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Impacts of Ancillary Ligand Coordination Modes on Red-Emitting 
Cyclometalated Iridium Complexes 
Chenggang Jiang and Thomas S. Teets*

Cyclometalated iridium complexes are widely used in optoelectronic technologies, but creating efficient red emitters 
remains challenging. Prior investigations have demonstrated the efficiency of electron-rich salicylaldimine and 2-
picolinamide ligands in promoting red to deep red luminescence. This work introduces a series of ten new red or deep-red 
emitting heteroleptic bis-cyclometalated iridium(III) complexes supported by eight different ancillary ligands, including some 
from the salicylaldimine and 2-picolinamide families. Our study reveals that the effectiveness of salicylaldimine ligands at 
supporting efficient red phosphorescence is dependent on the cyclometalating ligand they are paired with. A more 
significant finding is that the 2-picolinamide ligands can adopt three different coordination modes. Firstly, the N-propyl-
substituted 2-picolinamide proligand can bind to the iridium center in its neutral, protonated form through the pyridyl N 
and amide O atoms, forming five-membered metallacycles. Furthermore, N-aryl-substituted ligands can coordinate with the 
iridium center in either N,Nʹ or N(pyridyl),O modes, yielding two structurally distinct isomers. Notably, the change in 
coordination mode minimally influences emission wavelength while significantly modulating the photoluminescence 
quantum yield. This study advances our comprehension of how ligand coordination impacts cyclometalated iridium 
complexes, offering invaluable insights into the design of high-performance red phosphors for potential optoelectronic 
applications.

Introduction
Cyclometalated iridium complexes have proven to be highly 
successful in various applications, such as photovoltaics,1,2 
photocatalysis,3,4 and bioimaging.5,6 They are also standout 
materials for organic light-emitting diodes (OLEDs) due to their 
unique photophysical properties, including high efficiency, long 
lifetime, and tunable emission colors.7–9 Additionally, the good 
thermal stability of iridium complexes prevents quenching and 
degradation of emitter materials under high-temperature 
operation, which is critical for long-term device stability.10 
Currently, there are many available green- or yellow-
phosphorescent iridium complexes with near-unity 
photoluminescence quantum yields.11–13 These complexes fall 
into two major structure classes: homoleptic complexes with 
the general formula Ir(C^N)3 14,15 and heteroleptic bis-
cyclometalated Ir(C^N)2(L^X) complexes16,17 (C^N = 
cyclometalating ligand; L^X = ancillary ligand). The 
phosphorescence color is generally controlled by the structure 
of the cyclometalating ligand18 while the ancillary ligand can 
impact not only the emission wavelength but also redox 
properties and excited-state dynamics significantly.19,20 The 

ability to fine-tune electronic and optical properties through 
ligand design enables highly efficient and stable OLEDs with 
colors spanning the entire visible range.

Despite exceptionally high efficiencies in the green to yellow 
regions, red-phosphorescent iridium compounds have lower 
quantum yields, and as a result, the efficiency values of red 
OLEDs are attenuated.7,21,22 Low-energy excited states tend to 
exhibit slow radiative rates, given the cubic dependence of the 
radiative rate constant (kr) on the transition energy.23 
Moreover, nonradiative decay rates (knr) are inversely related 
to HOMO-LUMO gaps via the energy-gap law,24 mainly due to 
the strong overlap of vibrational energy levels between the 
ground and excited states. Our group has used the ancillary 
ligand structure to maximize the photoluminescence quantum 
yields in the red region,25–29 and a few other groups have also 
made significant contributions with related approaches.30–33 
Our strategy has centered on electron-rich, π-donating ancillary 
ligands, which destabilize the HOMO, increase the metal d-
orbital participation and spin-orbit coupling in the excited state, 
and thus augment kr values.28,34 

Some of our most recent work showed that substituted 
salicylaldimine and 2-picolinamide derivatives are particularly 
effective at supporting efficient phosphorescence in the red 
region and beyond.35 Despite many works that have been done 
to evaluate the impact of different ancillary ligands on 
photoluminescence, few studies reveal the influence of varying 
coordination modes of the same ligand on luminescence 
properties.36,37 From the standpoint of fundamental 
coordination chemistry, it is essential to understand the varied 
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ways certain ancillary ligands can bind to the metal, and how 
these different coordination modes affect the photophysical 
properties of iridium complexes will establish fundamental 
structure-property relationships that may lead to advances in 
the performance of red phosphors.

With these insights in mind, we report ten new complexes 
in this work. One subset of these compounds involves pairing 
the ancillary ligands we previously reported with different 
cyclometalating ligands, making four new complexes to 
evaluate the combined effects the cyclometalating ligands and 
ancillary ligands have on the photoluminescence properties. 
During this investigation, we noticed that 2-picolinamide 
analogues sometimes produce multiple products, and with 
further inquiry discovered that 2-picolinamide ancillary ligands 
can exhibit three distinct coordination modes. The structures of 
those distinct binding modes, the reaction conditions that favor 
one over the other, and the thermal interconversion between 
them are all described. Finally, three new ancillary ligands were 
introduced, allowing evaluation of the effects of donor atom 
identity and substituents on the electronic structure. The 
photophysical properties of all ten complexes, via UV–vis 
absorption and photoluminescence spectroscopy, are 
thoroughly outlined along with their electrochemical 
characteristics measured by cyclic voltammetry (CV). This study 
shows that salicylaldimine and picolinamide ancillary ligands 
are efficient in supporting the red-emitting iridium complexes 
provided the emissive excited state maintains substantial 
metal-to-ligand charge transfer (MLCT) character. Another 
important photophysical consequence is that the different 
coordination modes of the 2-picolinamide ancillary ligand do 
not significantly perturb the emission wavelength but largely 
alter the photoluminescence quantum yields. On the whole, 
this work further elaborates the utility of salicylaldimine, 2-
picolinamide, and related ancillary ligands in the design of red-
phosphorescent compounds, supporting a diverse range of 
structure types with appealing photophysical metrics.

Results and Discussion

Synthesis and structural characterization

In our previous study salicylaldimines were one particularly 
effective class of ancillary ligands for red-phosphorescent 
compounds,35 and here we include an expanded set of such 
complexes with different cyclometalating ligands or different 
substitution patterns on the salicylaldimine ligand. Scheme 1 
outlines the synthetic method for four salicylaldimine 
complexes following the previously reported procedure. Three 
cyclometalating ligands (C^N = 2-(2-pyridyl)benzothiophene 
(btp), 1-phenylisoquinoline (piq), and 6-phenylphenanthridine 
(pphen)) were chosen to make the target complexes with 
emission in the red to deep red region. The N-propyl (L1) and N-
tolyl (L2) salicylaldimine variants were previously used by our 
group in combination with piq and a cyano-substituted piq 
variant.35 Our previous work also showed that 4-
trifluoromethylphenyl was a particularly effective substituent in 
2-picolinamide ancillary ligands (see below), so in this study we 
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Scheme 1 Synthesis of salicylaldimine compounds.

also introduced a salicylaldimine variant L6 with the same N-
substituent, pairing it with the piq cyclometalating ligand. All 
four new compounds were characterized by a combination of 
NMR spectroscopy (Fig. S1–S7) and high-resolution mass 
spectrometry. The complexes Ir-btp-L1, Ir-btp-L2, and Ir-piq-L6 
were also characterized by single-crystal X-ray diffraction. Their 
molecular structures are shown in Fig. 1, with detailed 
crystallographic data reported in Tables S1. As we have 
observed,35 the ancillary ligand C–O bond distances are 
intermediate between typical single and double-bond lengths, 
consistent with π-delocalization into the ancillary ligand core. 
The O–Ir–N bite angles for these six-member chelate

 

Fig. 1 Molecular structures of Ir-btp-L1, Ir-btp-L2, and Ir-piq-L6, determined by single-
crystal X-ray diffraction. Thermal ellipsoids are shown at the 50% probability level. 
Hydrogen atoms and solvent molecules were omitted for clarity.
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salicylaldimine complexes are similar, spanning a narrow range 
of 87.23(12)° – 88.90(7)°. 

While further investigating and expanding the library of 
compounds containing 2-picolinamide ancillary ligands, we 
found that different coordination modes of this ligand class can 
be favored depending on the substitution pattern and reaction 
conditions, as summarized in Scheme 2. The identity and purity 
of four new compounds are validated by NMR spectroscopy 
(Fig. S8–15), high-resolution mass spectrometry, and IR 
spectroscopy (Fig. S20–S28). To denote the three distinct 
binding modes, LN indicates the typical N,Nʹ coordination 
involving pyridyl and amide nitrogen atoms with the ligand in its 
deprotonated, monoanionic state. LN-B indicates an isomeric 
form where the ligand is still monoanionic but binds instead in 
an N(pyridyl),O fashion. Finally, LNH-B is used when the ligand 
likewise binds through the pyridyl nitrogen and amide oxygen, 
but is in its neutral, protonated form, thus giving a cationic 
complex.

The complex Ir-piq-L3H-B, in which the 2-picolinamide binds 
in its neutral, protonated state through pyridine and oxygen, 
was first observed as a minor product when reproducing the 
previously reported Ir-piq-L3 complex.35 After optimizing 
reaction conditions, the complex Ir-piq-L3H-B can be 
synthesized in good yield by treating [Ir(piq)2(μ-Cl)]2 dimer with 
the ancillary ligand L3H at room temperature in THF, in the 
absence of base. The 1H NMR shows one additional downfield 
proton resonance at 11.80 ppm for the amide N–H (Fig. S8), 
which is not present when the 2-picolinamide binds in a 
deprotonated, monoanionic form. High-resolution mass 
spectrometry confirms the ligand protonation state in Ir-piq-
L3H-B. The X-ray crystal structure of Ir-piq-L3H-B cannot be well-
refined due to poor crystal quality, but nonetheless the 
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Scheme 2. Synthesis of 2-picolinamide compounds with new coordination modes.

connectivity of Ir-piq-L3H-B was confirmed with the low-
resolution structure displayed in Fig. S29. The complex is clearly 
cationic with a chloride counteranion, with the 2-picolinamide 
binding to iridium through the pyridine N atom and the amide 
O atom.

Changing the reaction conditions also leads to a secondary 
product when combining aryl-substituted 2-picolinamides with 
[Ir(C^N)2(μ-Cl)]2 dimers. Previously we obtained Ir-piq-L3–5 and 
Ir-CNpiq-L5 (Scheme 2) by combining the chloride-bridged 
dimers and the 2-picolinamide proligand in basic methanol 
under reflux.35 Altering the C^N ligand to pphen, we successfully 
synthesized the targeted complex Ir-pphen-L5 in good yield 
using modified conditions where the solvent was changed to 
THF and the reaction was carried out at room temperature. 
However, under these conditions a secondary species formed, 
which was separated chromatographically and identified as Ir-
pphen-L5-B, featuring the alternative N(pyridyl),O binding 
mode. The analogous complex Ir-piq-L4-B also forms under the 
same reaction conditions, along with the previously synthesized 
Ir-piq-L4. 1H NMR spectra of these minor products (Fig. S10 and 
S14) indicate they have the same number of protons as the 
target complexes, and HRMS-ESI gives the same molecular 
weight for both the major and minor products. Taken together, 
these analyses suggest the two products from each reaction are 
isomers. Single-crystal X-ray diffraction of Ir-pphen-L5-B 
unambiguously confirmed the structure, which is shown in Fig. 
2. Refinement data for this structure are summarized in Table 
S2. This complex includes a previously unobserved 2-
picolinamide chelating mode involving the pyridyl nitrogen and 
the amide oxygen. The ancillary ligand C–O bond distance is 
1.297(7) Å, similar to what we observed in other O-donor 
ligands.35,38 The C–C distance from the 2-position of the pyridine 
ring to the amide C=O carbon (1.512(8) Å) is consistent with a 
C–C single bond, indicating no π-delocalization. The amide C–N 
distance is 1.289(7) Å, significantly shorter than the typical 
secondary amide C–N bond and suggestive of a dominant imine 
resonance with a C=N double bond. The absence of a counter 
anion in the crystal structure confirms that Ir-pphen-L5-B is a 
neutral complex with the 2-picolinamide ancillary ligand in a 
deprotonated, monoanionic form. The O–Ir–N bite angle in this 

Fig. 2 Molecular structure of Ir-pphen-L5-B, determined by single-crystal X-ray diffraction. 
Thermal ellipsoids are shown at the 50% probability level. Hydrogen atoms bonded to 
carbon and solvent molecules were omitted for clarity.
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five-member chelate 2-picolinamide complex is 75.71(16)°, very 
similar to the bite angle in the N,Nʹ chelating 2-picolinamide 
complexes Ir-piq-L4

 and Ir-piq-L5.35

FT–IR can also distinguish the different binding modes in the 
2-picolinamide complexes.  The C=O stretching frequency shifts 
to a lower frequency in the case of Ir-piq-L3H-B compared to the 
free ligand L3H, and we observe a further decrease in the 
complex Ir-piq-L3. On the other hand, the complex Ir-piq-L4 has 
a higher C=O stretching frequency than its isomer Ir-piq-L4-B, 
with the same trend observed in the Ir-pphen-L5 and Ir-pphen-
L5-B pair. Notably, complexes that adopt the same coordination 
mode have similar C=O stretching frequencies; for example, νC̃=O 
in Ir-piq-L4-B and Ir-pphen-L5-B are identical, and both have a 
sizable redshift compared to the isomers Ir-piq-L4 and Ir-pphen-
L5. Another interesting finding is that Ir-piq-L4-B and Ir-pphen-
L5-B can be thermally transformed to Ir-piq-L4 and Ir-pphen-L5 
under mild heating, as shown in Fig. S30–S31. After refluxing for 
seven days in THF-d8, almost all of the N(pyridine),O-
coordinated complexes irreversibly convert to N,Nʹ-coordinated 
compounds. Therefore, we assign the N(pyridine),O-
coordinated complexes (Ir-piq-L4-B and Ir-pphen-L5-B) as 
kinetic products, and the N,Nʹ-coordinated compounds (Ir-piq-
L4 and Ir-pphen-L5) are the thermodynamically favored 
products.

In this work we also investigated two new structurally-
related N,Nʹ-chelating ancillary ligands, paired with the 
cyclometalating ligand piq. The syntheses of Ir-piq-L7, isolated 
as its PF6

− salt, and neutral complex Ir-piq-L8, are outlined in 
Scheme 3. Both of these products were characterized by NMR 
spectroscopy and HRMS-ESI. The compound Ir-piq-L7 was 
prepared by treating 1 equivalent of the [Ir(piq)2(μ-Cl)]2 dimer 
with 2.5 equiv of L7 in the presence of 2.1 equiv of silver 
hexafluorophosphate (AgPF6). The synthesis of Ir-piq-L8 started 
by treating the L8H proligand with n-butyllithium in THF at −35 
°C. The resultant deprotonated ligand was then combined with 
the chloro-bridged cyclometalated iridium dimer, slowly 
warmed to room temperature, and stirred overnight. Both 
compounds were purified by recrystallization and isolated in 
moderate to good yields. The complex Ir-piq-L8 was also 
characterized by single-crystal X-ray diffraction, and its 
structure is depicted in Fig. 3, with detailed crystallographic 
data reported in Table S3. The N–Ir–N bite angle in this six-
member chelate complex is 86.79(11) °, aligned with what we 
observed in other six-member chelate complexes.38,39
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N N
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N

Scheme 3 Synthesis of complexes piq-L7[PF6] and piq-L8.

Fig. 3 Molecular structure of Ir-piq-L8, determined by single-crystal X-ray 
diffraction. Thermal ellipsoids are shown at the 50% probability level. Hydrogen 
atoms bonded to carbon were omitted for clarity. The carbon atoms of the 
ancillary ligand are shown in gray to provide additional contrast.

Electrochemistry

The electrochemical properties of the complexes were studied 
by cyclic voltammetry in anaerobic THF solutions. The overlaid 
voltammograms are shown in Fig. 4, with the redox potentials 
reported relative to the ferrocene couple (Fc+/Fc) and 
summarized in Table 1. Complexes Ir-btp-L1 and Ir-btp-L2 have 
similar quasi–reversible reduction potentials; however, 
replacing the N-propyl group (Ir-btp-L1) with N-tolyl (Ir-btp-L2) 
causes a negative shift in oxidation potential. The complex Ir-
pphen-L1 has a much more positive reduction potential than the 
btp analog with the same ancillary ligand, suggesting substantial 
stabilization of the LUMO energy. However, the oxidation 
potential shows less dependence on the cyclometalating ligand, 
indicating the cyclometalating ligands only have minor 
contributions to the HOMO. Complex Ir-piq-L6 shows a 
reversible first reduction peak at −2.27 V, which becomes 
irreversible when sweeping to even more negative potentials 
(Fig. S32). With the second reduction wave observed at −2.49 V, 
the reduction profile of Ir-piq-L6 is very similar to what we 
observed in other compounds with the same cyclometalating 
ligand, which can be assigned as the 

-3-2.5-2-1.5-1-0.500.51

Ir-piq-L3H-B

Ir-piq-L6

Ir-pphen-L1

Ir-btp-L2

Ir-btp-L1

(E vs. Fc+/Fc) / V
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Ir-piq-L4-B

Fig. 4 Cyclic voltammograms of all complexes recorded in THF with 0.1 M TBAPF6 
electrolyte. Currents are normalized to bring all the traces into the same scale, 
and the arrows indicate the scan direction.
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Table 1 Summary of redox potentials for all complexes, measured by cyclic voltammetry. 

Eox / V Ered / V

Ir-btp-L1 0.29a −2.68

Ir-btp-L2 0.17 −2.69

Ir-pphen-L1 0.25a −2.21, −2.45

Ir-piq-L6 0.32a −2.27, −2.49, −2.77

Ir-piq-L3H-B 0.56 −2.03, −2.46, −2.65

Ir-piq-L4-B 0.37 −2.24, −2.45

Ir-pphen-L5 0.48 −2.10, −2.41

Ir-pphen-L5-B 0.54 −2.09, −2.37

Ir-piq-L7 0.83a −1.67, −2.38, 2.63

Ir-piq-L8 −0.21 −2.42, −2.66

a Irreversible wave; the half-peak potential40 is reported.

subsequent reduction of each C^N ligand. Compared to the 
previously reported Ir-piq-L4, changing the ancillary ligand 
donor atom from O to N in Ir-piq-L8 results in a significant 
cathodic shift in oxidation and reduction potential, as seen in 
other red-emitting complexes. Cationic complexes Ir-piq-L3H-B 
and Ir-piq-L7 exhibit three reduction waves, with similar 
potentials for the second and third reductions that likely 
indicate subsequent population of a π* orbital on each C^N 
ligand. The first reduction peak in these two cationic complexes 
depends strongly on the ancillary ligand and occurs at a much 
more positive potential than typically observed when C^N = piq, 
suggesting that the LUMO in these compounds is mainly 
centered on the neutral ancillary ligand. In complex Ir-piq-L4-B, 
the reduction potentials are shifted anodically to a small extent 
compared to Ir-piq-L4, and the same trend can be observed in 
the pair of Ir-pphen-L5 and Ir-pphen-L5-B. For these aryl-
substituted 2-picolinamide complexes that exist in two isomeric 
forms, the oxidation and reduction potentials and the 
associated HOMO and LUMO energy levels are only slightly 
dependent on the ancillary ligand coordination mode. 
Photophysics

The UV–vis absorption spectra were recorded in toluene 
solution at room temperature for all complexes. The overlaid 
absorption spectra grouped by different C^N ligands are 
displayed in Fig. 5. In all cases, the intense absorption bands in 
the UV region (λ < 350 nm) are assigned to the spin-allowed 
ligand-centered π→π* transitions. The less intense, overlapping 
absorption bands extending beyond 500 nm for btp and beyond 
600 nm for piq complexes can be assigned as both singlet and 
triplet metal-to-ligand charge transfer (1MLCT/3MLCT) 
transitions, consistent with other well-characterized bis-
cyclometalated iridium complexes.27,38,41 These bands tail to 
longer wavelengths in the pphen complexes, which align with 
their smaller HOMO–LUMO gaps.
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Fig. 5 Overlaid UV–vis absorption spectra of iridium complexes, recorded in toluene at 
room temperature and organized by cyclometalating ligand. 

Fig. 6 collects the room-temperature photoluminescence 
spectra of the iridium complexes, whereas Table 2 summarizes 
the data. The excitation spectra are shown in the ESI† (Fig. 
S34−S43) and overlay very well with the UV–vis absorption 
spectra, indicating no impurities are interfering with the 
observed emission. Consistent with our previous report on C^N 
= piq analogues, the complex Ir-btp-L1 with the N-propyl 
substituted salicylaldimine ancillary ligand has a much higher 
solution quantum yield than N-tolyl substituted analogue Ir-
btp-L2, primarily because of a more than 7× higher knr value in 
the latter, and the ancillary ligand substituent does not perturb 
the emission peak wavelengths. However, the 
photoluminescence quantum yields of both btp complexes are 
moderate in solution (ΦPL = 0.34 and 0.07 for Ir-btp-L1 and Ir-
btp-L2, respectively), and their kr values in both solution and 
PMMA film, spanning in the range of 0.74–1.2 × 105 s−1, are not 
significantly different than many other C^N = btp complexes 
with different ancillary ligands.38 This suggests that 
salicylaldimine ancillary ligands aren’t particularly effective at 
promoting red phosphorescence with high quantum yields and 
fast radiative rates when btp is the cyclometalating ligand. The 
sharp vibronic structure in the PL of these compounds (first two 
panels of Fig. 6) indicates there is significant btp 3(π→π*) 
character in the emissive T1 state, which we have shown in 
previous studies generally leads to electron-rich ancillary 
ligands not being effective at promoting high ΦPL values.28,38,42

In contrast, the broad PL of the remaining compounds with 
poorly resolved vibronic structure is suggestive of significant 
3MLCT character in the T1 state, which results in the PL maxima 
and kr values being strongly responsive to the ancillary 
ligand.28,34 As expected, complex Ir-pphen-L1 exhibits 
luminescence with a maximum well beyond 650 nm (Fig. 6, third 
row), with ΦPL = 0.30 in toluene solution and 0.41 in PMMA, the 
differences arising primarily from a decrease in knr value in the 
polymer film. Although its quantum yield is not as high as 
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Fig. 6 Overlaid photoluminescence spectra of all complexes, recorded at room temperature. The emission spectra were recorded in both toluene (red solid line) and as a 2 wt% 
transparent PMMA film (blue dashed line). Samples were excited at 420 nm.

Table 2. Summary of photoluminescence data for all complexes.

Toluene 2 wt% in PMMA

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

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

(CIEx, CIEy)

Ir-btp-L1 611, 665, 740(sh) 0.34 2.9 1.2/1.3 607, 658, 731(sh) 0.62 5.4 1.1/0.70 (0.66, 0.34)
Ir-btp-L2 612, 669, 739(sh) 0.07 0.95 0.74/9.8 631, 667(sh) 0.56 5.6 1.0/0.79 (0.67, 0.33)

Ir-pphen-L1 696, 755(sh) 0.30 0.72 4.2/9.7 686 0.41 1.0 4.1/5.9 (0.70, 0.30)
Ir-piq-L6 625, 669(sh) 0.08 0.15 5.3/61 624, 670(sh) 0.66 1.2 5.5/2.8 (0.67, 0.33)

Ir-piq-L3H-B 603, 638, 706(sh) 0.84 1.2 7.0/1.3 601(sh), 631 0.94 1.4 6.7/0.43 (0.64, 0.36)
Ir-piq-L4-B 625, 664(sh) 0.02 0.56 0.36/18 611, 651(sh) 0.40 1.3 3.1/4.6 (0.65, 0.35)

Ir-pphen-L5 659 0.30 1.4 2.1/5.0 652 0.69 1.6 4.3/1.9 (0.69, 0.31)
Ir-pphen-L5-B 653 0.21 0.70 3.0/11 649 0.39 1.3 3.0/4.7 (0.68, 0.32)

Ir-piq-L7 596, 637, 705(sh) 0.13 1.2 1.1/7.3 592(sh), 630 0.32 1.7 1.9/4.0 (0.61, 0.39)
Ir-piq-L8 620(sh), 673 0.002 1.3 0.012/5.9 690 0.17 1.4 1.2/5.9 (0.71, 0.29)

previously reported CNpiq analogues which luminesce in a 
similar spectral region,35 complex Ir-pphen-L1 does have a very 
fast radiative decay rate (kr = 4.2 × 105 s−1 in solution), rivaling 
or exceeding other previously reported deep-red 
phosphorescent complexes with the same cyclometalating 
ligand.25,26 Another structural effect we investigated is replacing 
the N-tolyl group in L2 with 4-trifluoromethylphenyl in L6, 
hypothesizing that the CF3 group can suppress knr as we 
observed in complexes of the 2-picolinamide analogue L5, 
including previously reported35 Ir-piq-L5 and Ir-CNpiq-L5, and, to 
a lesser extent, Ir-pphen-L5 (see Scheme 2 for structures). The 
photoluminescence properties completely refute this 
hypothesis. The emission profile remains unperturbed in Ir-piq-
L6 (Fig. 6) and the kr has the same magnitude, but this 
trifluoromethylated complex exhibits a more than threefold 

increase in the nonradiative rate constant in solution compared 
to tolyl-substituted analog. These values lead to a moderate ΦPL 
in solution (0.08), which increases considerably in PMMA film 
(ΦPL = 0.66) due to a suppression of knr. Substituting the donor 
atom in N-tolyl salicylaldimine to produce L8, i.e., replacing the 
oxygen with a second N-tolyl, results in significantly redshifted 
emission to the deep-red region, corresponding to the smaller 
electrochemical HOMO–LUMO gap. The photoluminescence 
quantum yields of Ir-piq-L8 are low both in both solution and 
PMMA film, with the inherently low kr value primarily 
responsible.

In the 2-picolinamide complexes, the different observed 
coordination modes can subtly affect the emission wavelength 
but profoundly impact the excited state dynamics. The complex 
Ir-piq-L3H-B (Fig. 6, middle row) shows exceptionally strong red 
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luminescence (ΦPL = 0.84) in fluid toluene solution with an 
emission maximum of 638 nm and has a near-unity quantum 
yield when immobilized in PMMA film, with ΦPL = 0.94. The λ0–0 

wavelength in Ir-piq-L3H-B shifts to shorter wavelength by ca. 
24 nm (635 cm–1) relative to Ir-piq-L3,35 which can be tentatively 
explained by the neutral, protonated ancillary ligand being less 
electron-rich. The compound Ir-piq-L7 was introduced as a point 
of comparison to Ir-piq-L3H-B. Both complexes are cationic, 
whereas Ir-piq-L7 replaces the amide oxygen donor atom in Ir-
piq-L3H-B with an imine nitrogen atom. The amide complex Ir-
piq-L3H-B has more than 6× higher ΦPL than the imine complex 
Ir-piq-L7, even though the emission wavelengths are very 
similar. Given the very low-energy LUMO indicated by the cyclic 
voltammogram of Ir-piq-L7 (Fig. 4), it seems likely there is a 
deactivating, nonemissive state in this complex that centers on 
the diimine ancillary ligand. N(pyridyl)-O-bound 2-picolinamide 
complexes Ir-piq-L4-B and Ir-pphen-L5-B have almost identical 
emission profiles with their structural isomers Ir-piq-L4 and Ir-
pphen-L5, but significant lower ΦPL values. These decreases in 
ΦPL are primarily due to much larger knr values and have subtle 
contributions from declines in kr. Our tentative explanation is 
that this alternative binding mode places the N-aryl substituent 
distal to the bis-cyclometalated iridium fragment, allowing it to 
freely rotate and contribute to nonradiative decay pathways. In 
contrast, in the “normal” N,Nʹ binding mode this N-aryl ring 
closely approaches an adjacent C^N ligand, likely restricting its 
rotation.

Although the main purpose of this study was to investigate 
the effects of different ancillary ligand structures and binding 
modes on photoluminescence properties, it is worthwhile to 
briefly contextualize the quantum yield values against related 
compounds in the literature. The red-phosphorescent iridium 
compounds used in some of the most efficient literature-
reported OLEDs all have photoluminescence quantum yields 
near 0.5.18,22,43 A recent advance from Kim et al. has produced a 
red cyclometalated iridium OLED dopant with near-unity 
quantum yield,33 and some of our best-performing examples 
with electron-rich ancillary ligands exhibit ΦPL > 0.8 in solution 
and/or PMMA film.28,35 Most of the compounds in this study fall 
short of these standout examples, excepting Ir-piq-L3H-B, which 
has near-unity photoluminescence quantum yields in solution 
and polymer film, albeit with luminescence that is not as deep 
red as some of the previously cited examples. The three new 
deep-red-emitting compounds with C^N = pphen have quantum 
yields that rival some of our best-performing examples with PL 
maxima beyond 650 nm,25,26,34,42 although they are not clearly 
superior. In short, most of the compounds in this work have very 
good photoluminescence quantum yields for the red region of 
the spectrum, although there are certainly other compounds in 
the literature with superior metrics.

Experimental

General procedures for the synthesis of compounds described 
here and their photophysical characterization are given below. 
The ESI† includes full synthetic details and physical 
characterization data.

General synthetic procedure. For most compounds, the chloro-
bridged cyclometalated iridium dimer [Ir(C^N)2(μ-Cl)]2 was 
treated with base and the ancillary proligand LNH. For the 
cationic complexes Ir-piq-L3H-B and Ir-piq-L7 the base was 
omitted and in the latter case AgPF6 was included to extract 
chloride. The reaction mixture was stirred at room temperature 
or refluxed for 12–24 hours, and the final product was purified 
by column chromatography and/or recrystallization. 
Characterization by 1H and 13C{1H} NMR and high-resolution 
mass spectrometry confirmed the identity and purity of the 
product.
Photophysical measurements. UV−vis absorption spectra were 
measured in toluene solutions in 1 cm quartz cuvettes sealed 
with a screw cap and septum, using an Agilent Cary 8454 UV−vis 
spectrophotometer. Steady-state emission spectra were 
measured using a Horiba FluoroMax-4 spectrofluorometer with 
appropriate long-pass filters to exclude stray excitation light 
from detection. To exclude air, samples for emission spectra 
were prepared in a nitrogen-filled glovebox using dry, 
deoxygenated solvents, and thin-film PMMA samples were kept 
under nitrogen until immediately before measurement. 
Photoluminescence quantum yields of solution samples were 
determined relative to a standard of tetraphenylporphyrin 
(TPP) in toluene, which has a reported fluorescence quantum 
yield (ΦF) of 0.11.44 The absolute quantum yields of complexes 
doped into poly(methyl methacrylate) (PMMA) thin films were 
recorded using a Spectralon-coated integrating sphere 
integrated with a Horiba FluoroMax-4 spectrofluorometer.

Conclusions
This work presents a study on the effects of ancillary ligand 
structure parameters and coordination modes on the excited 
states of red-emitting cyclometalated iridium complexes. Here, 
we report ten novel cyclometalated iridium red emitters, 
including eight different ancillary ligands, which can form six 
different coordination cores. We had previously introduced 
salicylaldimine and 2-picolinamide ligands as particularly 
effective at promoting red phosphorescence. These 
salicylaldimine ligands are less effective when the 
cyclometalating ligand is btp, which produces red 
phosphorescence with more C^N-ligand-centered character. 
Substituting the hydroxy group in salicylaldimine derivatives 
with an aryl amine suppresses the radiative rate constant (kr) 
and significantly redshifts the emission wavelength. A 
significant new insight from this work is that the 2-picolinamide 
ligands can adopt three different coordination modes. First, the 
N-propyl substituted 2-picolinamide proligand (L3H) can bind to 
the iridium center in its neutral form via an N(pyridyl),O mode, 
forming five-member metallacycles. Moreover, the N-aryl 
substituted ligands can coordinate to the iridium center in an 
analogous N,O mode but in a monoanionic deprotonated state, 
in addition to the usual N,Nʹ mode we observed before. 
Complexes with the monoanionic N,O mode, which can 
thermally transform to the more stable N,Nʹ-coordinated 
complexes, have much lower ΦPL than their structural isomers. 
In total, this work gave new insights into the coordination 
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chemistry of these ancillary ligand classes and produced a series 
of red to deep-red phosphors, some with exceptional 
photoluminescence quantum yields in solution and/or polymer 
film. This work reveals critical fundamental insights into 
controlling and optimizing phosphorescence by controlling the 
ligand coordination mode and donor atom identity.
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