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(Pp,) is a significant fundamental challenge that impacts applications including optoelectronic devices, imaging, and sensing.

Here we show that bis-cyclometalated iridium complexes with electron-rich ancillary ligands can have exceptional quantum

yields for DR-NIR phosphorescence (peak A > 700 nm). Six bis-cyclometalated iridium(lll) complexes with DR-NIR

phosphorescence are described in this work, pairing highly conjugated cyclometalating ligands with electron-rich and

sterically encumbered B-ketoiminate (acNac), B-diketiminate (NacNac), and N,N’'-diisopropylbenzamidinate (dipba) ancillary

ligands. The photoluminescence spectra and quantum yields are solvent-dependent, consistent with significant charge-

transfer character in the emissive excited state. The ancillary ligands perturb the excited-state kinetics relative to closely

related compounds, which can lead to enhanced ®;, values in the DR-NIR region, particularly in toluene solution and in

doped polymer films.

Introduction

Materials emitting in the near-infrared (NIR) region (ca. 700—
2500 nm) have aroused interest for applications in several
areas,! including night vision and surveillance technologies,
information security, optical communications,? bioimaging,3—>
and photodynamic therapy.®® As the applications of NIR-
emitting materials continually expand, there is a growing
demand for new solution-processible materials with advanced
performance in flexible and wearable devices. Therefore,
several types of novel NIR-emitting materials are being studied,
primarily organic dyes,® quantum dots (QDs),*° and transition
metal-based phosphors.t¥12 Among transition metal-based
phosphors, there are many that luminesce at the boundary
between the red and near-infrared regions, between ca. 700—
800 nm, which will be termed herein as deep-red to near-
infrared (DR-NIR). State-of-the-art examples are described here
and summarized in Table S1 of the ESI.t Platinum(ll) and
osmium(ll) complexes have been the most efficient DR-NIR
emitters (ca. 700-900 nm).13"1® A state-of-the-art
electroluminescent device with A.,, = 740 nm and a record
external quantum efficiency (EQE) of 24% was obtained from a
Pt(ll) complex, Pt(fprpz), (fprpz = 5-(2-pyrazinyl)-3-
trifluoromethylpyrazolate) that also exhibits high
photoluminescence quantum yield (®p,) of 81% in neat film.1*
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1 Electronic Supplementary Information (ESI) available: Experimental details, X-

ray crystallography details, UV-vis absorption spectra, additional PL and

excitation data, and NMR spectra. See DOI: 10.1039/x0xx00000x

There are examples of diplatinum complexes with short Pt---Pt
interactions that luminesce efficiently in the DR-NIR.1819
Meanwhile, Os(ll) complexes tend to have pure metal-to-ligand
charge transfer (MLCT) excited states and diminished
intermolecular interactions their
configuration, which removes the requirement of neat films and
allows efficient phosphorescent emission in dilute films for
Os(ftrmpz),(PPhMe;), (ftrmpz = 5-(3-(trifluoromethyl)-1H-
1,2,4-triazolato-5-yl)pyrazine), with EQE of 11.5% at Ae, = 710
nm.’® A complementary approach to molecular DR-NIR
phosphors involves spin-flip emission in Cr(lll) complexes,
producing long-lived DR-NIR emission with good quantum
yields.2%-22 As impressive as these outcomes are, there is a
demand for further development of novel DR-NIR luminescent
materials for these applications.

Phosphorescent cyclometalated iridium(lll) complexes are
one of the most widely explored classes of molecular
phosphors, contributing to various applications in sensing,23
photoredox catalysis,?* light-emitting electrochemical cells
(LEECs),>> and organic light-emitting diodes (OLEDs).2672%
Whereas homoleptic complexes of type fac-Ir(CAN); (CAN =
cyclometalating ligand) are a popular option for both
photocatalysis and OLEDs, heteroleptic complexes of the
Ir(CAN),(LAX) (LAX= ancillary ligand) structure type are also
becoming prominent since the ancillary ligands not only can
help tune the emission color, but also perturb the excited-state
dynamics. The key features of these iridium(lll) complexes
include facile color tunability, high photoluminescence
quantum yields (®p), and relatively short phosphorescence
lifetimes (t) along with good thermal and photostability.3°

Designing DR-NIR-phosphorescent materials with high ®p, is
intrinsically more difficult, and a survey of the literature on
cyclometalated iridium complexes makes this challenge clear.
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Whereas there are previously discovered red-phosphorescent
cyclometalated iridium compounds with ®p ~ 0.5 in
solution,?73132 jt is rare to find DR-NIR analogues with ®p >
0.2.33735 The quantum yield is defined as the ratio of emitted
photons to absorbed photons and can be expressed as the ratio
of the radiative rate constant (k) to the sum of radiative and
nonradiative (k,) rate constants. In DR-NIR emitters k,,
increases due to greater vibrational overlap between the
ground and excited states based on the energy gap law,3637
whereas k, is expected to be smaller due to a cubic dependence
on the transition energy.38 Recent notable advances in DR-NIR-
phosphorescent iridium complexes have focused on
modifications to the cyclometalating ligand, including
complexes supported by substituted 1-phenylisoquinline (piq)
analogues with emission beyond 700 nm,3* and complexes with
a “core-shell” cyclometalating ligand design that combines a
rigid, conjugated core ligand with a flexible, electron-rich
thienyl or diphenylamino shell.3>

Our group has tackled the above-mentioned challenges in
the red (Aey = 600-650 Nnm)3°40 and deep-red regions (Aem =
650—700 nm)*+42 with a new class of bis-cyclometalated iridium
phosphors. We have demonstrated that electron-rich, -
donating ancillary ligands strongly perturb the metal-centered
HOMO and increase the metal d-orbital participation in the
excited state, resulting in augmented k; and in some cases @p_
values. With this strategy, we have achieved solution @p values
as high as 0.8 in the red region of the spectrum,3® and eclipsed
®p. = 0.5 in the deep red region.*! Another insight to emerge
from these previous works is that the nature of the CAN ligand
plays a major role in the effectiveness of this approach. In
general, the phosphorescence in complexes where the CAN
ligands have electron-rich thiophene-based cyclometalated aryl
groups is minimally influenced by the ancillary ligand, whereas
with phenyl-based CAN ligands the phosphorescence
wavelength and k, values are both strongly responsive to how
electron-rich the ancillary ligand is.

In this work we use the above-mentioned insights to design
high-performing DR-NIR emitters, achieving some of the highest
DR-NIR ®p_ values ever reported for cyclometalated iridium
complexes. The two cyclometalating ligands we use are phenyl-
substituted highly conjugated heterocycles, known to engender
phosphorescence with long wavelengths.3**3 The electron-rich
ancillary ligands are chosen among the ones previously used in
our group that resulted in increased quantum yields in the red
and deep-red regions.34! A total of six new compounds are
described in this paper. Cyclic voltammetry reveals the effects
of the electron-rich ancillary ligands on the HOMO energies, and
detailed photophysical analysis in three solvents (MeCN, THF
and toluene) and in transparent polymer film catalogues the
effects on the excited-state dynamics and ®p,. In general, we
observe the highest solution quantum yields in the less polar
toluene solvent, including one example with ®p. = 0.53 and A.p,
= 709 nm, one of the highest recorded for a DR-NIR
cyclometalated iridium complex. This work shows that electron-
rich ancillary ligands are an effective design element for top-
performing DR-NIR emitters, a region of the spectrum where
quantum yields are typically modest.
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Scheme 1. Synthesis of the iridium(lll) complexes.

Results

Synthesis and Structural Characterization. The general
synthetic procedure for six new complexes of the general form
Ir(CAN),(LAX) (CAN = 6-phenylphenanthridine (pphen) or 1-
phenylisoquinoline-4-carbonitrile (pigCN)) is described in
Scheme 1. The cyclometalating ligands are chosen to engender
the complexes with emission in the DR-NIR region of the
spectrum3443 by adding additional t conjugation (pphen) or a
cyano group (piqCN) to 1-phenylisoquinoline (piq), a ubiquitous
CAN ligand in red-phosphorescent iridium complexes.31,32,39,41
These CAN ligands are paired with five ancillary ligands (LAX)
previously used in studies of red and deep-red emitters. Besides
B-ketoiminate (acNac) and B-diketiminate (NacNac) ancillary
ligands that we have extensively worked with,3%4445 the more
sterically encumbered NacNac ((dmp),NacNac) and amidinate
(dipba™es), and more electron-rich acNac ((Cy)acNac) are
included in this study.*! To prepare the complexes, [Ir(CAN),(u-
Cl)], was treated with the potassium or lithium salts of the
appropriate ancillary ligand in tetrahydrofuran at room
temperature or 85 °C.4%4% Some combinations of CAN and LAX
ligands resulted in intractable product mixtures that we were
unable to purify, but the complexes shown in Scheme 1 were
obtained in pure form with isolated yields ranging between 25%
and 60%. The identity and purity were validated by 'H and
13C{*H} NMR spectroscopy (Fig. S38-5S49t) and mass
spectrometry. The NMR spectra clearly reveal the differences in
symmetry between the NacNac, (dmp),NacNac and dipba™es
complexes (all C;), and the C;-symmetric acNac and (Cy)acNac
analogues.

Complexes 1 and 6 were characterized by single-crystal X-
ray diffraction.® The structures of the complexes are shown in
Fig. 1, and detailed crystallographic data reported in Table S2t.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. X-ray crystal structures of complexes 1 (left) and 6 (right). Ellipsoids are depicted
at 50% probability with hydrogen atoms and solvent molecules omitted.

In all the structures, an approximately octahedral geometry
about the iridium(lll) center is observed, and a trans disposition
of the two nitrogen atoms of the cyclometalating ligands is
revealed as typically found in bis-cyclometalated iridium
complexes. In 6 the core of the dipba™e ancillary ligand is
planar, with the mesityl ring nearly orthogonal to the core. In 1
we observe a more significant buckling of the acNac ancillary
ligand than normal,324* to accommodate the more sterically
crowded environment brought on by the phenanthridine
heterocycles. The pphen ligands themselves are twisted in the
structure of 1, to enable cyclometalation and provide a large
enough cleft for the acNac ancillary ligand. Otherwise,
structural metrics in 1 and 6 are unremarkable and are similar
to other related structures.3941.4244 Crystal packing in these
compounds seems to involve nonspecific van der Waals
interactions between neighboring molecules and nearby
solvate molecules.

Electrochemistry. The electrochemical properties of all
complexes were investigated by cyclic voltammetry (CV) in
acetonitrile solution. In most bis-cyclometalated iridium(lll)
complexes, the lowest unoccupied molecular orbital (LUMO) is
located on the CAN ligands while the highest occupied
molecular orbital (HOMO) has a more complex nature.*’ In
previous DFT calculations on an Ir(pig),(LAX) series closely
related to 1-6, we found that >95% of the LUMO density is on
the CAN ligands, mainly the N-heterocycles.?® The HOMO is
mainly delocalized over Ir and the CAN ligand when LAX =

1

1 05 0 05 -1 15 -2 -25 -3
(Evs. Fc'/Fe) /1 V

Fig. 2. Overlaid cyclic voltammograms of complexes 1-6 were recorded at 0.1 V/s in

MeCN with 0.1 M TBAPFg supporting electrolyte. Potentials are referenced to an internal
standard of ferrocene, and currents are normalized to bring all the traces to the same
scale.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Summary of cyclic voltammetry data for complexes 1-6.2

(Evs. Fc*/Fc) /V E/eve
Complex
Ered E°* HOMO LUMO AEy . /eVed
1 -2.08,-2.35 +0.26 -5.1 =-2.7 2.34
2 -2.06, -2.37 -0.04 -4.8 =-2.7 2.06
3 -2.07,-2.34 +0.22 -5.0 -2.7 2.29
4 -1.65,-1.86 +0.41 -5.2 -3.2 2.06
5 -1.68,-1.89 0.00° -4.8 -3.1 1.68
6 -1.68,-1.91 +0.35 -5.2 -3.1 2.03

3 Measured in MeCN at room temperature, with 0.1 M (NBu,)(PFs) electrolyte,
using a glassy carbon working electrode, platinum wire counterelectrode, and
silver wire pseudoreference electrode. Potentials are referenced to an internal
standard of ferrocene. ® Irreversible wave (i, ./ipc <<1). Reported potential is the
half-peak potential.48 ¢ Absolute frontier orbital energies, estimated from the
equation E = —[(E vs. Fc*/Fc) + 4.8] using E°* (HOMO) and the first £7d (LUMO).49.50
d Electrochemical HOMO-LUMO gap, estimated as E°% — Eed,

acetylacetonate (acac), but involves progressively more LAX
character as the ancillary ligand is made more electron-rich,
36% for acNac, 62% for dipba, and 80% for NacNac. The redox
behavior of 1-6 suggest very similar frontier orbital localization
in these compounds. As shown in Fig. 2 and Table 1, two
reversible one-electron reduction waves are observed in all
complexes resulting from a sequential population of t* orbitals
on each C~N ligand. Comparing complexes with the same CAN
ligand, the potential for the first reduction depends minimally
on the identity of the ancillary ligand, occurring between —-2.06
and -2.08 V vs. ferrocenium/ferrocene (Fc*/Fc) for C*N = pphen
(1-3), and -1.65 and -1.68 V for CAN = piqCN (4—6). Notably,
these potentials are all > 120 mV (CAN = pphen) or > 550 mV
(CAN = pigCN) more positive than the less-conjugated CAN = piq
analogues,3%4! indicating that the increased CAN ligand
conjugation in 1-6 has a significant stabilizing effect on the
LUMO energy.

In contrast, the Ir'V/Ir'"" potentials (E°¥) strongly depend on
the identity of the ancillary ligands. Reversible waves are
observed for all the complexes except for 5. Complexes 2 and 5,
containing NacNac, have very similar oxidation potentials (E°* =
—-0.04 and 0.00 V, respectively), right at the Fc*/Fc couple. By
replacing one oxygen in acNac with one N-phenyl group going
from 1 to 2, a cathodic shift of ca. 0.2 V is observed. Complex 3,
with the more basic (Cy)acNac, has an Ir'V/Ir'! potential shifted
by only 40 mV relative to complex 1, suggesting that the basicity
of the acNac nitrogen donor has only a small influence on the
redox potential. Another observation is that the complex with a
smaller bite angle ancillary ligand (6) is more difficult to oxidize
than the NacNac complexes, by 0.35 V, which we attribute to
less m donation into the d orbitals caused by the poorer overlap
between ligand orbitals and the metal dmit orbitals. Overall, the
results indicate that the LAX ligand strongly affects the energy
of HOMO, while not perturbing the LUMO energy much. As a
result, the HOMO-LUMO gap and corresponding charge-
transfer excited-state energy decrease as the ancillary ligand is
made more electron-rich, a concept that manifests itself in the
photoluminescence spectra (see below).

Photophysical Properties. The UV-vis spectra of all complexes
were recorded in THF at room temperature and depicted in Fig.
S1-S4t. In the absorption spectra of complexes 1-6, intense

J. Name., 2013, 00, 1-3 | 3
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absorption bands with large molar absorptivity values (e = 5-40
x 103 M~lcm™) in the UV region are assigned to spin-allowed
ligand-centered (LC) m—>n* transitions of the cyclometalating
and ancillary ligands.?”>* Weaker, overlapping absorption bands
tailing beyond 500 nm are assigned as both singlet and triplet
mixed metal-ligand-to-ligand charge transfer (Y3MMLL'CT)
transitions. In general, the spectra are minorly perturbed by the
ancillary ligand within the same type of cyclometalating ligand.
The normalized spectra in Fig. S2 and S4t more clearly show the
subtle differences in the longer-wavelength regions brought on
by the different LAX regions. Some noticeable differences were
observed in complexes 2 and 6. In complex 2 using LAX =
NacNac, an absorption shoulder near 400 nm is noted, which is
assigned to a NacNac centered m-mt* transition.*> Complex 6,
using LAX = dipba™es, displays an additional well-resolved band
around 530 nm. A similar feature was observed in previously
described complexes with dipba™ and related amidinate or
guanidinate ancillary ligands,3?4! although it occurs at shorter
wavelength, below 500 nm, when CAN = piq. We assign this
band to a spin-allowed HOMO->LUMO charge-transfer
transition, shifted to lower energy in 6 because of the stabilized
HOMO in piqCN (see above description of electrochemistry and
frontier orbitals). The higher osicillator strength when LAX =
dpiba™es is likely a reflection of the different i orbital symmetry
in the HOMO between dipba and (N)acNac.3®

All of complexes 1-6 are luminescent in fluid solution at
room temperature. Steady-state photoluminescence spectra
and quantum yields were recorded in three solvents of varying
polarity, MeCN (g = 36.64), THF (¢ =7.52), and toluene (€ = 2.38).
Spectra overlaid in the three solvents are shown in Fig. S5-S10
of the ESIt, and the data are summarized in Table S3t. In four
of the six compounds, except for acNac complexes 1 and 4, the
PL is blue-shifted in the more polar MeCN solvent relative to
THF and toluene. We note that while it is common in
cyclometalated iridium complexes to see PL maxima shift to
longer wavelengths with increasing polarity, i.e. positive
solvatochromism,>%>3 the solvatochromic behavior in these
compounds is more irregular, and may also be influenced by
solvent viscosity>* or other effects. Nevertheless, the sizeable
shifts of the PL spectra with changing solvent polarity are
consistent with significant charge-transfer character in the
emissive excited states.>*>° In charge-transfer excited states
there are significant changes in dipole moments between the
ground-state and excited state, so the relative energies of these
two states, and thus the PL that results, are dependent on the
polarity of the medium. Moreover, photoluminescence
quantum yields (®p.) of 1-6 tend to increase as the solvent
polarity decreases (Table S3t). Excitation spectra of the
complexes were collected in THF and toluene and shown in Fig.
S$11-S22%. For all complexes, the excitation and absorption
spectra are superimposed, indicating that the emission signal
originates from the iridium complex and not from an impurity,
and that the same T, state is populated regardless of excitation
wavelength, in accordance with Kasha’s rule.

Since the highest quantum yields were observed in toluene,
we focused most of our attention on the photoluminescence
properties in this solvent and discuss those data in detail here.

4| J. Name., 2012, 00, 1-3

The spectra recorded in toluene are shown in Fig. 3, with major
spectroscopic characteristics summarized in Table 2. All
complexes have room-temperature emission in the DR-NIR
region, with emission maxima occurring near or beyond 700
nm, and all are red-shifted compared to the reference
Ir(pig),(L*X) complex at parity of ancillary ligand, by at least 43
nm (930 cm™) when measured in the same solvent, THF (see
Table S17).3%4 For a given C~AN ligand the emission maxima are
strongly dependent on the ancillary ligand, with the complexes
Ir(pphen),(NacNac) (2) and Ir(piqCN),(dipba™es) (6) exhibiting
the longest-wavelength emission bands in the series. In toluene,
the photoluminescence quantum yields are enhanced by as
much as a factor of 4 relative to the more polar solvents (see
Table S3). The absolute highest ®p, value in toluene is 0.53 for
Ir(pigCN),(acNac) (4), which represents one of the highest
values recorded for a DR-NIR cyclometalated iridium complex in
solution. The quantum vyields of Ir(pphen),(acNac) (1, ®p. =
0.27) and Ir(piqCN),(dipba™es) (6, ®p, = 0.30) are also very good
for the DR-NIR region.>” The lifetimes (t) of the excited state at
room temperature are sub-microsecond and in general less
responsive to the change in solvent, ranging between 0.12—-0.89
Ms in THF and 0.21—-0.95 ps in toluene (see Fig. S23—-S28* for the
time-resolved PL decay traces in toluene). The higher quantum

A/ nm
500 600 700 800 900

Normalized Emission Intensity

2
....... PMMA
1—T luene
L qu (I P P,
20000 18000 16000 14000 12000
v/cem™
A/nm
500 600 700 800 900
....... PMMA
6—Toluene

Normalized Emission Intensity

5
....... PMMA
—quuene | !
20000 18000 16000 14000 12000
V/cm™

Fig. 3. Stacked room temperature emission spectra of complexes with (a) CAN = pphen
(1-3), and (b) CAN = pigCN (4-6) in toluene. The spectra of 1, 4, and 6 were also recorded
in 2 wt% PMMA films and are overlaid as dotted lines. Samples were excited at A, = 420
nm.

This journal is © The Royal Society of Chemistry 20xx
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Table 2. Summary of room-temperature photoluminescence data for complexes 1-6 in
toluene.

-5 / -1
Complex  Aem/nm? O T/ st Elli;,xxllt)O‘S/ /Ss_i)ﬁ
1 694 0.27 0.95 2.8/7.7
2 736 0.080 0.21 3.8/44
3 723 0.095 0.38 2.5/24
4 709 0.53 0.53 10/8.9
5 682 0.10 0.60 1.7/15
6 749 0.30 0.22 14 /32

a Excited at 420 nm. ® Measured via a relative method, using tetraphenylporphyrin
in toluene (®p, = 0.11)56 as the standard. ¢ Excited at 390 nm. 9 k, = Op /T, ko, =
(1-®p)/T, assuming 100% population of the emissive T; state.

yields in toluene are a combination of radiative and
nonradiative effects. Except for complex 3, which has nearly
identical ®@p. in THF and toluene, the rest all have higher k,
values in toluene, and all but complex 5 have smaller k,, values
in toluene (see Table S3t).

The photoluminescence spectra were also recorded in a
frozen toluene glass at 77 K (Fig. S29-S34t). The two distinct
vibronic maxima become sharper and better resolved for most
of the complexes. Compared to the room temperature spectra,
we can observe measurable rigidochromic blue shifts, similar
for all complexes and ranging between 18-32 nm (330-640
cm™1), depending somewhat on the ancillary ligand, which in
concert with the above-mentioned solvatochromism suggests
significant charge-transfer character in the excited state.>®

To further study the photophysical properties in a more
device-relevant medium, the photoluminescence data of the
best-performing compounds in this series (1, 4, and 6) were
measured in PMMA (PMMA = poly(methyl methacrylate)) films.
The sample films were fabricated inside of a glovebox by
dissolving 2 wt% of the emitter and PMMA in dichloromethane,
drop-coating the solution onto a quartz slide, and drying by
evaporation. The spectra of these three compounds in PMMA
are included in Fig. 3, and the data summarized in Table 3. Fig.
S$35-S387 display the time-resolved PL decay traces of the
PMMA samples. In all cases the peak wavelengths are modestly
shifted from those recorded in toluene, by no more than 15 nm
(270 cm™1) . Compared to solution, complexes with LAX = acNac
showed an increase in quantum yield relative to solution values,
with ®p, = 0.65 in PMMA and 0.27 in toluene (complex 1), and
®p. = 0.79 in PMMA and 0.53 in toluene (complex 4). These
increases in @p, are due to increases in k, and decreases in ky,,
with longer lifetimes observed in the PMMA films (t = 1.1 us for

Table 3. Summary of room-temperature photoluminescence data for complexes 1, 4,
and 6 at 2 wt% in PMMA film.

-5 —1
Complex  Aem/ nm? Op> T/ pse E:;,xxl:Loo-S/ /Ss_z)ﬁ
1 700 0.65 1.1 5.9/3.2
702 0.79 0.74 11/2.8
6 734 0.14 0.33 4.2/26

a Excited at 420 nm. © Absolute quantum yield, measured using an integrating

sphere. ¢Excited at 390 nm. 9k, = Qp /T, ky = (1-Dp)/T, assuming 100% population
p

of the emissive T, state.

This journal is © The Royal Society of Chemistry 20xx
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1 and 0.74 ps for 4). In contrast, the quantum yield of dipba™es
complex 6 decreased from 0.30 in toluene solution to 0.14 in
PMMA film.

Discussion

Here we show that electron-rich ancillary ligands can support
bis-cyclometalated iridium complexes with among the highest
DR-NIR phosphorescence quantum vyields reported (see Table
S1 for comparisons to other notable literature examples).
Before our entry into this area, some of the top-performing DR-
NIR phosphors were of analogues of Ir(btph),(acac), where btph
is the cyclometalating ligand 6-(3-
benzothiophenyl)phenanthridine, combines a
benzothiophene cyclometalated aryl with a phenanthridine
heterocycle, and acac is acetylacetonate. Compounds of this
type typically have ®p ~ 0.3 with peak emission wavelengths
near 720 nm.33 OQur initial attempts to improve DR-NIR quantum
yields involved pairing btph with rigid quinoline-based ancillary
ligands®® or the types of electron-rich ancillary ligands we used
in this work.*? However, we found that the excited-state
dynamics in these bis-cyclometalated btph complexes were
generally unresponsive to the ancillary ligand, and we were only
able to achieve similar outcomes or slight improvements over
the parent Ir(btph),(acac) precedent.

As a result, we determined that to use electron-rich ancillary
ligands to improve the efficiency of DR-NIR phosphors, as we
had successfully done in the red region, we would need
cyclometalating ligands where the cyclometalated aryl group is
a simple phenyl ring, in which case the T, excited state has
higher MLCT character and is much more responsive to the
ancillary ligand structure. We had previously established this
concept in a series of red and deep-red phosphorescent
compounds,?®4! and insight from other groups also lends
credence to this design criterion. MLCT character in the triplet
excited state can be quantified by measuring zero-field splitting
(zFS), which has been done with several cyclometalated iridium
complexes, mainly in the fac-Ir(CAN); and Ir(CAN),(acac)
structural classes.” In those compounds, ZFS values for CAN
ligands with cyclometalated phenyl rings are several times
larger than similar compounds with thiophene or
benzothiophene aryl groups. As aresult, the first choice for this
study was the CAN ligand pphen, a more conjugated analogue
of piq. This CAN ligand and close derivatives had previously been
used to support deep-red-phosphorescent Ir(pphen),(LAX)
compounds with 2-picolinate or acac ancillary ligands, with
peak emission wavelengths ~650 nm and a solution ®p_ of 0.27
for the 2-picolinate complex (Table $1).4359.80 We reasoned that
the more electron-rich ancillary ligands would red-shift the
phosphorescence into the DR-NIR, which is indeed what we
observe, as all of the pphen complexes 1-3 have peak
wavelengths > 700 nm in THF, and all but 1 (A., = 694 nm) are
beyond 700 nm in toluene. The beneficial effects of the acNac
ancillary ligand in 1 are apparent; despite the 45 nm (1000 cm™1)
red-shift relative to the 2-picolinate analogue,®® the
photoluminescence quantum yield remains at 0.27 in toluene.

which
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Normally such a red shift would cause a decrease in ®p, per the
energy gap law.3”

Even better outcomes were obtained with the CAN ligand
pigCN, an analogue of pig with a cyano group at the 4-position
of the isoquinoline heterocycle. This CAN ligand had previously
been used to support Ir(pigCN),(acac), reported to luminesce at
696 nm with @p, = 0.16 (Table S1).3* We observe a significant
red-shift deeper into the DR-NIR and a substantial increase in
®p, for Ir(piqgCN),(acNac) (4) and Ir(pigCN),(dipba™es) (6). In 4
the peak wavelength red-shifts by 13 nm (260 cm™) and the
quantum yield more than triples (0.53 vs. 0.16) relative to the
acac analogue. In 6, the electron-rich amidinate ligand results in
a peak PL wavelength of 749 nm, further into the DR-NIR than
other piqCN or btph complexes, and the quantum yield is
maintained at a very good value of 0.30. In short, complexes 4
and 6 have some of the highest reported ®p, values for
cyclometalated iridium complexes which phosphoresce in their
respective regions of the spectrum.

The electronic effects of the LAX ligands are similar to those
observed in red-phosphorescent analogues,3® and we believe
they are related to the high DR-NIR phosphorescence
efficiencies in the compounds described here, particularly 1, 4,
and 6. As the CV data in Fig. 2 shows, the electron-rich ancillary
ligands destabilize the HOMO, which has significant Ir 5dn
character. The Ir'V/Ir'" redox potentials in 1-6 are at least 0.3 V
more negative than the respective acac or 2-picolinate complex
with the same C~N ligand,3*43 whereas the reduction potentials
and associated LUMO energies are much less affected. As a
result, the estimated HOMO-LUMO gaps in 1-6 are at least 0.2
eV smaller than the acac or 2-picolinate analogues, which in
turn stabilizes the charge-transfer states that result from
HOMO->LUMO or other Ir 5dn->CAN nt* transitions. Normally
the radiative rate constant is higher with more excited-state
MLCT character, as a result of increased spin-orbit coupling,*’
so this stabilization of charge-transfer states, which involve
significant MLCT character, can result in higher ®p_ values.
Interestingly, the reference compound Ir(pigCN),(acac) is
reported to have an exceptionally high k, value (1.1 x 10° st in
THF solution),3* and the compounds reported here have similar
k. values, meaning it is decreases in k,, that are most important.
We have established limited insights into how to control k,,
values in this broader class of compounds,*! and for reasons
that are not entirely clear, complexes with LAX = acNac tend to
have comparatively low k., values.3® Nevertheless, two of the
three pigCN compounds have higher quantum yields than the
acac analogue, despite their emission being deeper in the DR-
NIR region.

We acknowledge that the above comparisons to previous
literature precedents are somewhat confounded by solvent
effects, which are not discussed in the literature cited above on
previous CAN = pphen and pigCN complexes. As part of the
current study, we investigated the effects of solvent polarity on
the photoluminescence wavelengths and quantum yields and
found they can be significant. Luminescence solvatochromism
in the new compounds described here depends on the ancillary
ligand. The two acNac compounds showed positive
solvatochromism in their PL spectra, shifting to longer
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wavelength as the solvent polarity increases. However, the
remaining four compounds with more electron-rich LAX ligands
showed irregular solvatochromic behavior, with the longest-
wavelength emission occurring in THF, blue-shifting in both
MeCN (higher polarity) and toluene (lower polarity). Regardless
of the nature of the solvatochromism, we consistently observe
photoluminescence quantum yields that are inversely related to
the solvent polarity, reaching their maximum values in toluene
solvent. By comparing lifetimes in THF and toluene, we find that
these higher quantum yields are in most cases a combination of
increased k, and decreased k,, values in the less polar solvent.
The origins of these effects are not entirely clear, and they are
too large to be explained entirely by energy-gap arguments.
However, there are two factors that influence k, which could be
solvent-dependent, the transition-dipole term and spin-orbit
coupling. The UV-vis absorption spectra are nearly identical in
THF and toluene (see Fig. S11-S227), so we don’t expect a very
large solvent dependence of the transition-dipole term
although we cannot explicitly rule it out. This suggests that
enhanced spin-orbit coupling is involved in the higher k, values
in toluene vs. THF. Spin-orbit coupling in cyclometalated iridium
complexes is complex, and primarily involves multiple, closely-
spaced MLCT states.® MLCT or any other class of charge-
transfer states involve significant dipole changes relative to the
ground-state, and as such their energies are dependent on
solvent polarity. Thus, we believe that the relative energies of
one or more coupling states are altered as the solvent changes,
which leads to different degrees of spin-orbit coupling that have
measurable impacts on k.

Conclusions

Here we demonstrated that electron-rich ancillary ligands can
lead to more efficient DR-NIR phosphorescence for
cyclometalated iridium complexes. We had previously
introduced and developed this strategy for red-phosphorescent
compounds, and we now show that it is likewise effective at
increasing quantum yields in the DR-NIR, a region of the
spectrum where it is even more challenging to achieve high-
efficiency luminescence. We introduced six novel bis-
cyclometalated iridium near-infrared phosphorescent emitters,
which in all cases have phosphorescence deeper in the DR-NIR
than related compounds with the same C~AN ligands. In three of
the compounds this profound red shift is accompanied by a
quantum yield that rivals or exceeds that of other state-of-the-
art DR-NIR iridium phosphors. The electrochemical and
photophysical properties indicate significant impacts of the
electron-rich ancillary ligand on frontier orbital energies and the
excited-state energy landscape, which we believe are
responsible for the enhancement in DR-NIR phosphorescence
we see in some of these complexes. Efficient DR-NIR phosphors
are important for applications that include bioimaging and data
security, and this work reveals important fundamental insights
into how to control and optimize phosphorescence in the DR-
NIR region, beyond 700 nm.

This journal is © The Royal Society of Chemistry 20xx
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Experimental

Additional details are provided in the ESIt. Brief, representative
procedures are provided below.

Preparation of complexes 1-6. The chloro-bridged dimer
[Ir(CAN),(u-Ch)], (CAN = pphen or pigCN) and the potassium or
lithium salt of the respective LAX ligand were combined in THF
or toluene. The reaction mixture was stirred for 12-48 h at
room temperature or heated to 85 °C overnight (LAX =
dipba™es). After removing the solvent under reduced pressure,
the crude product was extracted into toluene and filtered. The
solvent was removed again, and the resulting product was
further purified by extracting into THF/pentane, precipitating
from THF/pentane, and/or or washing with Et,0 and hexane.
After drying in vacuo, isolated yields of 25—-60% were obtained.
Photophysical measurements. UV-vis absorption spectra were
recorded in THF solutions in screw-capped quartz cuvettes
using an Agilent Carey 8454 UV-vis spectrophotometer.
Luminescence lifetimes were measured with a Horiba DeltaFlex
Lifetime System, using 455 nm pulsed diode excitation.
Steady-state emission spectra were recorded using a Horiba
FluoroMax-4 spectrofluorometer with appropriate long-pass
filters to exclude stray excitation light from detection. In order
to exclude air, samples for emission spectra were prepared in a
nitrogen-filled glovebox using anhydrous solvents. Solution
quantum vyields were determined relative to a standard of
tetraphenylporphyrin in toluene, which has a reported
fluorescence quantum yield (@) of 0.11.52 Quantum yields of
PMMA film samples were recorded with an integrating sphere.
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§ 1-2CH,Cl,:0.25CeH 41 CCDC 2166715, Csys0Hass0ClalrN3O, M =
1066.40, Monoclinic, P2:/c, a = 16.734(2) A, b = 18.670(2) A, ¢ =
14.2497(17) A, 8 = 93.064(1)°, Z = 4, 62444 tot. refln., 10316 ind.
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b=12.8259(11) A, c=17.1312(14) A, a = 101.445(1) °, 8 = 107.231(1),
y =98.910(1)°, Z = 2, 57884 tot. refln., 10583 ind. refin., Ry, = 0.025,
R1=0.018, wR, = 0.049.
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