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Icosahedral closo-carboranes including 1,2-, 1,7-, and 1,12-
C,B(H,, (that is, o-, m-, and p-carborane) have been
intensively investigated for decades owing to their unique
3D pseudo aromatic geometric structures and push—pull
electronic properties.!! Recently, more attention has been
paid to optoelectronic properties of carborane-based materi-
als.”! However, the effects of carborane cage itself on
photophysical properties of materials still need further
investigation, especially for o-carborane derivatives, which
possess an unusual C—C bond (in the range of 1.62-2.15 A for
the bond distance)®! and usually quench luminescence.?*
Better understanding of this phenomenon is important to
guide further molecular design of carborane-containing
luminescent materials. On the other hand, nido-carborane-
functionalized luminescent compounds are less studied™ in
comparison to closo-carborane-based derivatives, despite
hydrophilic nido-carborane derivatives being promising can-
didates for biological applications such as in bioimaging.

In the last decade, phosphorescent iridium(IIT) complexes
have been widely used in organic light-emitting diodes
(OLEDs),P! chemosensors,””! and bioimaging!”' owing to
their stable chemical structure, high luminescent efficiency,
and tunable excitation and emission wavelength over the
whole visible range. However, few carborane-based phos-
phorescent iridium(IIT) complexes have been reported.®! It is
anticipated that introduction of carborane cages into phos-
phorescent iridium(IIT) complexes may further improve the
photophysical properties of these complexes and allow better
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understanding the roles of carborane groups. As such, we
chose the well-studied homoleptic triply cyclometalated
phosphorescent iridium(IIT) complexes [Ir(ppy);]®! (ppy =
2-phenylpyridine) as control compounds and synthesized
a series of facial and meridional iridium(III) complexes
containing o-, m-, or p-carboranyl units in the cyclometalated
C”N ligand, denoted as fac-o, fac-m, and fac-p for facial
complexes and mer-o, mer-m, and mer-p for meridional
complexes (Scheme 1). The results demonstrate that intro-
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Scheme 1. The structures of closo-carborane-functionalized facial and
meridional iridium(I1l) complexes.

duction of m- and p-carborane cages can improve phosphor-
escence efficiency (@p) of both facial and meridional struc-
tures. The luminescent efficiency of the o-carborane deriva-
tive fac-o exhibits solvent- or media-dependence, which is
closely related to dielectric constant (¢) of media as the
specific C—C bond of o-carborane is involved in excited state
and highly sensible to media. A new phosphorescent iridium-
(IIT) complex containing nido-o-carborane cages has been
prepared as well, which possesses stable chemical structure,
excellent water solubility, high phosphorescence efficiency
(absolute @ =0.36 in aqueous solution), and a long emission
lifetime, thus has been successfully applied in cellular
bioimaging.

All of the carborane-functionalized cyclometalated
ligands (R-ppy) were prepared through an efficient Suzuki-
Miyaura cross-coupling reaction"”! using 2-(6-phenyl-1,3,6,2-
dioxazaborocan-2-yl)pyridine as a boron reagent (Supporting
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Information, Scheme S1) in yields of 80-85%. Three com-
monly used methods (A, B, and C in Scheme S1) were tried to
synthesize the target iridium(IIT) complexes. Eventually, the
target products were prepared by method A in yields of about
40% from the corresponding diketonate complexes
[(CAN),Ir(acac)] and C~AN ligands. No products could be
generated from the chloro-bridged dimer complexes
[{(CAN),Ir(u-Cl)},] and excess R-ppy ligands (method B).
The method C by treating [Ir(acac);] and free C*N ligands
only led to yields of about 5%. Facial isomers are thermo-
dynamically controlled products in comparison to dynami-
cally controlled meridional isomers, similar to other reported
iridium(IIT) analogues.'"! The new iridium(III) complexes
were identified by 'H, *C, "B NMR spectroscopy, MS, and
single-crystal X-ray crystallography. The solid-state structures
show that the facial isomer fac-m adopts a distorted octahe-
dral coordination geometry with cis metalated carbon atoms,
whereas the meridional isomer mer-m has two trans nitrogen
atoms (Figure 1), similar to other reported iridium(III)

3]

Figure 1. Crystal structures of fac-m and mer-m.

complexes.'!l Note that all of the three carborane cages are
oriented in the same direction in the facial structure, in
contrast to only two in the meridional isomer. This leads to
significant difference in molecular polarity, for example, the
dipole moments («) of facial isomers are much larger than
those of the meridional isomers on the basis of DFT
calculations (Supporting Information, Figure S5 and
Table S4). Additionally, the u values of all the carborane-
functionalized complexes are larger (that is, 4 =20.57 for fac-
o and u=12.22 for mer-o) than those of the carborane-free
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complexes 1 (©=5.38) and 2 (©=3.79), indicating that
carboranes can considerably increase polarity of molecules.

Spectroscopic studies show nearly no change in absorp-
tion spectra of both facial and meridional complexes in
comparison to control complexes 1 and 2 (Supporting
Information, Figure S1 and Table S2). Likewise, the emission
spectra are almost the same except mer-o, which shows an
approximate 20 nm blue shift versus complex 2 (Table 1;
Supporting Information, Figure S2). The m- and p-carboranes

Table 1: Selected photophysical properties of Ir'"' complexes.

Complex ~ PLEPI g 2P ™ EL™  Eg® HOMO/LUMO
[nm] [ns] [ev] [ev]  [ev]

fac-o 507  0.41 380 0.52 245 —532/-2.87

fac-m 507  0.46 390  0.39 245 —519/-2.74
(531)  (4.23%)

facp 507  0.48 435  0.37 245 —517/-2.72
(543)  (5.63%)

1 509 0.40 340  0.25 244 —5.05/-2.61
(534) (3.23%)

mer-o 522 0.009 160 0.43 242 —523/-281

mer-m 543 0.051 197  0.34 241 —5.14/-2.73
(546)  (0.41%)

mer-p 545 0.053 230 0.32 241 —512/-2.71
(555)  (0.52%)

2 542 0.036 187 0.14 241 —4.94/-2.51
(567)  (0.32%)

[a] Recorded in degassed toluene solution at 298 K. [b] Data measured in
solid state are given in parentheses. [c] HOMO [ev] = —e(Egpeer”+4.8),
E,=1240/4, LUMO [ev]=E, + HOMO.

can increase luminescent efficiency of both types of structures
to some extent in all of the solvents tested even though the @;
values of mer-m and mer-p are always very low, as determined
by the meridional structure. The increase might be attributed
to the large and rigid carborane cages that prevent rotation of
molecules. Table 1 lists the @, values of all complexes in
toluene for comparison. However, o-carborane derivatives
behave differently. For example, the luminescent efficiency of
fac-o depends on solvents, such as @, =0.49 in 1,4-dioxane,
@ =0.35 in diethyl ether, @, =0.15 in CHCl;, and @, =0 in
CH,Cl, and methanol (Figure 2a and Table 2), despite no
difference in emission wavelength with solvents. The phos-

Table 2: Photophysical properties of fac-o in different solvents.

Solvent Dielectric Dipole moment!! l[ns] o,
constant® [D]
1,4-dioxane 2.25 0.45 500 0.49
benzene 2.27 0 468 0.46
toluene 2.38 0.36 380 0.41
Et,O 430 1.15 160 0.35
CHCl, 4.81 1.04 89 0.15
ethyl acetate 6.02 1.78 18 0.03
THF 7.50 1.75 - 0.01
CH,Cl, 9.10 1.60 - -
CH,OH 33.0 1.70 - -
CH,CN 37.5 3.92 - -
DMF 38.0 3.82 - -

[a] Data of the solvents. [b] Data in the degassed solvents at 298 K.
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Figure 2. a) PL spectra of fac-o in eleven solvents with different
dielectric constants at the same concentration (3x 107> m). Bottom:
corresponding luminescence photographs. b) PL spectra of fac-o in PS
(2 wt%, black), PMMA (2 wt%, red), and a neat film (not visible).
Inset: corresponding luminescence photographs.

phorescence efficiency and lifetime of fac-o in solution were
observed to closely correlate to dielectric constants (g) of
solvents (Table 2). This phenomenon is also applicable to
solid films (Figure 2b). For example, fac-o exhibits very
strong emission in polystyrene film (¢ =2, @, =0.70, 2 wt %)
and weaker emission in PMMA film (¢=4, &,=0.33,
2wt%), in sharp contrast to no emission in the neat film
(®p < 0.001); thus fac-o become strongly emissive by doping it
in suitable host materials. These observed luminescence
phenomena might be attributed to the special C—C bond of
the o-carboranyl unit, which is sensitive to the outer environ-
ment. In the case of mer-o, the solvent effect is not evident, as
luminescence is nearly quenched in all solvents tested. This is
determined by the meridional structure, which feasibly leads
to nonradiative decay.!"

Electrochemical studies reveal that all complexes have
reversible oxidation waves with potentials in the range of
0.14-0.52 eV (Supporting Information, Figure S4). The oxi-
dation potentials of facial complexes are positively shifted
relative to those of meridional analogues, demonstrating that
the latter are more easily oxidized. The values of oxidation
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potentials follow the order of fac-o > fac-m > fac-p >1 and
mer-o > mer-m > mer-p >2, consistent with the order of
electron-withdrawing ability of the carborane isomers. The
results reflect that carborane isomers can increase oxidation
potential and reduce the energy level of HOMO (Table 1), in
agreement with our previous report.[*

To elucidate photophysical and electrochemical proper-
ties of these complexes, DFT calculations were performed to
gain insight into structure—property relationships (Supporting
Information, Figure S6-S10 and Tables S5-S7). In each case
the lowest-energy absorption is mainly characterized by
a HOMO —LUMO transition, which is the same as in the
reported iridium(I1T) analogues."'! The HOMO is located on
the iridium(III) center and the phenyl ring of the cyclo-
metalated ligand, but the LUMO is located on the pyridyl,
phenyl, and partial carboranyl units, indicating that carbor-
anes are involved in the excited states of all of the complexes.
To explain why fac-o exhibits special photophysical properties
that are dependent on solvents, structural optimizations were
also conducted in benzene (¢=2.27), toluene (¢=2.38),
diethyl ether (¢=4.30), CH,Cl, (¢=9.10), methanol (e=
33.0), and acetonitrile (¢=237.5) with differing dielectric
constants. The result showed that the distribution of electron
cloud and energy levels of HOMO and LUMO are almost
same in these solvents, thus the emission wavelength is
independent on solvents. The frequency calculations with
different solvents demonstrated that the vibration intensity of
the C—C bond of o-carborane which is involved in excited
state increases with the increased dielectric constant of
solvent (Supporting Information, Figures S9, S10). However,
the C—C vibration dissipates energy. Thus now it is easy to
understand that fac-o exhibits strong emissions in solvents
with low dielectric constants and weak or quenched emissions
in solvents with high dielectric constants. Finally, the HOMO
and LUMO energy levels descend owing to incorporation of
carboranes, and follow the order of fac-o > fac-m > fac-p >1
and mer-o > mer-m > mer-p >2, which is in agreement with
the tendency as revealed by experimental data (Supporting
Information, Figure S6 and S7).

In an attempt to explore potential applications of
carborane-functionalized iridium(IIT) complexes, we synthe-
sized a hydrophilic complex containing nido-o-carborane
from fac-o in boiling ethanol in an isolated yield of 90%,
denoted as nido-fac-o (Figure 3a). The "H NMR showed the
characteristic broad B—H—B resonance of a nido-o-carbor-
ane. "B NMR showed less overlapping signals in a wider
range for typical nido-o-carborane cage. The ESI-MS clearly
demonstrated three peaks of (M-K)~, (M-2K)*~ and (M-
3K)*". Its emission spectra in different solvents (Supporting
Information, Figure S3) exhibited 1040 nm red shifts in
comparison to fac-o. To our delight, nido-fac-o has high
phosphorescence efficiency (absolute @, =0.36) in aqueous
solution, the highest among the reported water-soluble
iridium(IIT) complexes.'?! In addition, nido-fac-o is also
soluble in other polar solvents but shows differing phosphor-
escence efficiency, for example, absolute @, =0.53 in DMSO,
absolute @, =0.33 in DMF and absolute @, =0.06 in CH;0OH.
The maximum emission wavelength also shifts from 526 nm in
CH;OH to 543nm in H,O (Supporting Information,
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Figure 3. a) Synthesis of nido-fac-o. b) Absorption and PL spectra of
nido-fac-o in aqueous solution (inset: luminescence photograph).

c) Phosphorescent imaging (A), overlay images (B), and fluorescence
lifetime imaging (C) of Hela live cells incubated with nido-fac-o

(10 um) in phosphate buffered saline (PBS) for 60 min at 25°C upon
excitation at 405 nm.

Table S3), indicating that charge-transfer (CT) state has
contributions to the excited states. DFT studies demonstrated
that the LUMO of nido-fac-o is located on the pyridyl,
phenyl, and partial carboranyl units (Supporting Information,
Figure S11), which is the same as in fac-o. But the HOMO and
HOMO-1 reside on the whole nido-o-carborane cage, the
phenyl ring of the cyclometalated ligand and iridium(IIT)
center (Supporting Information, Figure S11), which is obvi-
ously different from those in fac-o. The lowest triplet state
(T)) of nido-fac-o originates from HOMO —LUMO (0.29)
and HOMO—1—LUMO (0.50) transitions (Supporting Infor-
mation, Table S8). Thus, an intraligand charge transfer
(ILCT) from nido-o-carborane to 2-phenylpyridine is
involved in the excited states. This leads to distinctly different
photophysical properties in contrast to fac-o.

Owing to the excellent solubility and high phosphores-
cence efficiency in aqueous solution, nido-fac-o was antici-
pated for potential applications in cellular imaging. Firstly, the
cytotoxicity towards HeLa liver cancer cells was evaluated by
MTT assay. After treatment of the cancer cells with different
concentrations of nido-fac-o for 24 h, the cellular viabilities
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were estimated to be greater than 86 % even at 100 pM, and
no cytotoxicity was observed at 10 um, which was utilized for
imaging in this study (Supporting Information, Figure S12).
Thus such low cytotoxicity is beneficial for prolonged live-cell
imaging. The confocal laser scanning microscopic experiment
showed bright intracellular luminescence, demonstrating that
nido-fac-o was efficiently taken up by Hela cells (Fig-
ure 3cA). Overlays of both brightfield image and confocal
luminescence image confirmed that the luminescence was
localized in the cytoplasm over nucleus and membrane
(Figure 3¢B), indicating that nido-fac-o was internalized
into the cells rather than merely staining on the membrane
surface. To utilize the long phosphorescence lifetime of nido-
fac-o (t=1.0 ps in aqueous solution), a fluorescence lifetime
imaging (FLIM) experiment was conducted. As a result, high-
quality long emission lifetime signal (7=168.0ns) was
observed (Figure 3cC). This allows the phosphorescence
signal to be recognized from short-lived fluorescence inter-
ference in a living system owing to their obviously different
emission lifetimes. Thus the result has demonstrated the
promising applications of nido-fac-o on the basis of its water
solubility, high phosphorescence efficiency, and long emission
lifetime.

In conclusion, o-, m-, and p-carboranes have been
incorporated into homoleptic triply cyclometalated facial
and meridional phosphorescent iridium(III) complexes. m-
and p-Carboranes can improve luminescent efficiency of
these complexes. In sharp contrast, the effect of o-carborane
in the facial complex fac-o shows media dependence both in
solution and solid state that conversely correlates to dielectric
constant of media; thus fac-o shows strong emission in small
dielectric constant media but quenched emission in large
dielectric constant media. We found that quenching lumines-
cence of o-carborane derivatives needs to meet two points:
1) o-carboranyl unit is involved in excited state; and 2) media
has to be considered as the specific C—C bond in excited state
is strongly affected by its outer surroundings. Furthermore,
the water-soluble nido-o-carborane-functionalized iridium-
(IIT) complex (nido-fac-o) has been prepared, which has high
phosphorescence efficiency and long emission lifetime in
aqueous solution, thus has been successfully applied in
bioimaging including fluorescence lifetime imaging. The
preliminary results may direct further design of highly
efficient carborane-functionalized phosphorescent metal
complexes for optoelectronic and biological applications.
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