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Based on the geometrical isomerisation to the
[Ir(C'\N1)(C"Nz)(N"O))-tris-heteroleptic Ir(lll)-complexes, the
augmented transition dipole transition (TMD) with a preferentially
horizontal orientation, beneficial for their photo-excited and
electroluminescent NIR-phosphorescence, is reported.

Contributing from the iridium(lil)-induced strong spin-orbital
coupling1 that allows fast singlet-triplet intersystem crossing (ISC),
neutral  cyclometalated Ir(lll)-complexes  featuring  good
thermal/electrochemical stability, high luminous efficiency and
rather short phosphorescence lifetime, endow the most promising
potential to organic/polymer light-emitting diodes (OLEDs/PLEDs).2
Moreover, associated with 3Lc/*MLCT-admixed (LC = ligand-centred,
MLCT = metal-to-ligand charge transfer) transitions in the T excited
state, their emissive colours can be flexibly modulated across the
whole visible regime (from near-UV to visible and to near-infrared
(NIR, Aery > 690 nm)) through ligands’ specific engineering.3 For
typical neutral iridium(lll)-complexes towards reliable OLEDs/PLEDs,
in dependence on the differential ligand (0/-1/-2; neutral or anionic)
number, conventional [Ir(CAN);]*/[Ir(CAC);]°>-homoleptic (-1,-1,-1)
complexes  with  three identical CAN/CAC-ligands and
[Ir(C"N)2(L’\X)]6/[Ir(C"C)2(L"X)]7—bis—heteroleptic (-1,-1,-1; LAX =
C'AN’, 07O, N*O or N~N, etc.) complexes with two identical
CAN/CAC-ligands and one L”X-ancillary ligand, together with

recently renovated tris-heteroleptic-type (-1,-1,-1;
[ircANY)(CAN?)(00)),° [Ir(CANY)(CAN?)(CANY)],
[IF(CAN)(NANY)(NAN?)], ™ [Ir(cANY)(CcAN?) (cre) ™ or

[Ir(CANY)(CAN?)(NA0)]*%; -2,-1,0, [Ir(CAC)(CAN)(NAN)]™) analogue
composed of one Ir(lll) ion and three different ligands, were
developed, respectively. In comparison, despite the structural
diversity to the tris-heteroleptic-counterpart for appreciable vivid-
visible (Aem = 465-669 nm) OLEDs/PLEDs,* "% it is very rare’” and
remains a great challenge14 to extend the gamut into the NIR

regime and to achieve high-efficiency NIR-OLEDs/PLEDs limited by
the so-called “energy gap law”.

Undoubtedly, another challenge, to a certain extent, should be
attributed to the isomeric complexity for homoleptic, bis-
heteroleptic or tris-heteroleptic-type. On one hand, apart from the
classical Ir(Ill)-complex isomers arisen from different HCAN/HCAC
and/or HL”X ligands with structure'® or R/S-chirality isomerism,17
the octahedral configuration of Ir(lll)-centre engenders A- (left-
handed propeller) and A-optical (right-handed propeller) isomers'®
for one neutral Ir(Ill)-complex species, in which their metal-centred
stereogenic separation is substantially accessible from chiral
supercritical fluid chromatography. On the other hand, even
without considering the enantiomeric resolution mentioned above,
multi-ligands’ differential alignment engenders the N,N,N-
facial/meridional (C;-axial-fac/C;-axial-mer) geometrical isomers™?°
in a racemic mixture. In other kind, arising from the O*O-restrictive
symmetry (such as acac, etc.), this phenomenal methodology is
evidently invalid to its C,-symmetric [Ir(CAN),(O*0O)]-bis-
heteroleptic form.”! Noticeably, as for asymmetric-LAX-induced
[Ir(CAN),(LAX)]-bis-heteroleptic racemate with C;-symmetry, the
NAN-cis/trans-positional diversity of two identical CAN ligands gives
rise to additional stereoisomers within the mer-type, from which,
geometrical isomerism to the tris-heteroleptic-system should be
more plentiful. To simplify it for an explicit statement, geometrical
isomerism in racemates to [Ir(CAN);]-homoleptic, [Ir(CAN),(N’*0)]-
bis-heteroleptic and [Ir(CAN)(C’AN’)(N"’A0)]-tris-heteroleptic neutral
(-1,-1,-1) Ir(lll)-complexes is focused (Scheme 1) for discussion.
Inclusively as a universal rule’” to the kinetically favoured N,N,N-
mer-[Ir(C~N)]; while the thermodynamically favoured for the N,N,N-
fac-[Ir(CAN)]3, the mer-isomer was demonstrated to thermally or
photo-chemically convert to the more stable fac-counterpart with
more attractive photo-physical and electroluminescent properties.
As to the asymmetric-N2O induced C;-symmetric [Ir(CAN),(N’*0)]-
bis-heteroleptic species, four kinds of stereoisomers (C,C-cis-and-
N,N-cis for the N,N,N’-fac-form, C,C-cis-and-N,N-cis, C,C-cis-and-
N,N-trans and C,C-trans-and-N,N-cis for the N,N,N’-mer-type; see
Scheme 1) can be theoretically predicted, while two” or three”
isomeric racemates were isolated and structurally confirmed. For
the C;-symmetric-[Ir(CAN)(C’AN’)(N"’~O)]-tris-heteroleptic system,
the combination of N,N’,N”’-fac/mer and CAC’/N~N’-cis/trans cases
gives two C,C’-cis-and-N,N’-cis geometrical isomers in the N,N’,N”’-
fac-form and six possible geometrical isomers (see Scheme 1)
within the N,N’,N”’-mer-type. Unfortunately, among the previously
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Scheme 1 Structural scheme of geometrical isomers of [Ir(CAN)s]-homoleptic, [Ir(CAN),(N*O)-bis-heteroleptic or [Ir(CAN)(C'AN’)(N’AO)]-tris-

heteroleptic Ir(lll)-complexes including 1a and 1b.

reported tris-heteroleptic Ir(III)-compIexes,&13 just one racemic

species characteristic of the C,C-cis-and-N,N-trans and/or N,N’,N"’-
mer-form was isolated and used for the doped OLEDs/PLEDs.

Along with the geometrically isomeric racemate cognition on
typical [Ir(CAN)s;]-homoleptic and [Ir(CAN),(L*X)]-bis-heteroleptic
neutral species, the C;- to C,/C;-symmetrical effect on the specific
orientation of their transition dipole moment (TDM) vectors was
highlighted.25 Importantly, based on the empirical out-coupling
verification of the preferential molecule orientation, visible-OLEDs
(Aem < 600 nmM)*® from C,/Cy-symmetrical Ir(CAN),(LAX)]-heteroleptic
Ir(Ill)-complexes were realized to have significantly higher light-
extracting efficiencies (7.,) compared to the fac-[Ir(C*N)s]-
homoleptic C3-ana|ogs.27 In light of the substantially lowest
symmetry of tris-heteroleptic neutral Ir(lll)-complexes with three
different ligands, herein, it is of interest to extend this structure-
designed strategy from the visible-light (4., = 465-669 nm)® 1
into the NIR-emission (4., > 690 nm) for affording our novel
[Ir(C"Nl)(C"Nz)(N"O)]-tris-heteroleptic Ir(lll)-complexes 1a and 1b
(see Scheme 1): i) correlation between molecule orientation and
geometrical isomerism (like 1a and 1b, etc.) is never specifically
explored for tris-heteroleptic neutral Ir(lll)-complexes; ii)
challenging the so-called “energy gap law”" with unsatisfactory
efficiencies of NIR-OLEDs/PLEDs based on the reported fac-
[Ir(C"N)_,,]-homoIeptic28 and [Ir(C’\N)z(L"X)]-bis-heteroleptic29 NIR-
emitters, it is expected that a preferentially horizontal orientation
could be motivated to enhance the NIR-light extraction from the
1a/1b-tris-heteroleptic geometrical isomerism.

The one-pot synthetic strategy to 1a/1b is depicted in the ESI
and Scheme S1. That is, through metalation of equimolar Higbt as
the HCAN? ligand and Hppy as the HCAN? ligand with IrCl5-3H,0 and
the subsequent treatment with Hhpa in the presence of t-BuOK, the
[Ir(C"Nl)(C"Nz)(N"O))—tris-heteroleptic isomers (1la and 1b)
together with the [Ir(CAN),(N~O)-bis-heteroleptic by-products
([Ir(ppy)2(hpa)] and [Ir(igbt),(hpa)]) were concurrently formed with
acceptable yields. Depending on the polarity-different
chromatography approach, the four Ir(lll)-complexes, while with no
other isomeric forms, were eluted, respectively. Apart from the
identification confirmed by EA, FT-IR and ESI-MS (ESI), "4 NMR
results (Figure S1) of the stipulated 1:1:1 integration ratio between
the (igbt)/(ppy)/(hpa) proton signals verify the identical
[Ir(C"Nl)(C"Nz)(N"O))—tris-heteroleptic component for isomers 1la
and 1b. Noticeably, a significantly broadened (6 = 13.77-6.04 ppm)
proton resonances for 1a in relative to those (d = 13.61-6.20 ppm)
for 1b should be caused by the (hpa)-induced different multi-
ligands alignment. The molecular structures of 1a-CHCl; and 1b
were further deduced from X-ray diffraction data (Tables S1-2), as
shown in Figure 1. The (iqbt)'-C"N1 and (ppy)'-C"N2 ligands

configure with the usual C,C-cis-and-N,N-trans chelating mode, the
(hpa)-N~O syn/anti-positional difference makes l1la and 1b
geometrically stereocisomeric with the mer-type racemates. >
Meanwhile, their similar thermal stability (Figure S2) with a
decomposition (5 wt% loss) temperature over 310 °C is sufficiently
enough to the device fabrication.

The photo-physical property of 1a and 1b in degassed CH,Cl,
solutions are shown in Table S3 and Figure 2. In comparison, the
absorptions of the two geometrical isomers are nearly identical,
where the UV bands (4,, < 400 nm) should be assigned to the
ligand-based m-mt* transitions (Figures S3-4) and the visible bands
(Aap > 420 nm) from the LC/MLCT-mixed transitions. When excited
within the absorption-wide region (4., = 375 nm) at 298 K, their
close similarity is reflected with the almost identical while exclusive
NIR-emissions (peaking at 697 nm and a shoulder at 756 nm for 1a;
696 nm and 760 nm for 1b; versus 700 nm and 760 nm for
[Ir(igbt),(hpa)] (Figure S5) while visible-emissions (Figure S6) of the
ligands or [Ir(ppy),(hpa)]) and equivalent Huang-Rhys factors (Sy;
0.32-0.34) with efficient Dexter’" energy transfer. Meanwhile, even
at 77 K, these NIR-emissive parameters (Figure S7 and Table S3) are
well maintained, indicating a robust geometry configuration for the
two stereoisomers. However, despite the comparable NIR-
phosphorescent lifetime (7 = 0.33 s (1a) or 0.38 us (1b) time-
decayed at A, = 697 nm), the multi-ligands’ alignment difference
between 1a and 1b, engenders the relatively higher @, (0.33) for
1b than that (0.27) of 1a, which is in good agreement with the
larger k, (8.7x10° s versus 8.2x10° s™* (1a)) but smaller ki, (1.8><106
st versus 2.2x10° s* (1a)) for 1b. Interestingly, owing to the
symmetry breaking of the [Ir(igbt)(ppy)(hpa)l-1a/1b with C;-
symmetry relative to the Cs;-symmetric farc-[lr(iqbt)a]28 or G-
symmetric [Ir(iqbt)z(L"X)]-counterpart,zgd’zge the significantly higher
@y (0.27-0.33) is accompanied with the relatively shorter lifetime (7
= 0.33-0.38 us) compared to those (7~ 1.0 x5 and @, = 0.07-0.19)
of the fac-[Ir(igbt)s]/ [Ir(igbt),(LAX)]-species.

Figure 1 The [Ir(CAN)(C’AN’)(N”’~0)]-tris-heteroleptic mononuclear
framework for geometrical isomers 1a-CHCl; (left) and 1b (right); H
atoms, most labels and/or solvate are omitted for clarity.
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Figure 2 The normalized UV-visible absorption and emission (Aex =

375 nm) spectra of 1a and 1b in degassed CH,Cl, solutions or PVK-
OXD7 in solid-state (Aex = 273 nm) at room temperature.

To further understand the photo-physical property of 1a and 1b,
DFT/TD-DFT calculations were explored with the detailed data
summarized in Tables S4-5/Figure S8-9. On one hand, due to the
geometrical isomerism between 1a and 1b, the (hpa)-portion in 1b
has the slightly larger electron contribution (3.66%) to the HOMO
than that (2.76%) in 1a, while the significantly differential
distributions (51.74% from the (igbt), 29.40% from the Ir(lll) and
15.20% from the (ppy) for 1b versus the corresponding 63.28%,
24.29% and 9.68% for 1a) are observed. Accordingly, besides the
similar main contribution (89.39% (1a) versus 92.51% (1b) from the
(igbt)” while the negligible (0.35-0.40%) one from the (ppy) to the
LUMO, the slightly larger contribution (5.16%) from the Ir(lll) for 1b
than that (4.54%) for 1a is compensated with the evident reduction
(1.94% (1b) versus 5.72% (1a)) from the (hpa). However, in sharp
contrast to the concurrent stabilization of HOMO/LUMO level (-
4.88/-1.93 eV) for 1b relative to 1a (-4.81/-1.82 eV), their HOMO-
LUMO bandgaps (2.95 eV (1b) versus 2.99 eV (1a)) are comparable.
On the other hand, contributing from the most (94.1% (1a) versus
92.9% (1b)) contribution from the HOMO — LUMO transition to the
corresponding T state characteristic of the similar >LC/*MLCT-
mixed transitions, the almost equivalent (2.67 eV (1a) versus 2.63
eV (1b)) 'T-energy should be reason to their nearly identical NIR-
phosphorescence. Evidently, the more strengthened 3MLCT effect
(19.73%) in 1b than that (16.68%) of 1a is beneficial for the
relatively higher @, for 1b than that of 1a.

For the deep clarification of differential NIR-emissive
efficiencies between 1a and 1b, the dipole moment vectors ofﬁ-os,
7-'T and AZ-('T—%S) were calculated by DFT, and summarized in
Table S6/Figure 3. In contrast to the ﬂ-OS/lT/lT—>OS directions
located at the C,-axis of typical C,-symmetrical [Ir(CAN),(LX)]-bis-
heteroleptic Ir(lll)-complexes, the & angles (11.85° (1a) versus
19.21° (1b)) between z-"S and Z-'T for the two isomers with the C;-

(@)

)

Figure 3 The dipole moment vectors of 2-°5, Z-'T and Az-(‘T—%)
for the isomers 1a (left) and 1b (right) based on their corresponding
optimized Sp and T; geometries.
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Figure 4 (a) Device structures and energy level diagrams; (b) the
electroluminescent spectra; (c) the current density (/) and radiance (R)
as a function of applied voltage (V); (d) and the external quantum
efficiency 7eqe versus J curves for the NIR-PLEDs-1A/1B.

symmetry are different. Moreover, despite the relatively smaller z-
% and Z-'T sizes (6.75 and 6.53 D) for 1b than those (7.62 and 8.58
D) of 1a, the TDM value (2.23 D; Aﬁ-(lT—>°S)) of 1b is larger than
that (1.92 D) of 1a. Referring to the so-called “energy-gap law”,"
apart from k,, inversely exponential and k, cubicly dependent on
the 'T level, k. is concurrently proportional to the square of the
TDM according to the electronic transition theory.32 Therefore, the
larger TDM generated for 1b, is in favour of the fast radiative
transition, reasoning for the more efficient nature than 1a
especially with the identical 7 energy. For sure, the effect of TDM
on the molecular orientation of their-doped EMLs needs to be
further verified (vide infra).

Thanks to PVK-OXD7 (65:30; wt%) with good hole/electron
transport for being a suitable co-host,">* it is especially interesting
to use the geometrical isomers 1a and 1b as the dopants for their
solution-processed NIR-PLEDs-1A/1B with the same configuration
shown in Figure 4(a)/Table S7. On one hand, based on the
electrochemical result (Figure $10), the experimental HOMO/LUMO
levels of -5.32/-3.10 eV for 1a or -5.31/-3.08 eV for 1b are located
within the bandgap of the co-host, and thus, the injected
electrons/holes through the co-host should be trapped and
recombined within the NIR-emitters 1a/1b. On the other hand,
contributing from the significant spectral overlap (also Figure 2)
between the emission of PVK-OXD7 and the LC/MLCT-based
absorption of 1a or 1b, effective Forster™ energy transfer from the
co-host to the dopant together with efficient Dexter’" energy
transfer could be motivated. Just as expected, the normalized
electroluminescent  spectra  (Figure 4(b)) resemble the
corresponding photo-luminescent profiles and are independent of
the applied voltages (Figure S11), indicating that valid
Forster/Dexter energy transfers occurr during the charge-trapping
process. Moreover, along with the monotonous increase (Figure 4(c)
of the J/R upon increasing the applied bias voltage, the 7o (Figure
4(d)) in each case increases instantly and then decreases steadily
throughout the whole illumination. However, in contrast to the
larger R of 1952.9 mW/sr-m” for the NIR-PLED-1A than 1499.0
mW/sr-m” for the NIR-PLED-1B at the cost of the higher J* (191.5
mA/cm” versus 130.8 mA/cm’), the 7eqe " of 5.4% for the NIR-
PLED-1B is significantly larger than that (3.3%) for the NIR-PLED-1A.
Evidently, besides the similarly negligible efficiency roll-off (< 5%)
throughout the whole illumination, the 1.6-fold increase of UEQEMaX
for the NIR-PLED-1B compared to the NIR-PLED-1A, is not
consistent with the @;, trend (@, of 0.33 for 1a versus 0.27 for 1b).



By following the nearly compatible energy-level alignment with the
same device-architecture,lz'29d the effect of comparable 7, on the
differential 77eqe" for the NIR-PLEDs-1A/1B could be reasonably
ignored. Therefore, the different NIR-light out-coupling (7,,:) arising
from the specific molecular orientation for the geometrical isomer
1a or 1b should be another decisive factor.

To confirm this hypothesis, the orientation distribution of the
two emitting layers (EML-1a/EML-1b) for the NIR-PLEDs-1A/1B was
quantitatively checked by variable-angle spectroscopic ellipsometry
(VASE) method with the results shown in Table S8/Figure S12.
In accompany with the ordinary/extraordinary coefficients for
the EML-1a/EML-1b, the corresponding order parameter S of
-0.09 for the EML-1a or -0.14 for the EML-1b is calculated.
Accordingly, in contrast to the isotropic case with S = 0O, the
horizontal dipole ratio (h/(h+v); 72.0% of the EML-1a versus
76.0% of the EML-1b is realized. Noticeably, the more
preferential orientation parallel to the substrate of the EML-1b
than that of the EML-1a, should be also positively beneficial to the
higher efficiency (77,u-1B/7ou-1A = 1.3;

Neqe-1B/ Meqe-1A = 1.6) of the NIR-PLED-1B compared to the
NIR-PLED-1A. Encouragingly, the highest 7" of 5.4% for the
NIR-PLED-1B among the previous solution-processed NIR-OLEDs/
PLEDs and even the top-level within the vacuum-deposited

NIR-OLEDs based on Ir(III)-compIexes,lZ'zg'29 shows
that the  [Ir(CAN")(CAN?)(NAO))-tris-heteroleptic  Ir(Ill)-
complexes especially with an interesting geometrical

isomerisation, should be promising candidates for future low-cost
scalable NIR-PLEDs.

In conclusion, through the geometrically isomeric design to the
[Ir(C"Nl)(C"NZ)(N/‘O))—tris—heteroleptic Ir(Ill)-complexes 1a and 1b
with  NIR-phosphorescence, the augmented TMD with a
preferentially horizontal orientation, beneficial for both the
photo-excited and electroluminescent property, is observed.
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