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ABSTRACT:Bis-cyclometalated iridium complexes with enha
phosphorescence quantum yields in the red region of the IS
7 a [
spectrum are described. Here, we demonstrate that incorp@
strongly -donating, nitrogen-containingketoiminate (acNac),- &
diketiminate (NacNac), anhl,N -diisopropylbenzamidinate (dipb . < MLCT Character —
ancillary ligands can demonstrably perturb the excited-state K Radiative Rate
leading to enhanced photoluminescence quantum yigldéof red- Dpy
emitting compounds. A comprehensive study of the quantum yiel
lifetimes for these complexes reveals that for the compounds
highest quantum vyields, the radiative rate conkparg gignicantly
higher than that of related complexes, and contributes substantially to
the increase in p,. Experimental and computational evidence is consistent with the notion that an increassbiin spin

coupling, caused by an enhancement of the metal-to-ligand charge transfer (MLCT) character of the excited state via
destabilization of the HOMO, is mainly responsible for the faster radiative rates. One of the compounds was shown to be

e ective as the emissive dopant in an organic light-emitting diode device.

INTRODUCTION In reality, it is the lack of high-performing and stable iridium-
Organometallic compounds of 4d and 5d metals, which e psed blue OLEDs that is the biggest technological challenge

from triplet excited states with mixed ligand-cent@db¢ or O.LED display technologfés: Neverthelgss, there s
3 *) and metal-to-ligand charge transtiLCT or °d *) certainly room for fundamental advances in the design of

character, have become the leading class of emitters foFr%g?_%?grta"'Crecc;g]npgec):fefh;hﬁsmgsshgéfrsumm@ 'dgng‘ t?}%S hors
number of optoelectronic applications, most prominentl 9y reg P ' phosp

o L : : ith deep red and near-IR emission are important for
organic light-emitting diode (OLED) dispfaysThe strong Iith de . . . -
spin orbit coupling brought on by the heavy transition meta pplications outside of OLED displays, namely, night-vision

increases the rates of formally spin-forbidden process hh”"g;%y’ medical imaging, and biological probes and
namely, intersystem crossing, to populate the triplet statesN1S0rs: .
There are a few reasons for the typically lower quantum

and radiative decay, which generates emitted light. Both af . o .
these eects contribute to the high phosphorescence quantunéﬁe'gjS 2'2 red-emitting phosph_ors. According to 'ghe energy gap
e ciencies observed in many organometallic complexes of &~ the rate of nonradiative decdy,)(is inversely

and 5d metals and make them ideal emitters for OLEDs ai ated to the energy_drence be;w_een the ground _and
other applications. Several classes of phosphorescent cGpgited states. In addition, the radiative kgtéds a cubic

plexes have been tested in OLEDs, with octahedral CyCEi_)@pendence on the transition energy and thus is expected to be
metalated iridium(lll) complexes emerging as the mostmaller for lower-energy emltfe!Fmally,kr depends on the
prominent:° spin orbit interactions of the triplet states with hlg_her-ly|r_19
Facile color tunability is a key feature of cyclometalateﬂngle_ts’ which increases the allowedness of the spin-forbidden
iridium complexes, and there are several examples that emiafiative transition by relaxing spin-selection rules. This spin
the blue to yellow region of the spectrum with near uninPrbit coupling is only sigeant forMLCT states, but it can
quantum yieid®® > However, related complexes that emit in indirectly inuence lower-lyind C states via coguration
the lower-energy regions of the visible spectrum (orange iferaction between LC and MLCT stateShe excited
red) often exhibit phosphorescence quantum yields that apates of low-energy emitters with highly conjugated cyclo-
signi cantly smaller. It is still possible to fabricate red iridiumtetalating (C”N) ligands are often primarily ligand-centered.
based OLEDs with swient performance for device
applications? #* with the best-performing red emitters Received: May 8, 2018
exhibiting photoluminescence quantum yields5>?%%3 Published: July 21, 2018
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There is a larger energy separation between the LC and MLG@dr the design of eient red phosphors that can be

states, which results in weaker goration interaction incorporated into OLED devices or used in other applications.

between the two states, diminishing the split coupling

term in the emissive state and contributing to a stigaller RESULTS

Thus, in order to have large smirbit coupling in the Synthesis and Structural Characterization. Six new

emissive fTstate, there must be sigaint MLCT character.  complexes of the type Ir(CYOX) (C*N = 1-phenyl-
The relationship between MLCT character, spbit isoquinoline (pig) and 2-(2-pyridyl)benzothiophene (btp))

coupling, and, has long been recognized and has beenvere prepared as describedSitheme .1 These cyclo-

demonstrated in several archetypal cyclometalated iridium

complexes by direct measurement of =zddosplitting Scheme 1. Synthesis of (N)acNac and dipba Complexes

(ZFS)**** or by measuring radiative rate constapt$of a

series of compounds with teysatically varied MLCT N ’r\c (T L
charactet” Indirect evidence for enhanced MLCT character /""||r \\\\“C"mlr»‘“ 20 X — e ™
can come from rigidochromic shifts in Iow—temperature<|\ol/w N THF {—I\x
emission spectta, solvatochromism, or from analysis of N M = K [(N)acNag] ~2MC! N

vibronic structure, which is less pronounced for MLCT M = Li (dipba)

emission. However, this dependencds, afn spin orbit _ O s
coupling has not been intentionally exploited in the design of & N= — 4 r{l_\
O~ o
N
o btp
piq

red and near-infrared emitters with faster radiative rates. In thi
work, we demonstrate the ability to incrdasand the
photoluminescence quantum yield J by using systematic

changes to ancillary ligands in heteroleptic complexe ZA Z
. . . .. . h)
engineering more MLCT character into the emissive excited| /- m/ \N(e\'N(
state. There are several well-known studies oneitis ef @ @ >—N o0 N—<

ancillary ligands on cyclometalated iridium emission, including acNac NacNac dipba
chromophoric diimine ancillary ligands that can be used to [1

tune emission color over a wide raffgend other accounts
describing spectroscopically inert ancillary ligands and thei
e ects on mostly blue or green-emitting compteXes>*°
Here, we show that by increasing tenating character of ) )
the ancillary ligand, red-emitting complexes with fastdpetalating I|g§nds were chqsen to engendgr the target
radiative rates and augmented quantum yields can be desigif@dnPlexes with emission in the red region of the
Motivation for this approach comes from work from ourSPECtrum 3% The ancillary ligands (LX) that are paired
group, where we demonstrated théietoiminate (acNac) W'th. these cyclometalating ligands N;Qchelatmg .

and -diketiminate (NacNac) ancillary ligands, isoelectronietoiminate (acNac), the analogiils-chelating -diketimi-

with the widely used-diketonate (acati ancillary ligands, "ate (NacNac), and the smaller bite-aNg\e-diisopropyl-
can have profound impacts on the electronic structures of b og?ﬁ:g];?]lt?lzgsefIgszzle;rgSa?]:joT\Ie;culilzgvgsrﬁ{)?;(%isxi;pg{ﬁedr
O o e & st CON g an s provento b agenera rout 10 sces
ligands on phosphorescent platinum cyclomet3lagepart co.mplexes' of this type.ATo prepare the complexes,' the chloride-
of our previous work, we observed impressive phosph bgdged dimers [Ir(C"NJI 'C!)]Z are treated -Wlth 'ghe
escence quantum yields for the yellow-emitting compl otassium salt of the respective (N)acNac ancillary ligand at

Ir(bt) acNac) (bt = 2-phenylbenzothiazoley = 0.82). om temperature in THF or with the in situ-generated lithium

salt of dipba. Following puration, new complexes6 were

spurning our erts to better understand this enh""r‘cerT]er‘Fobtained in moderate to good isolated yields ranging between

a_nd_ pursue red and near-infrared-emitting compounds UsiBgo; and 939%H and 13C{TH} NMR establishes the identity
similar design elements. _ , .._and purity of all complexes. The NMR spectra of the NacNac
In the present work, a suite of six new red-emittingyhq dipba complexes all eviGesymmetry, whereas for
complexes featuring two efient cyclometalating ligands are geNac complexes the point group,jsand each carbon and
described. The quantum yields of two of these complexes @iton nucleus gives rise to a distinct NMR resonance. The
80%, signtantly higher than those of relaf@elr(C"N); NMR spectra also show only one species present in each case,
and Ir(C"N),(acac) complexes. The work described here alsgjth no evidence for the existence of any isomeric products.
leads to a mechanistic proposal for the substantial increase irhree of the new complexist, and6, were characterized
quantum yield in some of these complexes. A thoroughy single-crystal X-ray miction. The structures of these
investigation of time-resolved emission reveals that th®mplexes are depictedrigure ] and the crystallographic
increase in quantum yield correlates with an incregse in data is summarized in Table S1 irStheporting Information
Several pieces of experimental evidence, namely, rigidochrgmall cases, an approximately octahedral geometry about the
ism, solvatochromism, vibronic structure, and electrochemigadiium(lil) center is observed, andransdisposition of the
data, suggest that this augmentation of the radiative ratetigo nitrogen atoms of the cyclometalating ligands is revealed.
brought on by the higher MLCT character and larger spin Another feature of all of the crystal structures is a planar,
orbit coupling term in these complexes. This workdelocalized core for the acNdcand 4) and dipba )
demonstrates that acNac, NacNac, and other strongbncillary ligands. In the structures afid4, the C O, C N,
donating, isoelectronic ancillary ligands are attractive targated C C bond distances of the acNac chelate ring are

2: C*N = piq, LAX = NacNac 5: C*N = btp, L"X = NacNac

: C*N = pig, LAX = acNac 4: C*N = btp, L"X = acNac
3: C”N = piq, LAX =dipba  6: C*N = btp, L"X = dipba
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grams. The latter occur beyori2l0 V vs the ferrocenium/
ferrocene (FéFc) couple and involve population of a

orbital on the C”N ligand. When C~N = btp, only one
reduction wave can be clearly resolved, which is irreversible in
4 and5 and reversible in comp@XE = 2.53 V). For the
remaining complexes with C*N = piq, two reversible one-
electron reduction waves are observed, likely resulting from the
subsequent reduction of each C”N ligand. These potentials are
only slightly dependent on the identity of the ancillary ligand.
As shown ifable 1 when the ancillary ligand in the reference

Table 1. Summary of the Reversible Reduction Potentials
for Complexes Ir(pig)(LX) (1 3)*

E/V LX = E/V LX = acNac E/V LX = NacNac E/V LX = dipba
() (2) (3

acat’
2.12 2.20 2.25 2.21
2.36 2.46 2.51 2.49

SPotentials are reported vs'/Fc.

complex Ir(pigYacac) (acac = acetylacetonate) is replaced
with nitrogen-containing ancillary ligands acNac, NacNac, and
dipba, the reduction potentials are shifted cathodically to a
small extent, the largest perturbation bels§ mV for LX =
NacNac 2). All of this data is consistent with minimal
perturbation of the C”N-centered LUMO energies when the
ncillary ligand is altered.
All of the complexes here also display a forf¥ "ir
redox couple, which is in contrast highly sensitive to the
identity of the ancillary ligand. In most cases, the oxidation
independent of the C”N ligand and intermediate betweewave is not completely reversible with a 0.1 V/s scan rate, the
typical single- and double-bond distances, consistent with aratio i, /i, o being less than 1 for the acNac and NacNac
delocalized core. Similarly, com@leresides on a special complexes and indicatii§C’ behavior, i.e., an electro-
position in the crystal, such that @}esymmetry and equal chemical oxidation followed by a chemical step. Individual
C N bond distances in the dipba ligand are enforced bgathodic and anodic sweeps, isolating the reduction and
crystallographic symmetry. The disparate bite angles of tgidation waves #and5, con rm that both features are truly
acNac and dipba ligands are evident as well. The aciac O irreversible for these complexes. To visualizeettieoé the
N angles are 88.53¢dh 1 and 88.08(16)in 4, and the N ancillary ligands on the redox couplasle 2summarizes the
Ir N angle of the dipba ligand is much smalleg in
(60.67(149). Table 2. Summary of M/Ir " Potentials for Ir(C N}(LX)
Electrochemistry. CVs for the complexes described hereComplexe$
are presented ifrigure 2 The compounds display both

Figure 1.X-ray crystal structureslofl, andé. Thermal ellipsoids are
drawn at the 50% probability level with solvent molecules and
hydrogen atoms eliminated. Unlabeled atoms are carbon.

S : . . ; EVLX= BVLX= BV LX = BV LX =
oxidation and reduction features in their cyclic voltammc G acNac NacNac dipba
C'N=piq +0.47 +0.27 0.06 +0.12

C"N = +0.43* +0.3%# +0.0P +0.21
btp

. B/
% J 3potentials are reported in volts (V) v&¥fRe Plrreversible wave.

E;.ais reported.

4
3 F———_J\/y Ir'V/ir'"" potentials for complexes6, as well as the previously

2 M reported acac analogues. The reported oxidation potentials for
i:> Ir(piq),(acac) and Ir(btpYacac) are quite similar, and

1 R replacing acac with acNac, i.e., replacing one oxygen with

05 0.0 -05 -1.0 -1.5 2.0 -25 -3.0 oneN-phenyl group, results in a cathodic shift of ca. 0.1 to 0.2
(Evs. FG'TFG) IV Vin E(Ir'V/Ir'). Substituting acNac for NacNac, i.e., replacing
the second oxygen with a sedgfghenyl, results in a further
and slightly larger cathodic shift of ca. 0.3 V. Thus, the
V/s in acetonitrile with 0.1 M TBA orting electrolyte, a glass oxidation potentials for th_e NacNac_:-containing complexe_s are
carbon working electrode, a platﬁﬁjr?]pwire gcounter glectro%e, a){wd"ﬁry near the F~c potential and shifted by ca. 0.5 V relative
silver wire pseudoreference. Potentials are referenced to an intefRathe analogous acac complex. The dipba ancillary ligand

standard of ferrocene, and currents are normalized to bring all of tfesults in [¥/Ir'" potentials that are intermediate between
traces onto the same scale. those of the respective acNac and NacNac complexes, and in

Figure 2.Cyclic voltammograms of compleixe§ recorded at 0.1
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the case of Ir(btpjdipba) (6), the redox couple is now
reversible, in contrast to the couple amd>5.

DFT Calculations. Orbitals were computed for the
reference compound Ir(pigcac) as well as the new
compounds Ir(pigfacNac) @), Ir(piq),(NacNac) @), and
Ir(piq) »(dipba) (3), to investigate the ects of the ancillary
ligand on the frontier orbitals. DFT-optimized atomic
coordinates are provided Tiables S2S5 Figure 3shows
Kohn Sham frontier orbital depictions for these compounds,
with partial orbital energy-level diagrams shown in Figures S1
S4 of theSupporting InformationThe DFT calculations
reproduce the trends observed electrochemically, with
calculated LUMO energies varying minimally across the series.
In contrast, the HOMO energies are progressively destabilized
as additional nitrogen atoms are incorporated into the ancillary
ligand, resulting in a progressive decrease of the HOMO
LUMO gap across the series as observed electrochemically.
Even more striking, the orbital parentage of the HOMO
changes dramatically as the ancillary ligand is altered. In
Ir(pig),(acac), the HOMO was determined to involve nearly
equal contributions of the Ir center and the C~N ligands, as is
typical for cyclometalated iridium compl&emwever, in
Ir(pig),(acNac) @) the HOMO includes nearly equal
contributions from Ir, the C”N ligands, and the acNac
ancillary ligand, and in Ir(pjflacNac) @), the HOMO is
almost entirely centered on the NacNac ancillary ligand (80%
by electron density), with a small contribution from Ir and
minimal involvement of the cyclometalating ligands. The
HOMO composition of Ir(pigfdipba) (3) is intermediate
betweerl and?2, with 62% contribution from dipba.

Photophysical Properties. UV vis absorption spectra
and steady-state and time-resolved emission spectra were
recorded for all complexes described herevif/®bsorption
spectra for the complexes are overlaid in Figures S5 and S6 in
the Supporting InformationThe absorption spectra are
reminiscent of other well-characterized bis-cyclometalated
iridium complex&s® and are dominated by intense ligand-
centered * transitions in the UV region€ 350 nm, >
10 M *cm 1) and weaker, overlappih®LCT transitions
that tail into the visible range, tailing out to ca. 550 nm when
C”N = btp and extending beyond 600 nm when C”N = piqg. In
general, the absorption spectra depend little on the ancillary
ligand, with acNac, NacNac, and dipba complexes giving
similar spectra at parity of C*N ligand. One notaltdectice
is that unlike the acNac complexes the NacNac complexes
display an intense absorption shoulder near 400 nm>with
100 M ! cm %, which is tentatively assigned to a NacNac-
centered * transitiom’® Complexes with LX = dipba (
and6) show additional well-resolved bands near 500 nm, not
seen in the other complexes.

All of the complexes described here are luminescent at room
temperature when excited within their absorption manifold.
Overlaid emission spectra of the complexes, grouped by ) )
cyclometalating ligand, are displayédgure 4 The steady- Figure 3.DFT-calculated frontier orbitals of Ir(p{tyX) complexes,
state and time-resolved emission data are summaFizein With orbital plots shown afomtour level 0.02 au. Orbital

. . .compositions and computed HOMKQJMO energy gaps are
3, and as a point of comparison, the data for the CorreSpondlé wn, with percentages representing electron density. PBEO hybrid

Ir(C”N) ,(acac) reference complexes are included. Excitatio g exchange functionals, TZVP (nonmetal atoms) and SDD (Ir)
spectra were also collected for each of the new complexes ghgis sets, and IEFPCM solvation (THF) were used in all

are shown in th8upporting Informatiofrigures S7S12. In computations.

each case, the excitation spectrum and absorption spectrum-are

superimposed, indicating that the emission signal arises fromAs shown ifrigure 4changing the ancillary ligand can have
the iridium complex and not from an impurity. di erent eects on the observed emission lproThe

10201 DOI:10.1021/jacs.8b04841
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6, where the cyclometalating ligand includes a thiophene aryl
donor, the behavior stands in contrast to the piq complexes,
and there is almost noeet of the ancillary ligand on the
emission spectrum. Comparing the spectra of these complexes
with their acac analogues reveals a <308 dinerence
between the emission maxima, and in each case, well-resolved
vibronic ne structure is evident. The spectrum of dipba
complex6 is signicantly broadened when comparedidod

5, with a poorer resolution of the vibronic structure.

Quantum yields and emission lifetimes were also measured
for all of the compounds at room temperature. The ancillary
ligands can have a profound impact on the excited-state
dynamics, and again thee is dependent on the identity of
the C”N ligand. For the Ir(pig).X) series, replacing acac
with acNac (compleX) leads to a ca. 7-fold increasd jn
from 1.2x 10° s ' to 8.0x 1¢ s ®. This increase ik is
accompanied by a small decredsg mesulting in a quantum
yield ( ) of 0.80 for complek. In the NacNac and dipba
complexe® and3, the radiative rate constants are larger than
the parent acac complex but smaller than acNac. The
nonradiative rate constantiand3 are signicantly larger
than both the acac and acNac analogues. The resulting
guantum yields are 0.17 for comflard 0.34 for compl&x
albeit with a pronounced bathochromic shift as mentioned
above. In the btp seriegb ) quite di erent trends in excited-
state dynamics are observed. Replacing acac with acNac and
NacNac has a small but detrimentateon the radiative and
nonradiative rates, such that the quantum yiefdé of, =
0.33) andb ( p. = 0.21) are signtantly smaller than that of
?r(btp)z(acac) ( . = 0.51)° However, the dipba ancillary
ligand does have a sigaint and beneial eect on the
i excited-state dynamics of com@jeand a ca. 2-fold increase
ﬁ]\g:re:éaiu;\nnrgfggucgsEmlssmn Data for All Complexes and in k. and a 2-fold decreasekjpare both responsible for the

much higher quantum yield g = 0.79) for this complex

Figure 4 Overlaid emission spectra of complex8¢top) and4 6
(bottom), recorded in THF at room temperature. Samples wer
excited at = 420 nm.

om (k- x10°s l}/( Ky x 105 relative to the parent acac analogue.

complex (nm) o (9 59 Steady-state spectra were recorded for all complexes at 77 K
Ir(pig)(acacf* 622 0.2 17 1.2/4.8 in toluene glass. One representative example {a@\gc)
1 637 080 1.0 8.0/2.0 (1), is shown irFrigure Swith the remaining spectra deposited
2 678 017  0.82 2.1/10 in the Supporting Informatior{fFigures S13S17). As
3 671 034 074 4.6/8.9 exemplied by the spectrum df in Figure 5 the vibronic
Ir(btp) (acac§ 612 052 58 0.88/0.84 structure becomes sharper and better resolved at 77 K. Even
4 614 033 58 0.57/1.2 for complexe® and 3, where the spectra are broad and
5 609 021 63 0.33/1.2 featureless at room temperature, their vibronic structure is
6 622 079 53 1.5/0.40 evident at 77 K, although it is poorly resolved in coplex

®Data forl 6 recorded at room temperature in THF solution.
Pvalue corrected by a factor of 2.4 from the original reference, to
account for a correction in the quantum yield offabk(ppy)s
standard that these values were referented to.

reference compound Ir(pjpcac) displays an emission
maximum at 622 nffi. Substitution of nitrogen-containing
ancillary ligands has a pronounceecteon the emission
maximum. Replacing one ancillary oxygen dondy-Rithin

the complex Ir(pigfacNac) () results in a 400 crh
bathochromic shift in the emission maximum to 637 nm.
The N,N-chelating NacNac and dipba ancillary ligands have a
more profound ect on the observed emission maximum and
result in similar emission maxima, 678 nm for NacNac
complex2, and 671 nm for dipba compl&xThese values

represent a >1100 ched shift in the spectral maximum Figyre 5.0verlaid emission spectra of Ir(giagNac) @) recorded
relative to Ir(pigXacac), and a progressive loss of vibronicn toluene at room temperature (blue, squares), 77 K (red, circles),
structure is noted as addital nitrogen donors are and PMMA Im (black, triangles) with,= 420 nm. The inset shows
incorporated into the ancillary ligand. For btp complexes a photograph of the PMMA thitm sample.

10202 DOI:10.1021/jacs.8b04841
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Another consistent feature of the low-temperature spectra is a

measurable hypsochromic shift in the emission maximum at

the lower temperature. The magnitude of the hypsochromic

shift depends somewhat on the ancillary ligand for the piq

series 1 3). For the btp complexes, the rigidochromic shifts

are modest (350 cm?) and independent of the ancillary

ligand. In-depth solvatochromic studies were carried out for all

complexes, recording room-temperature spectra in THF,

toluene, acetonitrile, and butyronitrileg(res S18523,

Tables S6S1). For the btp complexes, emission wavelengths

are only mildly sensitive to solvent polarity, spanning small

ranges of 609615 nm @), 605 609 nm b), and 620623

nm (6) in these solvents, a drence of no more than 160

cm® The complex Ir(pigfacNac) likewise has weak Figure 6.Electroluminescence spectra for OLED devices fabricated
solvatochromism, spanning a range of nm (220 from faelr(piq); and compleg. A schematic of the device is shown
cm 1) and systematically red-shifting as the solvent polariiy the inset. Spectra were collected with an applied bias of 10 V.
increases. The remaining two piq complexes exhibit signi
cantly larger solvatochromism. In IrggdacNac) @), a emissive iridium complex was doped into the EML at a loading
shorter wavelength maximum of 666 nm is seen in tolgene ( of 9 wt %! V curves for the devices are shown in Figures S24
2.38), while in MeCN (= 37.5) the maximum shifts to 714 and S25 of th&upporting InformatiorElectroluminescence
nm, a dierence of 1000 crh Complex3 is intermediate  spectra for the two devices are shoviiginre 6 Both were
betweenl and 2 with respect to solvent dependence, withcollected with an applied potential of 10 V, and under these
maxima falling between 667 nm (toluene) and 685 nntonditions, both compounds generate deep red electro-
(MeCN), a range of 400 cfn Quantum yields and lifetimes luminescence, with CIE chromaticity coordittabé<0.51,

were also measured in three of the solvents, and they a&d2) forfacir(piq); and (0.46, 0.43) for complexThis data
depend somewhat on solvent polarity. In most cases, the demonstrates that compléxis amenable to thermal
values are very similar in THF and toluene, except c@mplexdeposition and can be incorporated into a functional OLED,
where the quantum yield increases simily in toluene  although considerable futurergwill be required to optimize
(0.42) compared to THF (0.17). One common feature is thehe performance and color output of devices with the
guantum vyield being sigoantly smaller in MeCN than in emissive dopant.

THF, even in the cases where the wavelength red-shifts very
little in MeCN. DISCUSSION

To study emission properties in media more relevant tfn this work, red-emitting cyclometalated iridium complexes
OLEDs, the photoluminescence properties of the bestwith nitrogen-containing, strongigonating ancillary ligands
performing compounds Ir(pigacNac) @) and Ir-  were prepared. In doing so we uncovered two complementary
(btp),(dipba) (6) were investigated when doped into designs that give rise to higher photoluminescence quantum
PMMA (PMMA = poly(methyl methacrylate) thitms. yields than the compounds that have been used in some of the
The samplelms were fabricated by drop-coating 2 wt % of thehest-performing red OLE$ Two compounds introduced
emitter in PMMA in dichloromethane solution inside thehere, Ir(pig)(acNac) (L, .= 637 nm) and Ir(btp)dipba)
glovebox. Overlaid emission spectra in toluene solution agé, .= 622 nm), have photoluminescence quantum yields of
PMMA Im are shown iRigure §complexl) and Figure S17  ca. 80% in solution. Both of these exceed by a large margin the
(complex) in the Supporting Informatiol PMMA, asmall  quantum yields of their respective acac complex@siiiéee
but measurable hypsochromic shift is observed in the emissgnIn addition, p_ values fod and6 are also sigréantly
maximum of Ir(pigfacNac) (150 cm') due to rigid-  higher tharfaclr(pig)s ( . = 0.45§2 and Ir(tma)(acac)
ochromism. For Ir(btpldipba), however, the spectral shift (tmq = 4-methyl-2-(thiophen-2-yl)quinolong, = 0.55)%°
is minimal. Compared to the solution, both complexes displayo compounds used in champion red OLEDs and a host of
a decrease Iy and an increase kg, while the lifetimes are other top-performing red emitters, all of which have solution
similar ( =1.1 s for complet and 5.1 s for compleg). As quantum yields 0.62"° “® The quantum yields do decrease
a result, the quantum yields for both complexes decreasemewhat when the compounds are immobilized in PMMA

relative to their solution values, t9 = 0.64 () and p = Im, for reasons that are not entirely clear. Nevertheless, the
0.47 @). guantum vyields af ( p. = 0.64) and6 ( p_ = 0.47) in
Electroluminescence. To test the e cacy of complekin PMMA exceed those d#elr(piq); ( p. = 0.45%° and

an OLED device, identical OLEDs were fabricatedfasing Ir(tmq),(acac) ( p. = 0.189}" measured under nearly
Ir(pig)s™° and compleg as the emissive dopants. The inset ofidentical conditior?é While the quantum yields of Ir-
Figure 6shows a schematic of the devices, which include dpiqg),(NacNac) @) and Ir(piq)(dipba) (3) are not nearly

ITO anode (120 nm thickness) and aluminum cathode (20@s high as those bandb, in these cases the emission maxima
nm thickness). The active layers arebds@\N-1-naphthyN- occur at >670 nm, and the observed solution quantum yields
phenylamino)biphenyl (NPB, 40 nm) as the hole transporbf 0.17 @) and 0.34 8) are still quite high for emission this
layer (HTL), 4,4bis(carbazole-9-yl)biphenyl (CBP, 20 nm) deep in the red region and tailing into the near-infrared.

as the emissive layer (EML), 4,7-diphenyl-1-10-phenanthrolineéThe increases in quantumocgncy that we observe are
(BPhen, 50 nm) as the electron transport layer (ETL), and KEaused in large part by an increase in the radiative rate
( 2 nm) as the electron injection layer (EIL). Devices wereonstant. The quantum mechanical expression for the triplet
fabricated using layer-by-layer thermal evaporation, and ttatek, is shown ireq 1°
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H
k.= consx P %X Jel o
S 1SOC transition dipol )

The value ok, depends on the cube of the energy gap
between the excited-state and the ground stafg and a
squared term that includes spirbit coupling (SOC) and the
transition dipole. Substitution of nitrogen-containing ancillary
ligands decreases the energy gap between the excited state and
the ground state. However, in complexe3 and 6, k,
increases relative to the respective acac complex in spite of
this decrease in excited-state energy gap, indicating that one or
both of the other two terms @y 1lis being augmented. The
transition dipole term iaq lis associated with the transition
probability from the singlet ground state to the singlet excited
state(s) that mix with the ;Tstate through spirorbit
coupling. We have no direct evidence that the transition
dipole is being favorably altered; Wig absorption spectra
for acat®® complexes and the new compounds described here
are markedly similar, with several overlapping singlet
absorptions and a much weakgr ST, transition that
overlaps the emission band. That said, we cannot rule out a
subtle change in the transition dipole term.

Assuming similar transition dipoles, the photophysical data
is consistent with a substantial increase in theosiin
coupling being an important contributor to the enhdqced
values. A qualitative excited-state diagram is presented in
Figure 7focusing only on the states that mix into the emissive
T, state and leaving out higher-lying states ¥e03. T,
ligand-eld states). The emissive excited-statgso{This-
cyclometalated iridium complexes have long been known fyure 7 Qualitative diagram showing a proposed mechanism for the
include contributions from ligand-center&dC( or 3 *) increase ik, caused by incorporating nitrogen-containing ancillary
states on the C”N ligand and metal-to-ligand charge transfigands.
(®MLCT, or d *) states, which mix through cgaration
interaction. This excited-state mixing requires that theyclometalated iridiuti,and consistent with this supposition,
interacting states be of the same symmetry, although in loalt of the low-temperature emission spectfa ®finclude
symmetry complexes like those presented®ered, point vibronic structure. That said, the available experimental
group) there are many states of the correct symmetry’to mix.evidence does not rule out the possibility that in some cases
All of the spinorbit coupling arises from the MLCT states, the order is reversed.
and a very simpéd picture can be generated by considering Regardless of the absolute ordering of the states, several
only one*MLCT pair and onélLC state, although in reality pieces of experimental evidence from our work are consistent
many states must be considered in order to quantitativelyith stabilization of the MLCT states and a larger contribution
evaluate emission spetfrélote that even thoughMLCT of the MLCT state to {I First, the electrochemistry shows that
state is lower than tBeC, the ordering of the triplet states is the oxidation potentialg(lr'V/ir'") (Table 2, are strongly
inverted, on account of the much larger sirgladet gap in perturbed to more negative potentials when nitrogen-
the LC states, originating from large electron exchangm®ntaining ancillary ligands are incorporated, indicating a
interactions. Also, spiorbit coupling betweéhC andLC substantial destabilization of the iridium-centeretDd10.
is expected to be very small, both because of the larger singl&he reduction potentials are minimally altered, consistent with
triplet energy gap and because the metal-centered orbitalslddMO energies that are nearly constant across the series. The
not participate to an appreciable extent in these states, whiugt result of this would be a decrease in the energy of one or
greatly diminishes the sparbit Hamiltonian. As the top more MLCT states since the gap between th#dO and
diagram irrigure shows, in Ir(C*NYacac) orfaclr(C"N) 5 the C*N * LUMO is now smaller. We do point out that there
complexes with highly conjugated C~N ligands, whék&the is not a perfect correlation between electrochemical HOMO
states are very low in energy, garation interaction between LUMO gap andk,, and some of the compounds with the most
the3LC and®MLCT states is weak, resulting in less spiit negative oxidation potential2 {(n particular) do not
coupling and a smallkervalue. In contrast, when nitrogen- necessarily have the lardestalues, showing the limited
containing ancillary ligands like acNac, NacNac, or dipba auslity of electrochemistry in rationalizing photophysical trends.
added, the MLCT states are stabilized, and they contribu2FT studiesigure 3 con rm that the energy and character
more strongly to  which results in larger spambit of the HOMO are dramatically altered when the ancillary
coupling and a lardgervalue, as shown in the bottom panel of ligand is changed, whereas the LUMO is always C*N-centered
Figure 7For illustrative purposes th€ state is shown lower and always at nearly the same energy. This change in the
in energy than thi®LCT state, which is typically the case for nature of the HOMO suggests the possibility that the excited-
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states in compounds 6 also involve considerable ligand-to- that the highek,, in complex2 is a result of a NacNac-
ligand charge transfer (OT) character, but more in-depth centereddarK state that deactivates the emissive triplet state.
computational analysis, beyond the scope of this study, will Bmally, the disparate behavior between dipba coB8jplex
needed to determine the nature of thetate, evaluate which which has one of the highest nonradiative rate constants in the
frontier orbitals particigatin the emissive state, and series, and its btp analogu&hich has the smallé&st also

investigate the degree of spirbit coupling. Spirorbit cannot be explained purely by the energy-gap law, indicating
coupling betweetMLCT and 3ML_CT involves the par:EIC- there are additional details that must be uncovered to be able
ipation of at least one other drbital below the HOMO; to fully understand and optimize nonradiative rates in these

and the calculations also show that these orbitals atgempounds.
destabilized ia 3, which can iruence the extent to which  The behavior of the btp complexesg) run counter to the
they mix into the T state. While the electrochemical and many of trends discussed above. For these complexes with a
computational evidence do not directly speak tviheT thiophene-containing aryl ligand, the excited state is much
energies and the character of the emissive state, they @@re ligand-localized, as evidenced by the sharper vibronic
SUggeSt that .in Comple)le56 the metal-Centere_d Orbita!s are structure at room temperature (E@Jre 4, thekr values that
much closer in energy to the C"N-centetedrbital, making  are almost one order of magnitude smaller than the piq
it likely that there is greater mixing of the MLCT state into T complexesTable 3, the small rigidochromic shifts that are
Regardlegs of thener details, the electrochem!cal_ and_ independent of ancillary ligarfdgres S21S23, and the
computational data show that HOMO destabilization isninimal solvatochromism. Theeets of the ancillary ligand
responsible for the bathochromic shifts that are observed ¥, redox potential are similar for the pigd) and btp ¢ 6)
complexe& and3 and that this perturbation of the HOMO  ggries Figure }, but for the latter set of compounds, the
most likely inuences the g:harat.:te.r of the State and in uence of the ancillary ligand on the excited state is much
contributes to the increase in radiative rate. _ i erent. In contrast to the piq series, replacing acac with
Several aspects of the emission properties, partlcularly%r,\laC or NacNac has minimale& on the emission

the piq co.mplexes,'are also consis;ent with enhanced ML avelength, and the radiative rate constants diminish slightly
character in the excited state. One piece of supporting eV'de?&eresult in signcantly lower quantum yields for these

comes from the rigidochromic shift in the emission Specttd, iants. In contrast. the ancillary li : :
A ; ) ) , y ligand in Itflolippa) (6)
when cooled to 77 K as well as in rigid PMMA This shift causes a modest (260 dmred shift in the emission

is substantially larger than that observed for acac Comple)?ﬁaximum and also results in a ca. 2-fold increlasanih a

Wh'.Ch have very little rigidochromiSrand such behavior is 1.5-fold increase in photoluminescence quantum yield. There
attributed to the enhancement of charge-transfer characteriénalso a sigriant broadening of the spectrurrbokihen
the emissive excited statefurthermore, the complex compared tat and 5, with less obvious vibronic structure,
Ir(piq) ,(dipba) (3) exhibits pronounced solvatochromism for

; o - which supports the notion that the excited std&idas more
its room-temperature emission spectrum, further supporti .
the notion that charge-tifar character increases in LCT character. Although the evidence for enhanced MLCT

complexes with nitrogen-containing ancillary ligands. O aracter and spiorbit coupling i$ less deci;ive if‘ this case,
other piece of supporting evidence for the enhanced MLC. € largek; and the poorer re_solutlon_of the vibronic structure
character is the vibronic structure, which becomes le complex6 are both consistent with an augmentation of

pronounced in complex2sind3 with N,N chelating ligands CT character. What remains unclear is why acNap and
NacNac and dipba. NacNac were inective partners for btp, whereas dipba

All of the foregoing evidence is consistent with increasdijoduced such a dramaticeet on emission behavior.
MLCT character, which leads to larger spinit coupling, onetheless, these observations underscore the idea that the

being responsible for the increask ihat is observed for design of red and near-infrared emitters requires a judicious
complex.. For the related complex Ir(pidNacNac) @), the choice of both cyclometalating and ancillary ligands and
k. value is signtantly smaller than the acNac complex, evefnotivates the continued pursuit of other structure types with
though the experimental evidence suggests that MLCE erent ancillary ligands that could result in further
character increases. The decrease ifnpartly caused by OPtimization of some of these key properties.

the decrease in excited-state energy when comparing acNac fonally, in addition to the electronic contributions of the
NacNac, the latter exhibiting an emission band tha6@  Nitrogen-containing ancillary ligands to the excited state,
cm 1 lower in energy. In other words, for NacNac complexediscussed at length above, replacing acac with one of these
the decrease in theE® term ofeq 1counteracts any increase nitrogen-containing ligands also introduces a sizable steric
in SOC, although the energy-gap dependemkgeasot be perturbation. In acNac and NacNac complt_axes,_the crystal
the only cause based on the magnitude of the decrkase instructures show a close approach ®-pieenyl ring with the
Regarding the nonradiative rige, there is not an obvious Ccyclometalated aryl ring, and NMR spectra indicate a static
trend that presents itself from the six compounds describedganformation for the phenyl ring. This rigid conformation of
this Article. Compoundsand3, which have the deepest red the (N)acNac ancillary ligand mayuencek;,, although we
emission (> 670 nm), also have the lardgsvalues, which ~ do not have any direct evidence that this interaction is an
may be at least partially caused by the energy-gap law. We hisgortant determinant of the excited-state dynamics. We have
previously shown that NacNac-centeed *) excited previously shown that a variant of IgbthcNac) with 3,5-
states, which are weakly luminescent, can be observed(Gits), substitution on thé\-phenyl rings exhibits almost
some compounds with drent C*N ligands andiorinated identical emission spectra and lifetimes as the unsubstituted
NacNac ligand$.In addition, NacNac complex@sand 5 variant® but further studies will be needed to establish
exhibit additional shoulders in their Wis absorption bands whether the steric properties of Mwphenyl substituent(s)

that we attribute to NacNac-centered states, so it is possilgiy a role in any of the observations presented here.
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CONCLUSIONS to remove the alkali metal chloride byproduct. From there, the

In this work, we demonstrate the principle that ancillary liga \ ?ﬁilﬁge;itvr\{eé% gfgkﬁypzlr']f:n%i ;%ng{cl:ngowﬁggsrsg%aor by

modi cation in bis-cyclometalated iridium complexes can leafiown in theSupporting Informatio(Figures $26537), conrm
to larger radiative rates and higher phosphorescence quantdehtity and purity for all new complexes.

yields for red-emitting complexes. This strategy has produced

some of the most eient red phosphors known. A mechanism  ASSOCIATED CONTENT

is proposed whereby destabilizing the metal-centered HOMO sypporting Information

leads to lower MLCT energies, increasing the MLCT charactghe Supporting Information is available free of charge on the
of the emissive excited state. This larger MLCT contributioncs puplications websaeDOI: 10.1021/jacs.8b04841
enlhancels S%ig’.;pit couplir:g and Iea(:s tol!arger O%deedd ¢ Experimental details, X-ray crystallographic data sum-
values. In addition, we also present preliminary device data, : ! : :

showing that complekis an eective emitter for OLEDs. gﬁg&, p;rtgt{lz_lﬁf)ohrtfisnr;?zrg doggiiingg%ﬂﬁﬁgg'%‘ms'
Future work will include further optimization of OLED device absorotion s ec?ra excitation spectra 77-K, emission
performance and color using the compounds presented here. s ectfa sol\eatoch'romism studFi)egl Iéurves for
Furthermore, the principles outlined here should be applicable OpLEDs ' NMR spectra of new compouRas]

to the design of near-infrared emitters with high quantum Crystall’ographicpdatéilq:) P

yields, which will beneapplications beyond OLEDs. The ; .

work described here motivates future studies and applications gﬁ;’h?;%r’illg:c;:&ozr)dmates of acat/p), acNac KXY,

of phosphors with ancillary ligands that are carefully tailored to

control and optimize the excited-state dynamics for a particular

application. o ynam PATICUIAT AUTHOR INFORMATION
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