetime of the triplet excited state and significantly
enlarged Stokes shift, phosphorescence reduces interference
from excitation light, auto-fluorescence, and self-quenching
more effectively. Metal complexes of lanthanides,16−19

ruthenium,20−26 iridium,27−34 and platinum35−38 have all been

investigated as phosphorescent cellular probes. However, the
typical low-emission quantum yields (Φ) of transition-metal
complexes in water create difficulties for their application.27,39,40

Employing higher probe concentrations to compensate for the
low-emission brightness necessarily entails increased cytotox-
icity. Hence, phosphorescent probes with high emission
brightness in water are highly desirable and vastly pursued.
Furthermore, if nonlinear optical properties are attainable, then
multiphoton excitation phosphorescence (MPEP) using a
longer excitation wavelength is apparently even more favorable
for bioimaging. Hence, complexes with two-photon excitation
phosphorescence (2PEP) have been intensely studied for
bioapplications.18,19,33,36−38

With high phosphorescence Φ, organoiridium molecules
have emerged as particularly attractive candidates for cell
imaging. Thus far, biscyclometalated iridium complexes have
been more widely investigated.27−31 Triscyclometalated iridium
analogues, which could potentially serve as superior phosphor-
escent bioprobes that have even higher emission Φ as well as
better photo- and chemo-stability, are much less studied.32−34
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Having all ligands tethered to the metal center through robust
carbon−metal bonds, triscyclometalated iridium complexes
should also produce lower cytotoxicity. One of the reasons
that these complexes have been less-explored for bioapplica-
tions may be that they are typically electronic-neutral molecules
and thus have very limited water solubility.
In the current work, we designed two water-soluble

triscyclometalated iridium complexes, 1 and 2 (Scheme 1),
and studied their behaviors under aqueous conditions as well as
their potential for cell imaging. With a neutral core, the water
solubility of these molecules was realized by attaching polar side
chains to the bisfluorenyl phenylpyridine (ppy) ligands. Two
types of side chains, oligo(ethylene glycol) and a quaternary
ammonium terminated alkyl group, were employed to confer
water solubility. Both complexes were found to form
nanoparticles in water, which emitted bright-red phosphor-
escence. Particularly, nanoparticles of 2 (NP2) with ionic
ammonium side chains showed adequate cellular uptake. By
virtue of the optimal-emitting ability of the particle, cellular
imaging was performed at submicromolar effective concen-
trations. Experimental results also demonstrated that NP2
outperformed biscyclometalated ionic reference compound 3 in
both effective imaging concentration limit and cell viability.
Furthermore, as NP2 manifested a perceptible 2PEP property,
cell imaging was accomplishable with near-infra-red (NIR)
incident light ranging from 680 to 800 nm, also at very low
probe concentrations. Three-photon excitation phosphores-
cence (3PEP) was also detected for NP2 at 800 nm by
photophysical characterizations.

■ RESULTS AND DISCUSSION

Synthesis and Photophysical Characterization. Com-
plexes 1 and 2 were prepared via Suzuki coupling between
bromine-substituted triscyclometalated Ir(ppy)2(piq) (piq =
phenylisoquinoline) and corresponding bisfluorenyl boronates
(Scheme 1 and Supporting Information).41,42 Two different
types of side chains were appended to the 9-position of
fluorene units. Complex 1 incorporated tetraethylene glycol
monomethyl ether43 side chains, and analogue 2 featured
quaternary ammonium salt terminated alkyl groups,44,45 both of
which bestowed evident water solubility to the complexes.
Biscyclometalated ionic complex 3 was also synthesized,46

serving as a reference molecule for comparison study. The
structures of 1−3 were characterized and confirmed by 1H and
13C NMR in addition to mass spectroscopy.
We first studied the linear optical properties of 1 and 2 in

methanol. UV−vis absorption spectra were recorded at 10 μM
(Figure 1 and Table 1). The major absorption peaks emerged
at 350−360 nm for both complexes, which were assigned to the
spin-allowed ligand-centered (LC) π−π* transition of the
bifluorenyl ppy ligands.41,42 Minor absorption bands appearing
at over 400 nm were attributed to the metal-to-ligand charge-
transfer (MLCT) transitions. In comparison, biscyclometalated
3 exhibited a much weaker absorption band because of the
absence of conjugated bisfluorenyl groups. Complexes 1 and 2
emitted red phosphorescence around 635 nm in degassed
methanol, typical for the 3MLCT emission of triscyclometalated
iridium complexes bearing piq ligand. In the same solvent,
complex 3 emitted phosphorescence at 595 nm.46 The

Scheme 1. Synthesis of Molecules 1−3
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phosphorescence quantum yields were found to be around 0.4
for both 1 and 2 in methanol solution, which were also
comparable to that of 3 (Table 1). Very similar phosphor-
escence lifetimes of less than 2 μs were measured for 1 and 2 in
methanol. Because the absorption and emission spectra were
almost identical for 1 and 2 in methanol, this suggests that the
side-chain structures had little effect on the optical properties of
these complexes in the single-molecule state.47

Intermolecular Aggregation and Nanoparticle Prop-
erties. Because of their amphiphilic structures (neutral
complexes with hydrophobic hydrocarbon ligands and hydro-
philic polar side chains), both 1 and 2 were found to aggregate
intermolecularly in water, but their behaviors appeared to differ
slightly. Directly dispersing a concentrated THF solution of 1
into water with stirring resulted in a cloudy suspension of large
particles (several hundred nanometers in diameter). Nonethe-
less, when a concentrated THF solution of 1 was injected into a
mixture of H2O and THF and the organic solvent was
subsequently removed by continuously bubbling through
nitrogen gas, smaller nanoparticles of 1 (NP1) of relatively
uniform size were obtained.48 The mean hydrodynamic
diameter of the thus obtained particles was approximately 80
nm, as revealed by dynamic light scattering (DLS, Figure S3).
When a similar procedure was conducted for 2 using methanol
as the co-solvent with water, NPs of similar sizes were also
observed. Actually, because the solubility of complex 2 was
noticeably higher than that of 1 in water, a special procedure for
treating a mixed solvent was not necessary for 2. NPs with

relatively uniform size could be attained by directly dispersing a
highly concentrated methanol solution of 2 into a large amount
of water. Figure 2 shows the hydrodynamic radius distribution

of NP2 at an effective concentration of 1 μM. Such a facile NP
preparation procedure allowed NP2 to be conveniently applied
for cell imaging (vide infra). However, no DLS signal was
detected for an aqueous solution of 3, indicating that this
molecule was molecularly dissolved in water without evident
aggregation.
Transmission electron microscopy (TEM) and atomic force

microscopy (AFM) further confirmed the NP formation by 1
and 2. On the basis of the statistical analyses performed on the
TEM images, NP2 had an average diameter of ca. 56 nm
(Figure 2). A smaller particle size was given by TEM than DLS,
likely because of the shrinkage of hydrated NPs during TEM
sample preparation.49,50 AFM also corroborated the nanoscale

Figure 1. Absorption and emission spectra of 1 (red), 2 (blue), and 3
(black dashed) in methanol (absorption was recorded at 10 μM;
emission was collected from degassed solutions excited at their
respective absorption maxima with an OD of 0.1).

Table 1. Absorption and Photoluminescence Properties of Compounds 1−3

absorption photoluminescence

compound solvent λabs (nm)
a ε (105 M−1 cm−1) λem (nm)a τ (μs)b Φp

c ε350 × Φp (10
5 M−1 cm−1)d

1 MeOH 352 1.79 634 1.6 0.45 0.81
NP1 H2O 361 1.40 629 0.6 0.13 0.18
2 MeOH 353 1.39 635 1.7 0.36 0.50
NP2 H2O 355 1.23 632 1.1 0.13 0.16
3 MeOH 358 0.22 592, 628 4.3 0.41 0.09

H2O 359 0.23 595, 632 0.9 0.023 0.005

aAbsorption and emission maxima. bLifetimes were measured by time-correlated single-photon counting using NanoLED (339 or 369 nm) as the
excitation light source. cIr(piq)3 (Φp = 0.6 in CH2Cl2) was used as the standard for the phosphorescence quantum yield measurement. d(Apparent)
phosphorescence quantum yield (Φp) multiplied by (apparent) molar extinction coefficient (ε) at the excitation wavelength (350 nm) was used as
an index of emission brightness.

Figure 2. Hydrodynamic radius distribution (effective concentration: 1
μM in H2O) and TEM image of NP2.
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sizes of the particles (Figure S4),51 which are suitable for
cellular uptake.52−54

Photophysical properties of these NPs were then compared
with those of single molecules.47 The absorption spectra of
NP1 and NP2 in water were both red-shifted compared to
those in methanol. The reason for such red shifting was
attributed to the more planariz bifluorenyl ppy ligands in the
aggregated state. The attenuated apparent extinction coef-
ficients of 1 and 2 in water also corroborated the aggregate
formation (Table 1). Furthermore, NP1 showed progressively
red-shifted absorption at increased effective concentrations in
water (Figure S2), suggesting continuously condensed
molecular packing. The absorption wavelength of NP2 in
water was, however, nearly concentration-independent, imply-
ing that more compact molecular packing did not happen to 2
at higher concentrations. This likely resulted from the
electrostatic repulsion among the charged ammonium side
chains. Similar phenomena were also observed with poly-
electrolyte aggregates.55 Nearly identical absorption spectra
were collected for 3 from methanol and aqueous solutions,
consistent with the notion that no intermolecular aggregation
occurred for this molecule in water.
Remarkably, both NP1 and NP2 manifested bright-red

phosphorescence under aqueous conditions. The apparent
phosphorescence quantum yields, Φp, in water were
determined to be about 0.13 for both NPs, whereas the ΦP
of 3 was only 0.023 in water. To the best of our knowledge, the
apparent Φp values of NP1 and NP2 are among the highest
values of all red-emitting metal complexes in water. Combined
with their good absorbing properties, the emission brightness
(indexed by the apparent values of ε × Φ) of NP1 and NP2
was roughly 30 times that of 3 (Figure S1). However, it should
be noted that the phosphorescence Φp values of 1 and 2 were
actually very similar to that of 3 in methanol (all around 0.4,
Table 1). In other words, when the solvent was switched from
methanol to water, the emissions of NP1 and NP2 were less
quenched compared to that of 3. It was thus suggested that NP
formation helped to maintain a high emission efficiency in
aqueous solution. Water molecules are well-known to quench
low-energy triplet emissions via vibrational coupling.27,39,40

Therefore, phosphorescent molecules typically have very low
Φp in water. Such a strong emission-quenching effect was also
demonstrated by 3 in the current study. Presumably by forming
NPs, the emissive moieties of 1 and 2 were concealed inside
particles, whereas the hydrophilic side chains were positioned at
the periphery and effectively shielded the particle core from
water molecules. Thereby, solvent-induced quenching was
greatly inhibited, facilitating the high emitting efficiencies of the
NPs.
This hypothesis of NP formation repressing the solvent-

quenching effect was further substantiated by time-resolved
photophysical data. The phosphorescence lifetimes of 1 and 2
were reduced only moderately when the solvent was changed
from methanol to water, whereas the emission lifetime of 3 was
shortened to a greater extent under the same conditions. The
less-curtailed lifetimes of NP1 and NP2 further prove that the
excited states of molecules in the NPs were less influenced by
water compared to molecularly dispersed 3. The emission-
wavelength changes provided additional evidence for the
shielding effect in NPs. Upon the solvent switch from methanol
to water, the emission band of 3 was slightly red-shifted. Such
red shifting is typical for molecules having an excited state of
charge-transfer characteristics because polar solvents such as

water better stabilize the more-polar excited state. In contrast,
the emission spectra of NP1 and NP2 were blue-shifted when
experiencing the same solvent change. This unusual shifting
trend could also be explained by aggregate formation.
Presumably, inside the particles, aggregated molecules created
a less-polar local environment compared to those in methanol
and water, causing the blue shifting in the emission.
Furthermore, NP1 manifested an even shorter emission
wavelength compared to NP2, indicating an even less-polar
local environment in the former than the latter. This is
consistent with the previous conclusion that the ethylene glycol
side chains induced more compact molecular packing. The
charged ammonium side chains might also have been the
reason for the slightly higher local polarity in NP2. The solvent
molecules should nonetheless be effectively excluded in both, as
suggested by the similar apparent emission Φp.

Cell Imaging. Because the high emission brightness of NP1
and NP2 in water is favorable for cell imaging, these complexes
were subsequently tested for such a purpose. Decent cellular
uptake was shown by NP2 and 3, but a less-optimal result was
observed for NP1 (Figure S6). One of the reasons for the
relatively poor uptake of NP1 was speculated to relate to the
particle size. As mentioned above, a special procedure involving
gradual removal of the organic component from a binary
solvent was required for 1 to form NPs, but such a process was
not compatible with cell incubation. Directly dispersing this
complex into the cell culture resulted in much larger particles of
irregular sizes. Previous literature also reported inferior cell
uptake of ethylene glycol chains compared to quaternary
ammonium structures because of evidently prohibited
immunogenicity and nonspecific cellular uptake.56 Therefore,
subsequent cell imaging study was focused on NP2.
Cells were incubated with NP2 for 6 h prior to the imaging

experiments. Figure 3 shows the images of HeLa cells treated

with NP2 at an effective concentration of 0.5 μM and
illuminated by UV light. Clearly, the dye was taken by the
cytoplasm but not the nuclei. In comparison, cells treated with
3 under the same conditions are also shown. At such a low
concentration, NP2 still generated intense intracellular red
phosphorescence, affording decent imaging results, whereas
cells containing 3 were nearly invisible with the same exposure

Figure 3. Images of HeLa cells upon incubation with NP2 (left) or 3
(right) for 6 h, both at 0.5 μM: (a) phosphorescence images (excited
at 405 nm) and (b) overlay with bright-field images (scale bars, 10 μm;
exposure time, 19 ms).
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time. When the concentration was increased to 1 μM, cells
incubated with 3 also exhibited phosphorescence, but only at a
much lower emission intensity than NP2 (Figure S9). It was
further demonstrated that proper imaging could still be
achieved with NP2 even when the incubation concentration
was lowered to 0.2 μM (Figure S8). Such a concentration was
nearly an order of magnitude lower than the typical loading of
phosphorescent dyes reported in the literature. To prove the
cellular uptake of NP2 further, we also acquired images with
the microscope scanning along the z axis, which unambiguously
depicted that the red-emitting dyes were located in the cells
(Figure 4).

Subsequent phosphorescence lifetime measurements (PLIM)
showed an intracellular luminescence lifetime range of 0.7−1.0
μs (Figure S10). Single-point lifetimes measured in different
regions of the cytoplasm gave a similar average value of ca. 0.8
μs (Figure S11). These measurements offered relatively
consistent lifetimes, but these values were slightly longer than

that detected for NP2 in aerated water (τ = 0.6 μs).57 The
following experiment helped to explain the origin of such a
difference. When bovine serum albumin was added to a
solution of NP2 in PBS, the lifetime of NP2 was observed to
increase from 0.6 to 0.9 μs (Figure S12). At the same time, the
emission intensity was enhanced perceptibly. These results
suggested that NP2 was likely bound to hydrophobic organelles
in the cytoplasm.58

Subsequently, the potential of NP2 serving as an MPEP
imaging probe was investigated by conducting imaging with a
NIR light source. It was found that proper imaging could be
achieved with an excitation wavelength ranging from 680 to 800
nm and emission signals collected in the red visible range of
570 to 640 nm. At the excitation wavelength of 690 nm, the
incubation concentration could be lowered to 0.5 μM, which
still afforded desirable imaging results. When a much longer
excitation wavelength (e.g., 800 nm) was applied, a slightly
higher incubation concentration was necessary, which was still
no more than 3 μM (Figure 5). As a control experiment, no
MPEP image was observable for 3 under the same conditions.
The photostability of NP2 was examined under the same

conditions for cell imaging. With HeLa cells incubated with
NP2 being exposed to a UV light of 405 nm, the luminescence
intensity change was monitored for 20 min (Figure S13).
Negligible photobleaching was observed during this period of
time, indicating sufficient photostability. Quantitative experi-
ments showed that the photodecomposition quantum yields59

of NP2 were about 1.2 × 10−5 and 9 × 10−6 in deaerated
aqueous solution upon excitation at 405 and 800 nm,
respectively. These results demonstrate the suitability of NP2
for bioimaging applications.

Nonlinear Optical Properties. To prove the MPEP
imaging results further, we then conducted nonlinear optical
characterization for NP2 in aqueous solution. To match the
microsecond-scale excited-state lifetime of NP2, a low-
repetition rate (1 kHz) laser was employed to characterize its
MPEP properties. When the excitation power density was set in
the range of 10 to 102 GW cm−2, 2PEP ability was
demonstrated by NP2 in aqueous solution, as evidenced by

Figure 4. Luminescence images (including z-axis scanning) of HeLa
cells incubated with NP2 for 6 h at 0.5 μM (excited at 405 nm).

Figure 5. Images of HeLa cells upon incubation with NP2 for 6 h: (a) phosphorescence images, (b) bright-field images, and (c) overlaid images
(top: excited with 800 nm light, incubation concentration = 3 μM; bottom: excited with 690 nm light, incubation concentration = 0.5 μM).
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the magnitude of emission intensity change with the excitation
power (Figure 6). Namely, the log−log plot of phosphor-

escence intensity as a function of excitation power showed a
linear correlation with a slope of ca. 2. Accordingly, an apparent
two-photon absorption (2PA) cross-section of 33 GM was
determined. Such 2PEP properties of NP2 further validated its
cell imaging capability using a NIR excitation source.
Notably, when a much higher excitation power density (∼103

GW cm−2) was applied to a NP2 solution at the same
wavelength, the log−log plot of emission intensity versus
excitation power revealed a linear dependence with a slope of
roughly 3 (Figure S16), suggesting the occurrence of a three-
photon excitation phosphorescence (3PEP) process under such
high-power-density conditions. It was thus proposed that NP2
possessed both two- and three-photon-absorbing abilities at
800 nm.60−65 On the basis of the 3PEP intensity, NP2 was
estimated to have an attractive 3PA ability for water-soluble
systems.6,63,64 Nonetheless, it should be noted that the cell
imaging results using the NIR light source were more likely
realized via a 2PA rather than a 3PA process because 3PEP was
observable only at very high excitation power, and the
excitation power density applied in the fluorescence microscope
was merely ∼10 GW cm−2.
Additionally, at wavelengths shorter than 800 nm, a 2PA

process probably dominated, and a 3PA cross-section should
reduce significantly with decreased wavelength. However,
because the low-repetition-frequency laser was available only
at 800 nm, subsequent investigation on the 2PEP properties of
NP2 at shorter excitation wavelengths were conducted using a
high-repetition-rate (83 MHz) laser. At a constant excitation
power, the emission intensity was observed to grow as the
excitation wavelength was changed from 800 to 720 nm (Figure
S14), suggesting that higher 2PEP capacity was available in this
range. Because of the mismatching of the temporal distance
among laser pulses (83 MHz) with the excited-state lifetime,
2PA cross sections at wavelengths other than 800 nm could not
be precisely measured for NP2, but the experimentally
observed emission intensity change with excitation power at
least confirmed the nonlinear nature of the absorption in this
range (Figure S15). This conclusion was also corroborated by
the fact that no linear absorption was observed for NP2 in
water beyond 600 nm.

MTT Assay. Cellular toxicity of NP2 was then investigated
by the MTT assay. In vitro viability of HeLa cells was examined
by incubation with NP2 or 3 at a concentration of 1 μM for
given periods of time, ranging from 6 to 72 h. The viability
percentage of treated cells was calibrated relative to that of
untreated cells. The viability of the latter was defined as 100%
(Figure 7). The results showed that the viability of cells

incubated with NP2 stabilized at a value slightly less than 80%
after 24 h, whereas the viability of cells treated with 3 continued
to drop over the entire monitored time, and only less than 15%
of the cells were still alive after 72 h. The observed lower
toxicity of NP2 was likely related to two factors. First, all three
ligands in 2 were connected to the iridium center via robust
carbon−metal bonds, which greatly stabilized the molecular
structure. Additionally, the NP formation might also be
responsible for the lower cytotoxicity.66,67

■ CONCLUSIONS

Two water-soluble triscyclometalated iridium complexes were
synthesized. The neutral complex backbones decorated with
polar side chains conferred adequate water solubility. Both
molecules were found to form NPs emitting bright-red
phosphorescence in water. The relatively high emitting
efficiencies in H2O (apparent Φ = 0.13) were facilitated by
both the triscyclometalated structure and NP forming process,
the latter of which effectively inhibited the solvent-induced
phosphorescence quenching. Proper cellular uptake was
observed for NP2 bearing quaternary ammonium side chains.
By virtue of the high emission brightness of NP2, cell imaging
could be performed at submicromolar effective dye concen-
trations. Furthermore, photophyscial studies demonstrated
nonlinear absorption abilities of NP2, with a 2PA cross-section
of 33 GM determined at 800 nm in water. 3PEP behavior was
also detected at higher excitation power. Impressively, with the
highly efficient emitting ability exhibited by NP2 in
combination with a moderate 2PA cross section, desirable
MPEP cell imaging results were achieved using low-energy
NIR-excitation light (680−800 nm) at micromolar effective dye
concentrations. The cytotoxicity and photostability of NP2
were also characterized and shown to be suitable for
bioapplications.

Figure 6. Log−log plot of emission intensity of NP2 against the
excitation power density (800 nm, 1 kHz) in degassed water at an
effective concentration of 10−4 M (slope = 2.1, r2 = 0.998, power
density of 10 to 102 GW cm−2).

Figure 7. In vitro cell viability data of HeLa cells upon incubation with
NP2 (gray) and 3 (white) at 1 μM for the indicated periods of time at
37 °C (the viability of untreated cells was defined as 100%, dark gray).
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■ EXPERIMENTAL SECTION
Materials and Instruments. All chemicals were used as received

unless otherwise indicated. NMR spectra were recorded on Varian
Mercury plus 300, Bruker AVANCE III 400, or Bruker AVANCE III
500. ESI-TOF mass spectra were recorded on a Bruker Apex IV FTMS
mass spectrometer. UV−vis absorption spectra were recorded on a
Hitachi U-4100 spectrophotometer. Photoluminescence spectra were
recorded on a Horiba Jobin Yvon FluoroMax-4P spectrofluorometer.
Lifetime measurements were performed by time-correlated single-
photon counting using a Horiba Jobin Yvon FluoroHub-B instrument,
with a NanoLED of 370 nm as the excitation source. Dynamic light-
scattering (DLS) measurements were carried out using ALV-5000/E/
WIN multiple tau digital correlator with a Spectra-Physics 2017 22
mW Ar laser at 632.8 nm. TEM images were acquired with a Tecnai
F20 transmission electron microscopy operating at 200 kV.
Synthesis and Characterization. 1. A Schlenk tube containing 4

(11 mg, 0.010 mmol), 6 (29 mg, 0.022 mmol), potassium carbonate
(0.14 g, 1.0 mmol), and Pd(PPh3)4 (1.0 mg, 0.86 μmol) was evacuated
and backfilled with nitrogen three times. Degassed THF (0.5 mL) and
H2O (0.5 mL) were added to the tube via a syringe. The mixture was
stirred at 80 °C for 40 h. After being cooled to room temperature, the
mixture was extracted with ethyl acetate. The organic phase was
washed with brine and then dried over anhydrous Na2SO4. After the
solvent was removed under reduced pressure, the crude product was
purified by flash column chromatography and eluted with CH2Cl2/
MeOH (50:1, v/v) to give 1 as a red solid (10 mg, 31%). 1H NMR
(CDCl3, 300 MHz, ppm): δ 9.10 (m,1H), 8.20 (d, 1H, J = 8.4 Hz),
8.07−7.90 (m, 6H), 7.80−7.59 (m, 23H), 7.49−7.32 (m, 10H), 7.10
(m, 2H), 6.97 (m, 2H), 6.87 (d, 1H, J = 1.8 Hz), 6.70 (s, 1H), 3.52−
3.12 (m, 120H), 2.89−2.45 (m, 32H), 1.21 (s, 9H), 1.15 (s, 9H), 1.11
(s, 9H). 13C NMR (100 MHz, CDCl3, ppm): δ 167.9, 166.1, 165.6,
165.2, 164.7, 162.2, 160.9, 152.2, 152.1, 152.0, 150.3, 149.9, 149.8,
149.7, 149.1, 145.1, 144.9, 142.6, 140.9, 140.5, 140.3, 140.0, 139.9,
138.9, 136.8, 136.7, 136.0, 135.2, 134.9, 134.5, 133.9, 133.7, 130.2,
129.7, 128.2, 127.6, 127.5, 126.7, 126.3, 125.6, 123.4, 123.1, 1221.6,
121.4, 120.5, 120.3, 120.1, 119.6, 118.2, 117.1, 116.9, 111.3, 71.8, 70.6,
70.5, 70.1, 69.9, 66.9, 66.8, 59.0, 58.9, 51.4, 51.0, 39.8, 39.6, 34.4, 34.3,
31.4, 31.2. ESI-TOF MS (m/z): [M + H]+ calcd for C173H226IrN3O32,
3051.9; found, 3052.1. ESI-TOF HRMS (m/z): [M + 3Na]3+ calcd,
1040.1834; found, 1040.1836.
2a. A Schlenk tube containing 4 (18 mg, 0.017 mmol), 7 (36 mg,

0.034 mmol), potassium carbonate (0.14 g, 1.0 mmol), and Pd(PPh3)4
(2.0 mg, 1.7 μmol) was evacuated and backfilled with nitrogen three
times. Degassed THF (2 mL) and H2O (0.5 mL) were added to the
tube via a syringe. The mixture was stirred at 80 °C for 23 h. After
being cooled to room temperature, the mixture was extracted with
ethyl acetate. The organic phase was washed with brine and then dried
over anhydrous Na2SO4. After the solvent was removed under reduced
pressure, the crude product was purified by flash column
chromatography and eluted with petroleum ether/CH2Cl2 (10:1, v/
v) to give 2a as a red solid (17 mg, 36%). 1H NMR (CDCl3, 300 MHz,
ppm): δ 9.06 (d, 1H, J = 8.4 Hz), 8.18 (d, 1H, J = 8.4 Hz), 8.06−7.53
(m, 29H), 7.40−7.27 (m, 10H), 7.12−6.96 (m, 4H), 6.80−6.78 (m,
2H), 3.29−3.10 (m, 16H), 2.06−1.56 (m, 32H), 1.32−0.54 (m, 75H).
13C NMR (100 MHz, CDCl3, ppm): δ 167.0, 166.1, 165.4, 165.2,
164.5, 162.1, 160.9, 152.6, 152.1, 152.0, 150.9, 149.7, 149.3, 147.2,
144.9, 142.4, 140.7, 140.5, 140.3, 140.0, 139.7, 138.9, 136.8, 136.7,
136.3, 135.2, 134.9, 134.6, 133.8, 133.4, 130.1, 128.2, 127.6, 127.5,
126.6, 126.3, 125.6, 123.4, 123.2, 121.6, 121.4, 120.5, 120.4, 120.1,
119.6, 118.2, 117.2, 116.9, 111.3, 60.2, 55.9, 55.6, 55.3 40.4, 40.1, 34.6,
34.4, 32.9, 32.1, 31.4, 31.3, 29.9, 29.1, 27.8, 23.7. ESI-TOF MS (m/z):
[M + H]+ calcd for C149H170Br8IrN3, 2834.6524; found, 2834.6520.
2. 2a (17 mg, 0.006 mmol) was dissolved in THF (4 mL). After the

solution was cooled to −78 °C, an ethanol solution of trimethylamine
(1.5 mL) was added. The mixture was stirred at room temperature for
24 h. Then, H2O (2 mL) was added to the mixture, and 2 was
precipitated as a red solid (17 mg, 83%). 1H NMR (CD3OD, 300
MHz, ppm): δ 9.05 (m, 1H), 8.23−7.74 (m, 30H), 7.57−7.35 (br,
10H), 7.15−6.88 (m, 6H), 3.40−3.24 (m, 16H), 3.04 (s, 72H), 2.25−

1.90 (br, 16H), 1.70−1.43 (br, 16H), 1.29−0.88 (m, 59H), 0.88−0.46
(br, 16H). 13C NMR (125 MHz, DMSO-d6, ppm): δ 165.1, 164.7,
160.0, 151.7, 151.6, 151.2, 151.1, 150.9, 150.3, 150.2, 143.9, 143.8,
141.9, 140.6, 140.4, 140.3, 140.1, 139.6, 139.4, 139.0, 136.4, 136.1,
134.5, 134.4, 133.9, 133.4, 130.9, 129.5, 128.6, 127.8, 127.3, 127.2,
127.0, 126.8, 125.9, 125.7, 125.5, 124.1, 122.9, 121.0, 120.7, 116.8,
110.7, 108.4, 107.9, 65.0, 64.9, 60.4, 54.8, 54.7, 52.0, 51.6, 51.5, 40.1,
40.0, 39.8, 39.7, 39.6, 39.5, 39.2, 39.0, 38.8, 34.1, 33.9, 31.2, 31.1, 30.9,
28.9, 28.6, 28.5, 25.3, 25.0, 23.3, 23.2, 22.0, 21.9. ESI-TOF HRMS (m/
z): [M − 3Br]3+ calcd for C173H242Br8IrN11, 1022.1604; found,
1022.1618.

3. To a mixture of CH2Cl2 and methanol (30 mL, 2:1 v/v) were
added 1,10-phenanthroline (40 mg, 0.20 mmol) and 5 (0.15 g, 0.10
mmol) under a N2 atmosphere. The reaction mixture was refluxed for
4 h. After being cooled to room temperature, KPF6 (0.37 g, 2 mmol)
was added, and the mixture was stirred for another 1 h. The solvent
was then removed, and the residue was redissolved in CH2Cl2 (20
mL). The precipitate was filtered off, and methanol (20 ml) was
layered on top of the filtrate. Red crystals of 3 (115 mg, 55%) were
then formed. 1H NMR (CDCl3, 300 MHz, ppm): δ 8.90 (m, 2H), 8.68
(dd, 2H, J = 8.4, 1.5 Hz), 8.25 (s, 2H), 8.16 (d, 2H, J = 8.7 Hz), 8.40
(dd, 2H, J = 5.1, 1.5 Hz), 7.86−7.78 (m, 4H), 7.75−7.70 (m, 4H),
4.23 (d, 2H, J = 6.8 Hz), 7.18−7.14 (m, 4H), 6.27 (d, 2H, J = 1.8 Hz),
0.95 (s, 18H). 13C NMR (100 MHz, DMSO-d6, ppm): δ 168.4, 152.9,
152.8. 150.4, 146.2, 142.7, 140.7, 138.7, 136.4, 131.8, 131.2, 130.0,
129.0, 128.3, 127.8, 127.3, 126.9, 126.2, 125.4, 121.3, 119.3, 33.9, 30.4.
ESI-TOF HRMS (m/z): [M − PF6]

+ calcd for C50H44F6IrN4P,
893.3195; found, 893.3120.

Cell Culture and Imaging. HeLa cells were cultured in DMEM
supplemented with 10% FBS and 1% pen−strep in a humidified
atmosphere with 5% CO2 at 37 °C. Cells were passaged every 2 to 3
days. For linear excitation and MPEP imaging, 2.5 × 104 per well of
HeLa cells were seeded in 24-well plates containing 12 mm coverslips.
Twenty-four hours later, the medium was changed to DMEM without
FBS and pen−strep. Different concentrations of dyes were added into
the medium, and the cells were incubated for another 6 h before being
washed with cold PBS three times. The cells were fixed in 4%
paraformaldehyde for 10 min at room temperature and then washed
with cold PBS three times. Coverslips were mounted onto glass slides
with glycerol and sealed with nail polish.

One-photon excitation images were acquired with Lecia DMI4000B
inverted microscope with a DFC420C camera (excitation wavelength:
405 nm). z-axis scan images and photostability data were acquired with
a Nikon A1R-si laser scanning confocal microscope (excitation
wavelength: 405 nm). For PLIM, time-correlated single-photon
counting measurements were performed using a HORIBA Scientific
DynaMyc equipped with a Lumenera Infinity 3-1 CCD camera to
collect images using a 375 nm excitation light, with emission selected
via a beam splitter or filter cube. A DeltaDiode pulsed laser (Horiba;
375 nm) was used for excitation, and the emission was monitored with
514LP filter using a TBX-04 picosecond detection module. The MPEP
images were acquired with FV1000MPE upright microscope with
femtosecond mode-locked Ti−sapphire as the laser source (Chame-
leon Ultra II; repetition rate: 83 MHz) at a wavelength of 690 or 800
nm.

MTT Assay. HeLa cells (5000 cells per well) were seeded in 96-
well plates. After 24 h, the cells were incubated in serum- and
antibiotic-free medium with different concentrations of dyes for 6, 24,
48, or 72 h at 37 oC. Untreated cells were used as negative control.
After the dye treatment, 20 μL of MTT (5 mg/mL in PBS) solutions
were added into the medium, and the cells were incubated for another
4 h at 37 °C. The medium was then removed, and 200 μL of DMSO
was added to each well. The plates were shaken gently for 10 min at
room temperature, and the absorbance of each well was measured at
570 nm.
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