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ABSTRACT: The design of organometallic compounds with
efficient phosphorescence in the deep red to near-infrared portions
of the spectrum is a long-standing fundamental challenge. Here we
describe a series of heteroleptic bis-cyclometalated iridium
complexes with phosphorescence in these low-energy regions of
the spectrum. The cyclometalating ligands in this study feature a
metalated benzothiophene aryl group substituted with a quinoline,
isoquinoline, or phenanthridine heterocycle. Increasing the con-
jugation on the heterocycle stabilizes the ligand-centered LUMO,
decreases the HOMO−LUMO gap, and enables phosphorescence
to occur at long wavelengths. These cyclometalating ligands are
paired with a variety of electron-rich ancillary ligands, such as
dithiocarbamate (dipdtc), β-ketoiminate (acNac), β-diketiminate
(NacNac), amidinate (dipba), and hexahydropyrimidopyrimidine (hpp), some of which have significant influences on the
phosphorescence wavelength and excited-state dynamics. The syntheses of seven compounds in this series are described, three of
which are structurally validated by single-crystal X-ray diffraction. Cyclic voltammetry reveals the effects of ligand modification on
the frontier orbital energies. The photophysical properties of all compounds are thoroughly characterized by UV−vis absorption
spectroscopy and steady-state photoluminescence at room-temperature and 77 K. Photoluminescence quantum yields and lifetimes
of all compounds are reported.

KEYWORDS: cyclometalated iridium, excited-state dynamics, ligand design, red phosphorescence, deep red phosphorescence,
photoluminescence

■ INTRODUCTION

Coordination compounds and organometallic compounds with
long-lived triplet excited states, most of which luminesce via
phosphorescence, have found applications in many subfields of
chemistry, biology, and physics, for example, in photoredox
catalysis,1,2 photovoltaics,3,4 solar fuels,5,6 and sensing.7,8

Arguably the most prolific application of phosphorescent
metal complexes, and certainly the most lucrative, is organic
light-emitting diodes (OLEDs) and other optoelectronic
applications.9 Phosphorescent metal complexes can efficiently
harvest both singlet and triplet excitons when used as the
emissive dopant in these devices, leading to higher theoretical
and practical device efficiencies.10,11 The discovery over 20
years ago that phosphorescent metal complexes can be used as
components in efficient OLED devices has spurred the
discovery and investigation of many different types of
molecular phosphors.
Of the many classes of phosphorescent metal complexes that

have been investigated in OLEDs, cyclometalated iridium
complexes have emerged at the forefront and have found
commercial success. The photoluminescence quantum yield
(ΦPL) of the emissive dopant directly factors in to the OLED

device efficiency. Cyclometalated iridium complexes in general
have very high quantum yields for phosphorescent emission,
and the emission wavelength (color) is easily tuned by
changing the cyclometalating ligands. In the middle regions of
the visible spectrum, i.e., sky blue, green, yellow, and orange,
there are many examples of cyclometalated iridium complexes
with near-unity quantum yields.9,12−15 The deep blue region of
the spectrum presents its own set of challenges to achieve
efficient and stable blue phosphorescence, which is a subject of
active research in several groups.16−18

In the red region of the spectrum (peak emission λ = 600−
650 nm), there are cyclometalated iridium complexes that
function well enough to be incorporated into commercial
OLED devices. However, the most efficient OLEDs reported
in the academic literature all use cyclometalated iridium
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dopants with photoluminescence quantum yields ≈0.5,19−21
falling well short of the near-unity quantum yields achievable in
other regions of the spectrum. Thus, it should be possible to
realize improvements in red OLED efficiency by discovering
red-phosphorescent compounds with higher quantum yields.
Moreover, the quantum yields tend to be even lower in
compounds that luminesce in the deep red (peak emission λ =
650−700 nm) or near-infrared (NIR, peak emission λ > 700
nm) regions;22 in the latter case, ΦPL > 0.2 is rare.23 Although
deep red to NIR phosphorescence is not needed for color
display applications, there is a long-standing fundamental
challenge with achieving high quantum yields in these regions,
and there are other applications, including night vision
technologies, data security, and bioimaging, that would benefit
from the availability of robust and bright deep red to NIR
phosphors.
Our group has discovered and elaborated a strategy for

efficient photoluminescence in the low-energy regions of the
spectrum, preparing heteroleptic bis-cyclometalated iridium
complexes supported by nitrogen-containing electron-rich
ancillary ligands.24 Using this strategy, we have prepared red-
phosphorescent compounds with record-breaking quantum
yields (ΦPL ≈0.8)25 supported by β-ketoiminate or amidinate
ancillary ligands, unveiled key structure−property relationships
in a larger suite of related compounds,26 and made targeted
modifications to the ancillary ligands to optimize the deep red
phosphorescence.27 In this work we apply this same strategy to
prepare deep red to NIR-phosphorescent complexes where the
cyclometalating ligand is a quinoline-, isoquinoline-, or
phenanthridine-substituted benzothiophene. As shown in
Figure 1, the cyclometalating ligand 2-pyridylbenzothiophene

(btp) is commonly used to support red-phosphorescent
compounds,21,25,26 and its conjugation can be extended in
either or both of two directions on the N-heterocycle, resulting
in the quinoline (btq),28 isoquinoline (btiq),29 and phenan-
thridine (btph)23 analogues. We have recently disclosed a set
of btph-supported NIR-phosphorescent compounds with a
complementary family of quinoline-derived ancillary ligands,30

and in this work we report compounds where the btq, btiq, and
btph cyclometalating ligands in Figure 1 are paired with the
electron-rich β-ketoiminate, β-diketiminate, and amidinate

ancillary ligands our group has popularized in previous red
and deep red designs. In addition to these three ancillary ligand
classes, one of the compounds in this work includes a
dithiocarbamate ancillary ligand, which was recently used to
support red-phosphorescent compounds,31 and we also
introduce hexahydropyrimidopyrimidine (hpp) as an ancillary
ligand for bis-cyclometalated iridium. A series of seven new
compounds is described, and their photophysical properties are
characterized and described in detail. This work shows that the
emission wavelengths and excited-state dynamics in these
compounds are dependent on the ancillary ligand, and in some
cases efficient NIR phosphorescence can be achieved.

■ RESULTS AND DISCUSSION

Synthesis

A total of seven new compounds partnering the cyclo-
metalating ligands btq, btiq, and btph with different electron-
rich ancillary ligands are described in this paper. The general
synthetic strategy is shown in Scheme 1, following the
methodology we previously employed to synthesize a variety
of cyclometalated iridium complexes with electron-rich
ancillary ligands.25−27,32,33 Briefly, the chloro-bridged dimer
[Ir(C^N)2(μ-Cl)]2, where C^N is the cyclometalating ligand,
is treated with the lithium or potassium salt of the ancillary
ligand (L^X) in THF, furnishing the Ir(C^N)2(L^X)
complexes. The electron-rich ancillary ligands β-ketomiminate
(acNac), β-diketiminate (NacNac), and amidinate (dipba)
have been previously used by our group and were also included
in this study. We also include one compound supported by
N,N′-diisopropyldithiocarbamate (dipdtc), which was recently
used to support red-phosphorescent iridium complexes.31,34 In
addition, we prepared one complex with hexahydropyrimido-
pyrimidine (hpp) as an ancillary ligand, which is extensively
used as a bridging ligand for metal−metal bonded complexes35

and is applied here for the first time as an ancillary ligand for
cyclometalated iridium complexes. The complexes are
abbreviated with the convention “C^N-L^X”, where C^N is
the cyclometalating ligand abbreviation and L^X is the
ancillary ligand abbreviation. For example, btph-acNac
represents the compound Ir(btph)2(acNac), partnering the
cyclometalating ligand btph with the β-ketoiminate ancillary
ligand. Some of the C^N-L^X combinations we attempted
produced intractable product mixtures from which the pure
product could not be extracted, but the identity and purity of
all complexes in Scheme 1 were ascertained by a combination
of 1H NMR (all complexes), 13C{1H} NMR (btph-acNac and
btph-NacNac), and high-resolution mass spectrometry. The
NMR spectra are displayed in the Supporting Information
(Figures S17−S25).
X-ray Crystallography

The molecular structures of three of the seven new compounds
were confirmed by single-crystal X-ray diffraction and are
shown in Figure 2. Table S1 in the Supporting Information
summarizes refinement data. As is typically the case in bis-
cyclometalated iridium complexes, the nitrogen atoms of the
C^N heterocycles are trans to one another in the distorted
octahedral coordination environment. The crystal structures
confirm the approximate C2 symmetry of the btiq-dipba and
btph-dipba complexes, whereas the btph-acNac complex is C1.
In the structures where C^N is btph, one of the fused aryl rings
on each phenanthridine hangs over the site where the ancillary
ligand binds, forming a cleft in which the ancillary ligand

Figure 1. Structures of the cyclometalating ligand btp and the more
conjugated analouges btq, btiq, and btph.
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resides. The btph ligands exhibit a slight twist between the
phenanthridine heterocycle and the cyclometalated benzothio-
phene, likely to alleviate steric pressure. One distinct feature of
the btph-acNac structure is a puckering of the acNac ancillary
ligand, where the backbone carbon atoms of acNac protrude
out of the N−Ir−O chelate plane. This degree of puckering
was not observed in previously reported Ir(C^N)2(acNac)
structures where the C^N ligand was 2-phenylbenzothiazole
(pbt), 1-phenylisquinoline (piq), or btp.25,32 In these previous
structures, the C^N ligands did not have a fused aryl ring
hanging directly over the ancillary ligand binding pocket, so
this puckering may occur to relieve steric interactions between
the C^N and L^X ligands. Otherwise, there are no remarkable
features of the three crystal structures, with bond lengths and
bond angles largely in line with other reported structures from
our group that include the same C^N30 or L^X25,32 ligands.

Redox Potentials

Our previous work on bis-cyclometalated iridium complexes
with electron-rich ancillary ligands established robust trends
for the effects of the electron-rich ancillary ligands on the redox
potentials and frontier orbital energies.24 We also recorded
cyclic voltammograms of the compounds reported here, with
particular interest in how the new ancillary ligands dipdtc and
hpp influenced the relevant potentials. Figure S1 of the
Supporting Information shows cyclic voltammograms for the
seven complexes, and the observed redox potentials are
summarized in Figure 3 and Table 1. All values are reported
versus the ferrocenium/ferrocene couple (Fc+/Fc). Scanning
anodically, all complexes show a formally IrIV/IrIII redox wave,
which is normally reversible or quasi-reversible. The half-wave

potential of this feature is strongly responsive to the identity of
the ancillary ligand, shifting more negative as the L^X ligand
becomes more electron-rich. The complexes with L^X =
dipdtc, acNac, and dipba all have similar IrIV/IrIII couples,
spanning the narrow range from 0.23 (btiq-dipba) to 0.36 V
(btph-acNac). These values are in the range of several other
compounds from our group with acNac or dipba ancillary
ligands.25,32 At parity of L^X ligand, the complexes with C^N
= btph seem to have the most positive IrIV/IrIII couples by
about 60−70 mV relative to the respective btq or btiq complex.
The IrIV/IrIII potential for btph-NacNac is cathodically shifted
to +0.07 V, and btph-hpp has the most negative value of −0.11
V, suggesting it is the most electron-rich ancillary ligand in the
series. To put this latter value in context, we can compare to
some related bis-cyclometalated iridium complexes from our
group featuring acyclic guanidinate ancillary ligands.27 The
corresponding IrIV/IrIII potentials for these complexes are
+0.01 (C^N = piq) and +0.10 V (C^N = btp), which are more
positive by >100 mV than that of btph-hpp. To explain this,
we refer to other experimental and computational work from
our group,25,36 which shows that increasing the electron
richness of the ancillary ligand increases its contribution to the
HOMO, raises the energy of the HOMO, and cathodically
shifts the IrIV/IrIII couple. We note that the uncoordinated
nitrogen atom in acyclic guanidinates can in principle rotate
out of conjugation with the amidinate core, which is prevented
in hpp due to its fused bicyclic nature. Thus, in hpp the
stronger conjugation of the uncoordinated nitrogen atom lone
pair increases the ligand electron density. Scanning in the
negative direction, one or two reversible waves were observed
that corresponded to the reduction of the C^N ligands. The

Scheme 1. Synthesis of the Complexes Reported in This Studya

aIsolated yields are shown in parentheses.
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potentials for these waves in most cases are not very responsive
to the L^X ligand and are similar across the series of
complexes. An exception is the complex btph-hpp in which the
reduction waves are less clearly resolved but appear to be
shifted to substantially more negative potentials, in particular
the first reduction that is ca. 0.3 V more negative than any of
the other compounds. Nevertheless, the electrochemical data
are consistent with these compounds having frontier orbital
compositions typical of bis-cyclometalated iridium complexes,
with a delocalized HOMO that consists of significant
contributions from the L^X ligand, the cyclometalated aryl
ring, and the Ir 5dπ orbitals and a LUMO that is localized on
the N-heterocycle of the C^N ligand.

Photoluminescence

The UV−vis absorption spectra of all complexes are collected
in Figures S2−S8 in the Supporting Information, and they
display the features typically seen in the spectra of related
compounds.13,21,37,38 Strong transitions in the UV region are
assigned to ligand-localized π → π* transitions. The near-UV
to blue region features slightly weaker transitions that are
assigned to intraligand charge-transfer states, and in the visible
region there are even weaker 1/3MLCT transitions tailing out
beyond 600 nm. The absorption spectra do not differ
dramatically between the seven complexes, and inspecting
the spectra of the C^N = btph series (Figure S9) reveals only
subtle influences of the L^X ligand.
Excitation of the compounds in their absorption window

(see Figures S10−S16 for excitation spectra) produces
photoluminescence in the deep red to near-infrared regions.
The photoluminescence spectra, recorded in THF at room
temperature and in toluene at 77 K, are shown in Figure 4. The
two btq complexes luminesce in the deep red region, with peak
wavelengths of 661 (L^X = dipdtc) and 673 nm (L^X =
acNac) that depend slightly on the ancillary ligand. For these
complexes, the photoluminescence quantum yields are modest,
0.052 for btq-acNac and 0.012 for btq-dipdtc, largely on
account of small radiative rate constants (kr) of these
compounds (see Table 1). In the complex btiq-dipba, where
the isomeric isoquinoline-based C^N ligand was used, the
photoluminescence is substantially red-shifted, with a peak
wavelength of 720 nm at room temperature. For this
compound ΦPL = 0.14, representing a moderate value for
this region of the spectrum. Interestingly, in the compounds
with C^N = btph, an analogue of btiq with an additional fused
ring (see Figure 1), the photoluminescence does not shift
further into the red. The four btph compounds have peak PL
wavelengths that are either slightly red-shifted (L^X = acNac
and NacNac) or slightly blue-shifted (L^X = dipba and hpp)

Figure 2. Molecular structures of btiq-dipba, btph-acNac, and btph-
dipba determined by single-crystal X-ray diffraction. The solvent
molecules and hydrogen atoms are omitted from the structures, and
ellipsoids are shown at the 50% probability level.

Figure 3. Summary of the redox potentials of the complexes described
here, with each vertical line representing the half-wave potential for
the observed oxidation and reduction waves.

Table 1. Summary of electrochemical and photoluminescence data

cyclic voltammetry photoluminescence

compound Eox/V
a Ered/V

a λ (nm) (RT)b λ (nm) (77 K)c ΦPL (RT) τ/μs (RT) kr × 10−5 (s−1) knr × 10−5 (s−1)

btq-acNac +0.30 −2.11, − 2.40 673, 731(sh) 661, 728, 812 0.052 2.7 0.19 3.5
btq-dipdtc +0.35 −2.11 661, 719(sh) 647, 710, 787 0.012 1.4 0.086 7.1
btiq-dipba +0.23 −2.14, − 2.42 720, 785(sh) 702, 772 0.14 1.2 1.2 7.2
btph-acNac +0.36 −2.16, − 2.54 722, 790(sh) 709, 784 0.28 1.6 1.8 4.5
btph-NacNac +0.07 −2.14, − 2.50 733 717, 788 0.078 0.69 1.1 13
btph-dipba +0.30 −1.99, − 2.31 713, 786(sh) 703, 777 0.25 2.3 1.1 3.3
btph-hpp −0.11 −2.49, − 2.64 716, 787(sh) 702, 775 0.14 1.4 1.0 6.1

aIn MeCN, referenced to the ferrocenium/ferrocene couple. bIn THF. cIn toluene.

ACS Organic & Inorganic Au pubs.acs.org/orginorgau Article

https://doi.org/10.1021/acsorginorgau.1c00044
ACS Org. Inorg. Au 2022, 2, 236−244

239

https://pubs.acs.org/doi/suppl/10.1021/acsorginorgau.1c00044/suppl_file/gg1c00044_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsorginorgau.1c00044/suppl_file/gg1c00044_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsorginorgau.1c00044/suppl_file/gg1c00044_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsorginorgau.1c00044/suppl_file/gg1c00044_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.1c00044?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.1c00044?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.1c00044?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.1c00044?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.1c00044?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.1c00044?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.1c00044?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.1c00044?fig=fig3&ref=pdf
pubs.acs.org/orginorgau?ref=pdf
https://doi.org/10.1021/acsorginorgau.1c00044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


relative to btiq-dipba, but overall are very similar. This
observation indicates that either the second fused ring in btph
has very little effect on the LUMO delocalization and energy or
the slight twist of the btph ligand (see Figure 2 and the
accompanying discussion) obviates any potential increase in
the conjugation.
Nevertheless, the four compounds with C^N = btph more

clearly reveal the effects of the ancillary ligand on the excited-
state dynamics. All four btph complexes have similar kr values
spanning 1.1−1.8 × 105 s−1, with the largest kr value found in
btph-acNac allowing it to have the highest quantum yield in
the series (0.28). The nonradiative rate constant (knr) is quite
responsive to the L^X ligand, with btph-NacNac having the
largest knr value (1.3 × 106 s−1) and thus the smallest ΦPL
(0.078) of the btph series. We previously observed large knr
values in NacNac-supported complexes,25 which can in
principle be mitigated to some extent with a more sterically
crowded NacNac analogue.27 In all complexes in this series,
the PL spectra recorded at 77 K exhibit a modest rigid-
ochromic blue-shift of 200−350 cm−1 and a more pronounced
vibronic structure, which is consistent with a T1 state that has
mixed ligand-centered (3LC) and metal-to-ligand charge
transfer (3MLCT) character.39

Comparing the photoluminescence data from the com-
pounds in this study with those of several other compounds
from our group and others reveals that the electron-rich
ancillary ligands we used here are not particularly beneficial to
the photoluminescence in these compounds. The complexes
btq-acNac and btq-dipdtc both have significantly lower ΦPL
values than the respective homoleptic fac-Ir(btq)3

28 and
heteroleptic Ir(btq)2(acac)

40 complexes. The spectrum of
btiq-dipba is red-shifted by 10 nm (200 cm−1) relative to that
of Ir(btiq)2(acac),

40 with an identical quantum yield (ΦPL =
0.14) and a slightly shorter lifetime (1.2 versu 1.4 μs). The
photoluminescence quantum yields of btph-acNac and btph-
dipba rival those of other top-performing NIR phosphors with

the same cyclometalating ligand,23,30 but again there is no
obvious benefit from the electron-rich ancillary ligands. Table
2 compares key photoluminescence data for btph-acNac and

btph-dipba, the two compounds with the highest quantum
yields in this work, to closely related red-emitting examples
from our group that use the same ancillary ligands. We have
previously shown that, with rare exceptions, the excited-state
dynamics of red-emitting btp complexes (Figure 1) are not
beneficially influenced by electron-rich ancillary ligands,25,27

and this work shows that the same trend holds true for the π-
extended btq, btiq, and btph analogues. Our larger body of
work shows that when C^N ligands with cyclometalated
phenyl rings are used, the radiative rate constant kr is
augmented when electron-rich L^X ligands are used, and
increases in ΦPL often occur.25−27 However, with benzothio-
phene-derived C^N ligands like those used here,25−27,30 kr is
lagely unresponsive to the nature of the ancillary ligand, so
control over knr becomes critical for optimizing ΦPL.

■ CONCLUSIONS

This work presents seven new deep red to near-infrared bis-
cyclometalated iridium complexes with electron-rich ancillary

Figure 4. Photoluminescence spectra of all complexes recorded in THF at room temperature (blue solid line) and toluene at 77 K (red dashed
line). Samples were excited at 420 nm for all experiments.

Table 2. Summary of Select Room-Temperature
Photoluminescence Data for btph-acNac and btph-dipba
Compared to Red-Emitting Analogues Previously Published
by Our Group

complex λ (nm) ΦPL τ (μs) kr × 10−5 (s−1)

piq-acNac25 637 0.80 1.0 8.0
piq-dipba25 671 0.34 0.71 4.6
btp-acNac25 614 0.33 5.8 0.57
btp-dipba25 622 0.79 5.3 1.5
btph-acNac 722, 790(sh) 0.28 1.6 1.8
btph-dipba 713, 786(sh) 0.25 2.3 1.1
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ligands. The complexes were prepared by a general route and
feature varying combinations of three cyclometalating ligands
and five ancillary ligands. Electrochemical studies indicate that
the HOMO energy is profoundly and systematically influenced
by the ancillary ligand, whereas the C^N-localized LUMO is
affected to a lesser extent and not in a predictable fashion. All
complexes are luminescent at room temperature and in the
deep red (C^N = btq) or NIR (C^N = btiq or btph) regions
when cooled to 77 K. The btq complexes have modest
photoluminescence quantum yields, whereas the btiq and btph
compounds have moderate to good quantum yields. Four
different ancillary ligands were used for the btph series, and
across this subset the kr values were generally quite similar, so
the observed ΦPL was strongly dependent on the magnitude of
knr. Some of the compounds in this study have quantum yields
that rival previous state-of-the-art examples, but there is no
readily apparent benefit of pairing electron-rich ancillary
ligands with the benzothiophene-derived C^N ligand class
used in this work. Continued development of top-performing
NIR cyclometalated iridium phosphors will require either
better strategies for controlling and minimizing knr or
alternative C^N ligands that enable the radiative rates to be
more strongly influenced by the ancillary ligand.

■ EXPERIMENTAL SECTION

Materials
The cyclometalating ligand precursors for btq, btiq, and btph were
prepared via Suzuki coupling reactions as previously described.23 The
chloride-bridged cyclometalated iridium dimers [Ir(C^N)2(μ-Cl)]2
were prepared by the method of Nonoyama,41 refluxing IrCl3·xH2O
with 2−2.5 equiv of the cyclometalating ligand in a mixed 2-
ethoxyethanol/water solvent system. The alkali metal salts of the
acNac, NacNac, and dipba ancillary ligands were prepared as
previously described by our group.25,32 Similarly, the potassium salt
of hpp (hppK) was prepared by the deprotonation of hexahydropyr-
imidopyrimidine with benzyl potassium. The lithium salt of dipdtc
(Lidipdtc) was prepared by a literature procedure.42 Solvents for
reactions, electrochemical measurements, and photophysical experi-
ments were dried using a Grubbs solvent purification system with dual
aluminum columns and stored over 3 Å molecular sieves in a
glovebox. Deuterated NMR solvents were obtained from Cambridge
Isotope Laboratories and stored over 3 Å molecular sieves.
Tetrabutylammonium hexafluorophosphate was recrystallized from
methanol and ferrocene-sublimed before use in electrochemical
experiments.

Physical Methods
For all compounds, two or more physical methods were used to verify
their identity and purity. 1H NMR spectra of all compounds are
consistent with their structures and suggestive of bulk purity. The
complexes btph-acNac and btph-NacNac were sufficiently soluble for
13C{1H} NMR analysis, whereas for the rest high-resolution ESI mass
spectrometry was used as an additional tool to ascertain the
compound identity. NMR spectra were recorded on a JEOL ECA-
500 or ECA-600 spectrometer at room temperature. Cyclic
voltammograms were recorded with a CHI 602E potentiostat
interfaced to a nitrogen glovebox via wire feedthroughs. Samples
were dissolved in MeCN with 0.1 M tetrabutyl hexafluorophosphate
as the electrolyte. A 3 mm diameter glassy carbon working electrode, a
platinum wire counter electrode, and a silver wire pseudoreference
electrode were used. Potentials were referenced to an internal
standard of ferrocene. Prior to collecting the CV of each complex, a
blank scan on just the solvent and the electrolyte was conducted to
ensure there was no appreciable background current. In a typical
experiment, a clean baseline was observed in the potential range from
+0.9 to −3.1 V versus Fc+/Fc, with all of the observed CV features
(Figure 3) falling well within this range. Samples for UV−vis

absorption and room-temperature photoluminescence measurements
were prepared in a nitrogen-filled glovebox and contained in quartz
cuvettes with threaded screw-cap enclosures. Samples for photo-
luminescence measurements at 77 K were prepared in a custom
quartz EPR tube with a high-vacuum Teflon valve and immersed in
liquid nitrogen using a finger dewar. UV−vis absorption spectra were
recorded using an Agilent Carey 8454 UV−vis spectrophotometer,
and steady-state photoluminescence spectra were recorded using a
Horiba FluoroMax-4 spectrofluorometer. Photoluminescence quan-
tum yields were determined relative to a standard of tetraphenylpor-
phyrin (TPP) in toluene, which has a fluorescence quantum yield of
0.11.43 Photoluminescence lifetimes were recorded on a Horiba
DeltaFlex Lifetime System using 430 nm pulsed diode excitation.

X-ray Crystallography Details

Single crystals were grown by vapor diffusion. Crystals were mounted
on a Bruker Apex II three-circle diffractometer using Mo Kα radiation
(λ = 0.71073 Å). The data were collected at 123(2) K and processed
and refined within the APEXII software. Structures were solved by
intrinsic phasing in SHELXT and refined by standard difference
Fourier techniques in the program SHELXL.44 Hydrogen atoms were
placed in calculated positions using the standard riding model and
refined isotropically; all non-hydrogen atoms were refined anisotropi-
cally. The structure of btiq-dipba included two disordered CH2Cl2
solvent molecules, each modeled as two-part disorders. The structure
of btph-acNac included heavily disordered solvent electron density
that could not be satisfactorily refined, necessitating the use of the
SQUEEZE function in PLATON.45 The structure of btph-dipba
included a disordered pentane molecule, which was modeled as a two-
part disorder with a 50% total occupancy. The bond distances and
angles in all disordered parts were restrained using SADI commands,
and the ellipsoid parameters were restrained with the rigid-bond
restraints SIMU and DELU. Crystallographic details are summarized
in Table S1.

Synthesis of btq-acNac

In the glovebox, [Ir(btq)2(μ-Cl)]2 (31 mg, 0.021 mmol) was
suspended in 2 mL of THF. A solution of acNacK (20 mg, 0.094
mmol, 4.3 equiv) in 5 mL of THF was added to the stirred mixture.
The resulting dark pink mixture was stirred for 2 h at room
temperature, during which time the solids were drawn into solution
and a dark purple solution resulted. The solvent was evaporated, and
the resulting residue was extracted with 5 mL of toluene and filtered
through Celite. The toluene was removed in vacuo, and the residue
was triturated with 2 mL of room-temperature Et2O before the red
product was filtered off. The solid was collected from the filter by
dissolving it in THF, and the resulting solution was concentrated to
dryness. Finally, the crude product was washed and dissolved in a
minimum amount of THF, and pentane was slowly added to
precipitate out the purple solids. The solids were filtered and dried.
Yield: 28 mg (78%). 1H NMR (500 MHz, C6D6) δ: 9.26 (d, J = 9.0
Hz, 1H, ArH), 8.85−8.91 (m, 1H, ArH), 7.53 (d, J = 8.5 Hz, 1H,
ArH), 7.48 (d, J = 8.0 Hz, 1H, ArH), 7.43 (d, J = 8.5 Hz, 1H, ArH),
7.39 (d, J = 8.0 Hz, 1H, ArH), 7.27 (d, J = 9.0 Hz, 2H, ArH), 7.24 (d,
J = 8.0 Hz, 1H, ArH), 6.96−7.07 (m, 5H, ArH), 6.89 (t, J = 7.5 Hz,
1H, ArH), 6.81 (dt, J = 7.1, 21 Hz, 2H, ArH), 6.70 (t, J = 7.3 Hz, 1H,
ArH), 6.62 (t, J = 7.5 Hz, 1H, ArH), 6.54 (d, J = 8.5 Hz, 1H, ArH),
6.39−6.49 (m, 3H, ArH), 6.33 (t, J = 7.3 Hz, 1H, ArH), 5.33 (d, J =
8.0 Hz, 1H, ArH), 4.26 (s, 1H, PhNC(CH3)CHC(O)CH3), 1.62 (s,
3H, CH3), 1.21 (s, 3H, CH3). HRMS-ESI (m/z): [M + Na]+ calcd for
C45H32IrN3OS2, 910.1508; found, 910.1505.

Synthesis of btq-dipdtc
[Ir(btq)2(μ-Cl)]2 (10 mg, 0.0067 mmol) was reacted with Lidipdtc
(11 mg, 0.062 mmol, 10 equiv) for 30 min at room temperature in 2
mL of THF. The mixture became a dark pink solution. Afterward, the
solution was concentrated, and 2 mL of toluene was added to the
resulting residue, which was passed through Celite. The toluene
solution was evaporated to dryness. The remaining residue was
flushed through a short silica column using DCM/hexane (1:1) as the
eluent (Rf = 0.7). The solution was evaporated to dryness, and 2 mL
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of diethyl ether was added to form a pinkish red mixture. The solids
were filtered and dried under vacuum. Yield: 7.1 mg (60%). 1H NMR
(600 MHz, C6D6) δ: 9.02 (d, J = 9.0 Hz, 2H, ArH), 7.54 (dd, J = 8.4,
29 Hz, 4H, ArH), 7.35 (d, J = 7.8 Hz, 2H, ArH), 7.22 (s, 1H, ArH),
7.05 (d, J = 7.8 Hz, 2H, ArH), 6.96 (s, 1H, ArH), 6.83 (t, J = 7.5 Hz,
2H, ArH), 6.71−6.77 (m, 4H, ArH), 6.38 (t, J = 7.8 Hz, 2H, ArH),
5.13 (br, s, 4H, (CH3)2CHN), 0.61 (br, s, 12H, CH3). HRMS-ESI
(m/z): [M + Na]+ calcd for C41H34IrN3S4, 912.1153; found,
912.1152.

Synthesis of btiq-dipba

In the glovebox, bromobenzene (50 mg, 0.32 mmol) in 2 mL of THF
was first cooled in a coldwell filled with liquid nitrogen. To the
mixture was added a hexane solution of n-BuLi (0.12 mL, 2.5 M), and
the reaction mixturewas stirred in the coldwell for 30 min. The
reaction mixture was then added dropwise to N,N′-diisopropylcarbo-
diimide (DIC) (39 mg, 0.32 mmol). The colorless solution was
stirred inside the coldwell for another 30 min and then added
dropwise to a Teflon-capped glass tube containing [Ir(btiq)2(μ-Cl)]2
(50 mg, 0.033 mmol) in 2 mL of THF, which was sealed and removed
from the glovebox. After stirring at 80 °C overnight, the reaction
mixture was cooled to room temperature, and the volatiles were
removed. The crude product was redissolved in a minimum amount
of THF and slowly added to pentane to precipitate out the dark solid.
The product was triturated with diethyl ether and pentane. Yield: 38
mg (53%). 1H NMR (500 MHz, CD2Cl2) δ: 9.47 (d, J = 6.5 Hz, 2H,
ArH), 8.96−9.02 (m, 2H, ArH), 8.01−8.07 (m, 2H, ArH), 7.74−7.80
(m, 4H, ArH), 7.70 (d, J = 8.0 Hz, 2H, ArH), 7.61 (d, J = 6.5 Hz, 2H,
ArH), 7.25−7.45 (m, 5H, ArH), 7.03 (t, J = 7.0 Hz, 2H, ArH), 6.65
(t, J = 7.8 Hz, 2H, ArH), 6.39 (d, J = 8.0 Hz, 2H, ArH), 3.19 (quint, J
= 6.3 Hz, 2H, (CH3)2CHN), 0.52 (d, J = 6.0 Hz, 6H, CH3), − 0.20
(d, J = 6.5 Hz, 6H, CH3). HRMS-ESI (m/z): [M + H]+ calcd for
C47H39IrN4S2, 917.2318; found, 917.2319.

Synthesis of btph-acNac

In the glovebox, [Ir(btph)2(μ-Cl)]2 (50 mg, 0.029 mmol) was
suspended in 2 mL of THF. A solution of acNacK (30 mg, 0.074
mmol, 2.6 equiv) in 5 mL of THF was added to the stirred mixture.
The resulting dark red mixture was stirred overnight at room
temperature. The solvent was evaporated, and the resulting residue
was extracted with 5 mL of toluene and filtered through Celite. The
toluene was removed in vacuo, and the residue was triturated with 2
mL of room-temperature Et2O before the red product was filtered off.
The solid was collected from the filter by dissolving it in DCM, and
the resulting solution was concentrated to dryness. Finally, the crude
product washed dissolved in minimum amount of THF, and pentane
was slowly added to precipitate out the solids. The solids were filtered
and dried. Yield: 6.7 mg (12%). 1H NMR (500 MHz, C6D6) δ: 9.53
(d, J = 8.5 Hz, 1H, ArH), 9.12 (d, J = 9.0 Hz, 1H, ArH), 8.85−8.91
(m, 1H, ArH), 8.54 (d, J = 9.0 Hz, 1H, ArH), 8.27 (dd, J = 7.3, 21.3
Hz, 2H, ArH), 8.05 (dd, J = 7.8, 22.8 Hz, 2H, ArH), 7.46 (d, J = 8.0
Hz, 1H, ArH), 7.24−7.41 (m, 5H, ArH), 7.20 (d, J = 8.5 Hz, 1H,
ArH), 7.11 (s, 1H, ArH), 6.89−7.03 (m, 4H, ArH), 6.87 (d, J = 8.0
Hz, 1H, ArH), 6.56−7.65 (m, 2H, ArH), 6.51 (dt, J = 7.3, 24.3 Hz,
2H, ArH), 6.29 (t, J = 7.8 Hz, 1H, ArH), 6.13 (t, J = 7.3 Hz, 1H,
ArH), 5.81 (t, J = 7.5 Hz, 1H, ArH), 6.29 (t, J = 7.8 Hz, 1H, ArH),
5.41 (d, J = 7.5 Hz, 1H, ArH), 4.09 (s, 1H, PhNC(CH3)CHC(O)-
CH3), 1.43 (s, 3H, CH3), 1.04 (s, 3H, CH3).

13C{1H} NMR (151
MHz, CD2Cl2) δ: 179.4, 168.9, 168.4, 166.2, 164.8, 161.4, 146.8,
146.2, 146.12, 146.11, 146.06, 143.3, 138.9, 138.8, 133.8, 133.7, 132.1,
131.8, 129.1, 129.0, 128.2, 127.9, 127.7, 127.6, 127.0, 126.9, 126.6,
126.4, 125.9, 125.4, 125.2, 125.0, 124.4, 124.3, 123.8, 123.64 123.5,
122.9, 122.5, 122.0, 121.7, 121.6, 120.8, 101.3, 25.8, 25.0.

Synthesis of btph-NacNac

In the glovebox, [Ir(btph)2(μ-Cl)]2 (50 mg, 0.029 mmol) was
suspended in 2 mL of THF. A solution of NacNacK (59 mg, 0.203
mmol, 7 equiv) in 5 mL of THF was added to the stirred mixture. The
resulting red mixture was stirred overnight at room temperature. The
solvent was evaporated, and the resulting residue was extracted with 5
mL of toluene and filtered through Celite. The toluene was removed

in vacuo, and the residue was triturated with 2 mL of room-
temperature Et2O before the red product was filtered off. The solid
was collected from the filter by dissolving it in DCM, and the resulting
solution was concentrated to dryness. The crude product was
dissolved in minimum amount of THF and slowly added to pentane
to precipitate out the solids. Finally, the crude product washed
dissolved in minimum amount of DCM, and hexane was slowly added
to precipitate out the solids. The solids were filtered and dried. Yield:
17 mg (28%). 1H NMR (500 MHz, C6D6) δ: 10.36 (d, J = 8.5 Hz,
2H, ArH), 8.83 (d, J = 8.0 Hz, 2H, ArH), 8.32 (d, J = 8.5 Hz, 2H,
ArH), 8.28 (d, J = 8.5 Hz, 2H, ArH), 7.80 (t, J = 7.0 Hz, 2H, ArH),
7.43 (t, J = 7.5 Hz, 2H, ArH), 7.27 (t, J = 7.8 Hz, 2H, ArH), 7.13 (d, J
= 8.0 Hz, 2H, ArH), 7.07 (t, J = 7.8 Hz, 2H, ArH), 6.55−6.61 (m, 4H,
ArH), 6.23 (t, J = 7.3 Hz, 2H, ArH), 6.02−6.13 (m, 10H, ArH), 5.19
(s, 1H, PhNC(CH3)CHC(CH3)NPh), 1.64 (s, 6H, CH3).

13C{1H}
NMR (151 MHz, CD2Cl2) δ: 170.8, 165.2, 157.9, 151.9, 146.7, 144.3,
139.6, 134.0, 132.0, 130.3, 128.9, 128.8, 127.5, 127.1, 126.3, 125.9,
125.3, 124.8, 124.4, 123.1, 122.3, 122.2, 122.1, 121.0, 121.0, 99.3,
24.7.

Synthesis of btph-dipba
In the glovebox, bromobenzene (50 mg, 0.31 mmol) in 2 mL of THF
was first cooled in the coldwell filled with liquid nitrogen. A hexane
solution of n-BuLi (0.12 mL, 2.5 M) was added, and the reaction was
stirred in the coldwell for 30 min. The reaction mixture was then
added dropwise to N,N′-diisopropylcarbodiimide (DIC) (39 mg, 0.31
mmol). The colorless solution was stirred inside the coldwell for
another 30 min and then added dropwise to [Ir(btiq)2(μ-Cl)]2 (53
mg, 0.031 mmol) in 2 mL of THF. After stirring at room temperature
for 2 h, the volatiles were removed. The crude product was
redissolved in a minimum amount of THF and slowly added to
pentane to precipitate out the dark green solid. The product was
triturated with diethyl ether and pentane. Yield: 12 mg (19%). 1H
NMR (500 MHz, C6D6) δ: 9.54 (d, J = 8.5 Hz, 2H, ArH), 9.21 (d, J =
9.0 Hz, 2H, ArH), 8.28 (d, J = 8.0 Hz, 2H, ArH), 8.17 (d, J = 8.0 Hz,
2H, ArH), 7.41 (t, J = 7.0 Hz, 4H, ArH), 7.35 (t, J = 7.8 Hz, 2H,
ArH), 7.25 (t, J = 7.5 Hz, 2H, ArH), 7.06 (t, J = 7.8 Hz, 2H, ArH),
7.01 (d, J = 8.5 Hz, 2H, ArH), 6.64−6.69 (m, 3H, ArH), 6.56 (t, J =
7.5 Hz, 2H, ArH), 6.50−6.53 (m, 2H, ArH), 6.22 (t, J = 7.5 Hz, 2H,
ArH), 3.37 (quint, J = 6.3 Hz, 2H, (CH3)2CHN), 0.67 (d, J = 6.5 Hz,
6H, CH3), 0.059 (d, J = 6.0 Hz, 6H, CH3). HRMS-ESI (m/z): [M +
Na]+ calcd for C55H43IrN4S2, 1039.2452; found, 1039.2469.

Synthesis of btph-hpp
In the glovebox, [Ir(btph)2(μ-Cl)]2 (50 mg, 0.030 mmol) and hppK
(13 mg, 0.074 mmol) in 3.0 mL of THF were placed inside a
microwave tube. The flask was set up in the microwave reactor. After
10 min of microwave irradiation at 150 °C (5−7 bar), the resulting
dark red solution was cooled to room temperature. The solvent was
evaporated, and the resulting residue was extracted with 5.0 mL of
toluene and filtered through Celite. The toluene was removed in
vacuo. The residue was dissolved in minimum amount of THF, and
pentane was slowly added to precipitate out the dark red solids. The
solids were filtered and dried under vacuum. Yield: 23 mg (41%). 1H
NMR (600 MHz, C6D6) δ: 9.57 (d, J = 7.2 Hz, 2H, ArH), 8.24 (dd, J
= 8.4, 14 Hz, 4H, ArH), 8.04 (d, J = 8.4 Hz, 2H, ArH), 7.51 (d, J =
7.2 Hz, 2H, ArH), 7.40 (dt, J = 7.2, 41 Hz, 4H, ArH), 7.03 (t, J = 7.2
Hz, 4H, ArH), 6.78 (t, J = 8.1 Hz, 2H, ArH), 6.67 (t, J = 7.2 Hz, 2H,
ArH), 6.26 (t, J = 7.8 Hz, 2H, ArH), 2.87−2.95 (m, 2H, CH2), 2.47−
2.56 (m, 2H, CH2), 1.88 (s, 2H, CH2), 1.69 (s, 2H, CH2), 1.16 (s,
2H, CH2), 0.84 (s, 2H, CH2). This compound was unstable under
ambient conditions and thus decomposed while preparing the sample
for HRMS. The molecular ion peak was not observed in the mass
spectrometry experiment, and only the peak for [Ir(btph)2]

+ ([M−
hpp]+; m/z 813.1) was clearly observed.
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