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Near infrared-emitting tris-bidentate Os(i)
phosphors: control of excited state characteristics
and fabrication of OLEDs7

Jia-Ling Liao,® Yun Chi,*® Chia-Chi Yeh,” Hao-Che Kao,” Chih-Hao Chang,*°
Mark A. Fox,© Paul J. Low*® and Gene-Hsiang Lee®

A series of four Os(i) complexes bearing (i) chromophoric diimine ligands (NAN), such as 2,2"-bipyridine (opy)
and substituted 1,10-phenanthrolines, (i) dianionic bipz chelate ligands derived from 5,5’-di(trifluoromethyl)-
2H,2'H-3,3'-bipyrazole (bipzH,), and (iii) bis(phospholano)benzene (pp2b) as the third ancillary ligand
completing the coordination sphere were synthesized. X-ray diffraction studies confirm the heteroleptic
tris-bidentate coordination mode. These Os(i) complexes [Os(NAN)(bipz)(pp2b)], NAN = bpy (3),
phenanthroline (4), 3,4,7,8-tetramethyl-1,10-phenanthroline (5) and 4,7-diphenyl-1,10-phenanthroline (6),
display near infrared (NIR) emission between 717 nm and 779 nm in the solid state at RT. On the basis of
hybrid-DFT and TD-DFT calculations, the emissions are assigned to metal-to-ligand charge transfer
transitions (*MLCT) admixed with small ligand-to-ligand charge transfer (3LLCT) contributions. Successful
fabrication of organic light emitting diodes (OLEDs) using Os(i) complex 5 as the dopant and either tris(8-
hydroxyquinoline) aluminum (Algs) or 3,3',5,5'-tetral(m-pyridyl)-phen-3-yll-biphenyl (BP4mPy) as the host
is reported. These OLEDs were measured with emission maxima at 690 nm and extending into the NIR,
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Introduction

Phosphorescent metal complexes have been extensively investigated
during the past two decades due to the profound interest in basic
photophysics'™® and applications in organic light emitting diodes
(OLEDs) suited for the fabrication of flat panel displays'®™ and
luminaires."**® As a consequence of the need for these applications,
many studies have focused on achieving bright visible emission,
with colors spanning from blue and green to red. Another class
of compounds being of great interest is near infrared (NIR) emitting
materials; i.e. those with emission peak maximum exceeding
700 nm.”*** NIR-emitting materials can find application in bio-
logical imaging, sensing and optical tele-communication platforms.
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with peak power efficiencies of up to 0.13 Im W™ and external quantum efficiencies of up to 2.27%.

Among the various systems explored to date, Pt(n) complexes
constitute a class of molecules that have shown the most
efficient NIR emission,>** either through the use of chelating
ligands with extended peripheral n-conjugation or by engineering
strong n-7 stacking interactions among molecules in the solid state
for excimer formation. For example, electroluminescence with peak
maximum at 772 nm and an external quantum efficiency (EQE) of
5.0% was documented for Pt(i) tetraphenyltetrabenzoporphyrin,*®
while the maximum EQE was further improved to 9.2% through
the introduction of the 3,5-di-ter¢t-butylphenyl substituted tetra-
benzoporphyrin to control intermolecular interactions and
suppress triplet-triplet annihilation.>®

However, promising results in the area of NIR-emitting
materials are not restricted to Pt(i) complexes, and both Ru(u)
complexes with n-bonded (n*-) orthoquinone ligands,* Ir(m)
complexes bearing cyclometalated heteroaromatics,>>* or
with azabenz-annulated perylene bisimide®® stand as illustrative
examples of other metal-containing NIR-emitting materials.
Parallel to this endeavor, we have developed Os(u) phosphors
bearing isoquinolinyl azolate chelate ligands, which lower the
emission energy gaps and bring emission into the NIR region.>**”
The two Os(u) complexes [Os(bpy)(dttz)(CO),] (1a) and [Os(bpy)(dttz)-
(PPhMe,),] (2) bearing both the neutral 2,2'-bipyridine (bpy) and
dianionic 3,3"-bi-1,2,4-triazolate (dttz*~) chelating ligands also serve
to demonstrate important molecular design features (Chart 1).

This journal is © The Royal Society of Chemistry 2015
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Chart 1 Reported Os(i) complexes 1a and 2.

In complex 2 due to the increase in electron density at the Os(ir)
metal centre brought about by the phosphine co-ligands, we
can take advantage of the combined metal-to-ligand charge
transfer (MLCT) and the ligand-to-ligand charge transfer (LLCT)
transitions to achieve NIR-emitting characteristics.*®

To further explore the methodology to tune emission into the
NIR region, we have designed heteroleptic tris-chelating Os(u)
complexes containing (i) bpy or 1,10-phenanthroline as the chelate
with lower lying n*-orbitals, (ii) 5,5’-di(trifluoromethyl)-3,3’-
bipyrazolate (bipz>~) as a dianionic and strongly electron donating
chelate, and (iii) 1,2-bis(phospholano)benzene (pp2b) as the third
bidentate chelate to impose the formation of all cis-coordination
geometry. The photophysical and structural characterization of the
resulting NIR-emitting Os()) complexes and the device performance
of the NIR-emitting OLEDs formed from these compounds are
described here.

Results and discussion
Syntheses and characterization

It has been reported that the cluster complex Os;(CO),, reacts
with functional pyrazoles (or triazoles) to form isolable inter-
mediate derivatives via CO elimination.**** Subsequent sequential
addition of Me;NO and phosphines at elevated temperature led
to the formation of mononuclear Os(u) complexes with diverse
structures and distinctive photophysical properties. Such synthetic
procedures were employed to prepare the aforementioned
complexes cis-{Os(bpy)(dttz)(CO),] (1a) and phosphine substituted
trans{Os(bpy)(dttz)(PMe,Ph),] (2).*®

Here, this synthetic procedure was extended through reactions
of Os;3(CO),, with the distinctive dipyrazole pro-ligand 5,5’-di(tri-
fluoromethyl}-2H,2’ H-3,3'-bipyrazole (bipzH,) and a range of diimine
chelates (N*N = bpy, phenanthroline (phen), 3,4,7,8-tetramethyl-
1,10-phenanthroline (Meyphen), and 4,7-diphenyl-1,10-phenan-
throline (Ph,phen)) to give cis-{Os(bipz)(N*N)(CO),] (isolated by way
of example for N*N = bpy, 1b). Further reaction with anhydrous
Me;NO and 1,2-bis(phospholano)benzene (pp2b) gave the tris-
heteroleptic complexes [Os(bipz)(N“N)(pp2b)] (3-6) (Chart 2).

However, the synthetic yields for 3-6 (21-35%) are notably
lower than that obtained for the trans-complex 2 (~50%). Varying
the cis-diphosphine, such as to 1,2-diphenylphosphinobenzene,
failed to afford any isolable product, which is in contrast to
previous reactions,** showing the delicate balance of structural
and electronic effects imposed by the phosphines.

This journal is © The Royal Society of Chemistry 2015
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(4,R=H;5 R=Me) (6)
Chart 2 Os(i) complexes 1b and 3-6 investigated in this study.

All of the new Os(u1) metal complexes, i.e. 1b and 3-6, were
purified by silica gel column chromatography and recrystallization,
and then fully characterized by mass spectrometry, IR and NMR
spectroscopies and elemental analyses. Multinuclear NMR spectra
clearly established the heteroleptic nature of the complexes; for
example, complex 3 showed two distinctive "H NMR singlet signals
at § 6.54 and 6.39 and two "°F NMR signals at 6 —59.62 and —59.65
assigned to the bipz chelate, characteristic multiplets from the bpy
ligand, and two well separated *'P NMR signals at § 39.88 and
33.80 due to the coordinated pp2b ligand. Therefore, these data
clearly confirmed the presence of the three distinct chelating
ligands coordinated to the Os(u) atom. Moreover, the IR (CO)
bands of the dicarbonyl complex 1b were found at 1978 and
2040 cm ™', which are located at lower wavenumbers than those
of 1a (i.e. 1994 and 2058 cm™ ') which contains the bis(triazolate)
ligand, dttz.*® This observation is in agreement with the greater
electron donating character of bipz, and the increased back
n-bonding which serves to reduce the CO stretching frequencies.

The structures of 1b and 3 were determined by single crystal
X-ray diffraction, for which a perspective view of each molecule,
selected bond distances and angles are shown in Fig. 1 and 2.
Both Os(1) complexes adopt a distorted octahedral geometry at
the metal centre, with the bpy and bipz chelates being located
cis to each other, leaving two remaining cis-coordination sites
that are occupied by two CO ligands (1c) or the pp2b chelate (3).
In complex 1b, the trans-influence of the CO ligands increases
the trans-Os-N distances (i.e. Os-N(2) = 2.102(4) and Os-N(6) =
2.121(4) A) versus those at the cis-dispositions, ¢f Os-N(3) =
2.057(4) and Os-N(5) = 2.080(4) A.*® For the pp2b complex 3,
since both the trans-Os-N distances, i.e. Os-N(3) = 2.113(6) and
0s-N(6) = 2.123(5) A, are comparable to the trans-Os-N distances
observed in 1c, the trans-influence of the pp2b chelate should be
at the same magnitude as that imposed by dual CO ligands,
despite the large distinction in their intrinsic characters, i.e.
o-donor vs. m-acceptor.*> Moreover, the bipz chelate in 3 adopts

J. Mater. Chem. C, 2015, 3, 4910-4920 | 4911
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Fig.1 ORTEP diagram of 1b with thermal ellipsoids shown at the 30%
probability level; selected bond distances: Os—N(2) = 2.102(4), Os—N(3) =
2.057(4), Os=N(5) = 2.080(4), Os-N(6) = 2.121(4), Os-C(1) = 1.892(6) and

Os-C(2) = 1.895(6) A; bond angles: £ C(1)-0s-C(2) = 87.8(2), N(5)-Os—
N(6) = 77.94(16) and N(2)-Os—-N(3) = 76.85(17)°.
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Fig. 2 ORTEP diagram of 3 with thermal ellipsoids shown at the 30%
probability level; selected bond distances: Os—N(2) = 2.088(5), Os—-N(3) =
2.113(6), Os—N(5) = 2.072(6), Os—N(6) = 2.123(5), Os-P(1) = 2.2650(17) and
Os-P(2) = 2.2618(17) A; bond angles: / P(1)-Os-P(2) = 85.36(6), N(5)—
Os—=N(6) = 77.1(2) and N(2)-Os—-N(3) = 76.2(2)".

a subtly bent conformation, which is in contrast to the near-planar
arrangement of this ligand in 1b. Since pp2b is more sterically

Table 1 Photophysical properties of the NIR-emitting Os(i) complexes 3—-6
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bulky than the CO ligands, the associated crystal-packing effect,
in part, likely influences this conformational distortion in the
crystal lattice."®

Photophysical data

Complex 1b is non-emissive in both solution and solid states,
so the discussion of photophysical properties is focused only on the
phosphine substituted Os(u) complexes 3-6. For these complexes,
UV-Vis absorption spectra were recorded in CH,Cl, and the
numerical data are presented in Table 1. As shown in Fig. 3, the
absorption spectra exhibit strong absorption bands below
320 nm (¢ > 3 x 10* M 'em ') assigned to 'n-n* transitions
localized on the diimine ligands. The next lower energy absorp-
tion in the region 400-500 nm (¢ = 4-10 x 10° M 'em™ %) is
attributed to the spin-allowed "MLCT transitions from the Os(1)
metal ion to the diimine. The intensities of these "MLCT bands
show strong correlation with the nature of the diimine ligands;
i.e. complexes 3 and 6 give the weakest and greatest intensity
transitions which may be due in part to the degree of n-conjugation
in the diimine acceptor. Moreover, there is a very broad absorption
envelope that extends beyond 600 nm (¢ =1.2-2.1 x 10*°M "em ™),
which can be assigned to the heavy-metal atom enhanced
*MLCT absorption, probably mixed with a contribution from
the ligand-to-ligand charge transfer (*LLCT) transitions from
the occupied orbital of bipz to the empty mn*-orbital of the
diimine chelate.

The Os(u1) complexes 3-6 failed to show any notable emission
in solution at RT, but were significantly emissive in the solid
state, a result of the rigid media as well as the forfeit of solvent
collisions.””*® The solid state emission spectra and associated
peak maxima (Fig. 3) are sensitive to the nature of the diimine
N~N chelate, supporting the assignment of the *MLCT transition.
For example, replacing the bpy chelate in 3 with the phen chelate
in 4 leads to a blue shift of emission from 772 nm to 739 nm,
which is due to the more destabilized n*-orbital of phen versus
bpy.*> In a similar fashion, upon introduction of four methyl
substituents (5) or two phenyl groups (6) into the phenanthroline
ligand, the corresponding emission maxima are blue shifted relative
to the parent complex 4 to 717 nm and red shifted to 779 nm,
respectively. These variations are attributed to the electron donating
and extended m-conjugation of the methyl and phenyl substituents
respectively.

Complexes 3-6 showed emission quantum yields @ = 0.5-
8.8%, and relatively short luminescence lifetimes at RT (tops =
26.4-431 ns) for phosphorescence processes. The radiative (k)
and nonradiative decay (k) rates were calculated from the @
and t data. The low @ value of 3 is principally caused by the less

ADS. Amay (nm) [¢ (10> M~ em™)]* PL /max’ (Nm) @ (%) Tobs” (DS) ke (10° 7Y knr (107 s7H)
3 295 [27.9], 338 [5.4], 471 [4.1], 610 [1.2] 772 0.5 26.4 1.89 3.76
4 268 [43.0], 406 [6.1], 586 [1.2] 739 3.1 197 1.52 0.49
5 273 [57.4], 442 [6.9], 545 [1.7] 717 8.8 431 2.04 0.21
6 279 [64.2], 476 [10.3], 599 [2.1] 779 45 115 3.91 0.83

@ UV-Vis spectra were recorded in 10~> M of CH,Cl, solution. b

4912 | J. Mater. Chem. C, 2015, 3, 4910-4920

Photoluminescence spectra and quantum yields were measured as neat powder.
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Fig. 3 UV-Vis absorption spectra in CH,Cl, and solid state emission
spectra at RT of Os(i) complexes 3—6.

rigid molecular framework of the bpy ligand, which then increases
knr versus other Os(u) complexes with more structurally rigid
phenanthroline-based chelates.”® Within the series of phenan-
throline complexes 4-6, complex 5 showed higher ¢ and longer
Tobs Values versus those of parent 4, which is best explained by
the energy gap law,>>*" ie. k,, values tend to increase as the
emission energy decreases. In the case of complex 6 with the
extended Ph,phen chelate, the @ value of 4.5% is higher than
3.1% of 4, whilst 7,ps (115 ns) is comparable to that of parent
complex 4 (197 ns). The derived k. and k,, values for 6 are
calculated to be 3.91 x 10° and 0.83 x 10” s™', respectively. This
could be due to the fact that, upon photoexcitation, the
peripheral Ph substituents would become coplanar with the
phenanthroline backbone, resulting in more extended electron
delocalization in the excited state.’®”” Therefore, the better
electron delocalization produces a smaller variation in the C-C
bond lengths upon formation of the excited state as compared
to the ground state and, ultimately, giving the larger radiative
quantum yield relative to other molecules in this class.’®

Electrochemistry

The electrochemical properties of 3-6 were examined using
cyclic voltammetry (Table 2). The obtained data support the
delineation that oxidation is localized on the Os(u) metal
center, and that reduction occurs mainly on the diimine
ligand.*® In the present system, all Os(n) complexes 3-6 showed
a reversible oxidation potential in the narrow range of 0.00-0.07 V

Table 2 Electrochemical properties of the studied Os(i) complexes

Ox. Ey* (V) Red. Ey,° (V)
[AE, mV)]  [AE, (mV)] HOMO® (eV)  LUMO" (eV)
3 0.07[89] —2.14 [124] 3 —5.00 —2.16
4 0.07[99] —2.22 [83] 4 —5.00 —2.13
5 0.00[88] —2.30 [73] 5  —5.03 -1.91
6 0.07[72] —2.04 73] 6 —4.98 —2.18

@ Measured in 0.1 M TBAPF,/CH,Cl, vs. FcH'/FcH with the Pt working
electrode.  Measured in 0.1 M TBAPF¢/THF vs. FcH'/FcH with the Au
working electrode. © BBLYP/LANL2DZ:6-31G** data.

This journal is © The Royal Society of Chemistry 2015
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(vs. the ferrocenium/ferrocene couple at 0.0 V), whilst the reduction
potential was recorded between —2.04 and —2.30 V (¢f Table 2 and
Fig. S1 of the ESIY). The trends in reduction potentials followed the
trends anticipated on the basis of the electron donating or with-
drawing characteristics of the diimine ligands. Thus, changing
from bpy to phen (ie. from 3 to 4) and addition of four methyl
groups to phen (i.e. from 4 to 5) result in the destabilization of the
empty m*-orbital of the diimine chelate, and a consequent shift in
the reduction potential to more negative values. For 5, the small
decrease in oxidation potential versus 4 is also coupled with the
increase in electron density at the metal center exerted by four
methyl groups on phen. The possibility to create a more extended
n* system in the Ph,phen complex 6 gives the least negative
reduction potential when compared with the parent compound 4.

DFT calculations

In order to gain in-depth insight into the above experimentally
observed properties, we turned to calculations based on density
functional theory (DFT) and time-dependent density functional
theory (TD-DFT) (B3LYP/LANL2DZ basis set for Os, 6-31G** and
all other atoms, as well as a conductor-like polarization con-
tinuum CPCM solvent model in CH,Cl,). The model structures
are denoted 3', 4/, 5’ and 6’ to distinguish them from the
physical data of the as-synthesized complexes. The results from
the geometry optimisation are summarised in Table 3, together
with the crystallographically determined data from 3 for com-
parison. In the case of 3 and 3/, the majority of differences in
bond lengths are within 0.03 A, whilst the greatest difference is
around 0.06 A, associated with the Os-P(2) bond.

Plots of the HOMO and the LUMO of 3’, 4/, 5" and 6’ are
given in Fig. 4 and the ESI.{ In each case, the HOMO is of mixed
Os(d)-bipz(n) characteristics, (Os/bipz: 49/44 (3'); 48/45 (4');
57/32 (5'); 49/44 (6’)) whilst the LUMO is strongly localized on
the diimine ligand. The HOMO energies vary little across the
series (Table 2) whilst the LUMO energies naturally follow the
electronic characteristics of the diamine, giving good correla-
tion with the redox potentials.

To provide a more detailed interpretation of the photophysical
properties of 3-6, time-dependent density functional theory
(TD-DFT) calculations were also carried out. The results are
summarized in Table 4, which lists the energy and orbital analyses
of the lowest energy singlet and triplet transitions, together
with the relevant data from the absorption and emission spectra.

Table 3 Selected bond lengths (A) and angles (°) of 3 and the computa-
tional models 3’, 4/, 5" and 6’

3 3’ Iy 5/ 6’
0s-N(2) (in A) 2.088(5) 2.1101  2.1077 2.0898  2.1098
0s-N(3) 2.113(6) 2.1346  2.1349 2.1041 2.1353
0s-N(5) 2.072(6) 2.1094  2.1207  2.0909  2.1192
0Os-N(6) 2.123(5) 21276  2.1387 2.1149  2.1308
Os-P(1) 2.2650(17) 2.3334 2.3312 2.3068 2.3337
Os-P(2) 2.2618(17) 2.3204 2.3174 2.3013  2.3185
P(1)-0s-P(2) (in °)  85.36(6) 84.48  84.63 8538  84.49
N(2)-0s-N(3) 76.2(2) 7595  76.05  75.92  75.94
N(5)-0s-N(6) 77.1(2) 76.92  77.71 7796  77.26

J. Mater. Chem. C, 2015, 3, 4910-4920 | 4913
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The agreement between the calculated S, — S, transition energies
is remarkably good, and although the S, — T, transition is strictly
forbidden and the calculations do not allow for spin-orbit
coupling, the calculated transition energies (albeit with zero
oscillator strength) follow the trend in emission maxima
(Table 4). The S, — T; transition energies may also account in
part for the low energy tails observed in the absorption spectra
(Fig. 3). The simulated absorption spectra of the Os(i1) complexes
3-6 are given in the ESL}

The Sy — S; and S, — T, transitions are assigned to HOMO —
LUMO charge transfer processes of mixed MLCT/LLCT char-
acteristics for each of 3/, 4’ and 6'. In the case of 5 which bears
the Me,-phen ligand, the S, — S; transition also has appreci-
able HOMO — LUMO+1 characteristics (also MLCT/LLCT
between the Os/bipz donor and the diimine) whilst the S — Ty
transition is of mixed HOMO—1 — LUMO/HOMO—-2 — LUMO
characteristics (again, largely MLCT/LLCT in nature).

OLED device fabrication

For OLED device fabrication, complex 5 was selected as the
dopant due to both the higher volatility and quantum yield
compared with the other members of the series. In this study,
tris(8-hydroxyquinoline)aluminum (Alqs) and 3,3’,5,5'-tetra[(m-
pyridyl)-phen-3-yl}-biphenyl (BP4mPy) were used both as the host
and the electron transport layer (ETL). The electron mobilities of
Alq; and BP4mPy are found to be 10> and 10 * em*> V' 577,
respectively.*"®*  Moreover, 4,4’-bis[N-(1-naphthyl)-N-phenyl-
amino] biphenyl (NPB) which possesses an adequate hole trans-
port mobility (~10~* ecm® V' s7') and a triplet energy gap (Er =
2.29 eV) was selected as the hole transport layer (HTL) in tuning
the carrier balance.®*® The devices A1 and B1 consist of the
architecture: ITO/NPB (40 nm)/Host (Alq; or BPAmPy) doped
with x wt% 5 (30 nm)/ETL (Alqz or BP4mPy) (40 nm)/LiF
(0.5 nm)/Al (150 nm). In general, the concentrations of all RGB
dopants in phosphorescent OLEDs range from 6 to 10 wt%.
However, NIR OLEDs usually require higher concentrations to
achieve the desired red-shifted EL spectrum; therefore, 8 wt%
and 16 wt% concentrations were used here. The EL spectrum
from the device with 16 wt% of dopant was slightly red-shifted
compared to the EL spectrum from the device with 8 wt% of
dopant. However, the device adopting 8 wt% doping concentration
achieved a much higher efficiency value. Consequently, the doping
concentration of 8 wt% was used in this study. Furthermore, based

Table 4 Calculated Sp — S; and Sg — Ty transition energies (in nm), orbital analysis and optical properties of 3’, 4’, 5" and 6’

Calc. Amax Calc. Amax
Sy = Si Sy - Ty Obs. Amax (abs) ODbSs. Amax (em)
3 607 644 610 772
HOMO — LUMO (95%) HOMO — LUMO (76%)
4/ 598 633 586 739
HOMO — LUMO (95%) HOMO — LUMO (70%)
5' 533 596 545 717
HOMO — LUMO (58%) HOMO-1 - LUMO (52%)
HOMO — LUMO+1 (33%) HOMO-2 — LUMO (26%)
6’ 608 651 599 779

HOMO — LUMO (93%)

4914 | J Mater. Chem. C, 2015, 3, 4910-4920
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on our experiences, the device efficiency can be improved by
using a second dopant with an intermediate energy level to
provide a favorable stepwise energy transfer. The Os(u) complex
[Os(fptz),(PPh,Me),] (7) was selected for this purpose as it
exhibited a considerable spectral overlap with that of 5, as well
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allows efficient energy transfer from 7 to 5, and the emission
remained unaltered due to the low concentration of 7.%%%*
Therefore, the doped devices A2 and B2 were represented by
the architecture: ITO/ NPB (40 nm)/Host (Alq; or BP4AmPy)
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Table 5 EL characteristics of NIR OLEDs with different dopants
Device A1 A2 B1 B2
Host & ETL Alqs BP4mPy
Dopant 5 5+ Os 5 5+ Os
External quantum efficiency (%) Max. 1.54 1.56 2.27 2.13
10 mA cm > 1.42 1.41 1.68 1.53
Power efficiency (Im W) Max. 0.17 0.18 0.13 0.17
10 mA cm ™2 0.08 0.09 0.05 0.06
Turn on voltage (V) 2.2 2.2 3.0 3.0
Juz (MA cm™3) 473.2 441.9 82.3 69.5
CIE 1931 coordinates (0.66, 0.34) (0.67, 0.33) (0.69, 0.31) (0.69, 0.31)
Light output (mW cm ) [@V] 53.9 [11.4 V] 52.8 [11.0 V] 48.9 [16.0 V] 45.9 [15.8 V]

doped with 8 wt% 5 and 0.1 wt% 7 (30 nm)/ETL (Alg; or
BP4mPy) (40 nm)/LiF (0.5 nm)/Al (150 nm). The materials
employed in OLEDs along with complex 5 and an estimated
energy-level diagram for the devices are depicted in Fig. 5.

The characteristics of the resulting devices are shown in
Fig. 6, while the numerical data are listed in Table 5. As can be
seen, all devices show nearly identical spectral profiles, for which
the EL peak maxima (690 nm) show a broadened full width at
half maximum (FWHM) of approx. 130 nm (or 2680 cm™ ") and
are also slightly blue-shifted with respect to photoluminescence
(PL) recorded as neat powder (717 nm). It appears to us that the
blue-shifting in EL spectra may be due to the effect of media,
for which the co-deposition in host material may somewhat
destabilize the *MLCT excited states. Furthermore, the lack of
Alq; or BPAmPy emission implies that complete energy transfers
take place from the hosts to the NIR dopant 5. Hence, the carrier
recombination zone was confined within the emitting layer and
the exciton diffusion to the adjacent carrier transport layers is
avoided in the devices.

Moreover, the respective turn-on voltages (defined as a sharp
rise in current density) for devices A1, A2, B1, and B2 are found
to be 2.2V, 2.2 V, 3.0 V and 3.0 V, respectively. Obviously, the
higher band gap of BP4AmPy produced higher operation voltages
and lower current densities for devices B1 and B2 versus devices
A1 and A2 that were fabricated using Alqs. As shown in Fig. 6(c)
and (d), devices A1 and A2 showed poor external quantum
efficiencies (EQE) at lower current densities, which might be
attributed to the quenching induced by the charge carrier-
exciton interaction.”® Peak EQEs of A1 and A2 were recorded to
be 1.54% (0.17 Im W™ ') and 1.56% (0.18 Im W™ "), respectively.
In contrast, the peak EQEs of B1 and B2 were higher, e.g. 2.27%
(0.13 Im W) and 2.13% (0.17 Im W), respectively. This approx.
47% increase in EQEs demonstrated the effectiveness of BPAmPy in
achieving the balanced carrier transport. On the other hand, both
the co-doped devices A2 and B2 showed improved carrier trans-
porting ability and, hence, increased max. power efficiency as
compared to those without the co-dopant 7 (i.e. A1 and B1).

In addition, the EQEs of devices A1 and A2 (i.e. with Alq;)
decreased to one-half of their highest values at a current density
(Ju2) of 473.2 and 441.9 mA cm 2, and at a J;, of 82.3 and
69.5 mA cm > for B1 and B2 (i.e. BP4mPy).”"”> Devices A1 and
A2 showed much higher overall current densities because of the
reduced efficiency roll-off, which is partially attributed to the

4916 | J. Mater. Chem. C, 2015, 3, 4910-4920

lower electron mobility of Alq; (~107° cm® V™' s ). Therefore,
the relatively fast hole injection from NPB to Alq; enlarged the
recombination zone (RZ) and thus decreased the exciton
concentration. In contrast, BPAmPy with a higher electron
mobility of ~10"* em”® V™' 57" restrained the thickness of
RZ, resulting in a relatively high exciton concentration in a narrow
space. The increase in triplet excitons with long excited-state
lifetimes would substantially increase the probability of triplet—
triplet annihilation as well as triplet polaron quenching.””” As
such, devices B1 and B2 only achieved a light output of 48.9 and
45.9 mW cm™? at 16.0 V and 15.8 V. In contrast, a forward light
output as high as 53.9 and 52.8 mW cm > can be reached at lower
voltages of 11.4 V and 11.0 V for devices Al and A2, respectively.

Conclusion

In summary, a new series of NIR-emitting Os(u) phosphors
bearing heteroleptic tris-bidentate chelating architecture were
synthesized and characterized, among which Os(u1) complexes 5
and 6 showed PL emission at 717 nm with ® = 8.8% and at
779 nm with @ = 4.5%, respectively in the solid state. Their
lower-energy emission is generally derived from the mixed
*MLCT and ®LLCT excited states, while the higher emission
efficiencies are, in part, attributed to the higher rigidity of
coordinated phenanthroline that reduced the vibronic coupling
in the excited states. Hence, a better emission efficiency than
predicted by the energy gap law can be achieved.

NIR-emitting OLEDs were fabricated using the highly emissive
Os(m) phosphor 5, giving a peak external quantum efficiency (EQE) of
1.54%, a power efficiency (PE) of 0.17 Im W', and a low turn-on
voltage of 2.2 V with Alq; both as the host and the ETL. In addition,
the peak EQE increased to 2.27% by substituting Alq; with BPAmPy,
due to their better carrier balance and exciton confinement. Overall,
these results pinpoint the great potential of the relevant Os(u)
phosphors in the fabrication of NIR-emitting OLEDs.

Experimental section
General information and materials

Mass spectra were recorded on a JEOL SX-102A instrument
operating in electron impact (EI) mode or fast atom bombard-
ment (FAB) mode. 'H, '°F and *'P NMR spectra were obtained

This journal is © The Royal Society of Chemistry 2015
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using the Varian Mercury-400 or INOVA-500 instruments. Elemental
analyses were performed in the NSC Regional Instrumentation
Center at National Chao Tung University, Hsinchu, Taiwan.
5,5’-Di(trifluoromethyl)-2H,2'H-3,3'-bipyrazole (bipzH,) was pre-
pared according to the literature procedure.”® All reactions were
carried out under N, atmosphere and anhydrous conditions.

Photophysical measurement

Steady-state absorption and emission spectra were recorded
using a Hitachi (U-3900) spectrophotometer and an Edinburgh
(FLS920) fluorimeter, respectively. The quantum yield (Q.Y.) of
each complex in the solid was measured using an integrating
sphere,”””® which has been calibrated by wavelength response
and incorporated into the aforementioned fluorimeter, to obtain
the absolute emission yield.

Cyclic voltammetry

All electrochemical potentials were measured in a 0.1 M
TBAPF4/CH,Cl, and THF solution for oxidation and reduction
reactions, and reported in volts using FcH/FcH' as the reference;
AE, is defined as E,, (anodic peak potential) — E,, (cathodic peak
potential) and these data are reported in mV. The Pt electrode
and the Au(Hg) alloy were selected as the working electrode for
oxidation and reduction processes, respectively.

Preparation of 1b

A mixture of Os;(CO);, (100 mg, 0.11 mmol), bipzH, (93 mg,
0.34 mmol) and bipyridine (bpy, 53 mg, 0.340 mmol) in
diethylene glycol monomethyl ether (DGME, 10 mL) was heated
to 190 °C for 24 h. After cooling to RT, the solvent was removed
under vacuum. The residue was purified by silica gel column
chromatography eluting with ethyl acetate (EA):hexane (2:1),
followed by recrystallization of a mixture of EA and hexane,
giving a yellow solid (1b, 141 mg, 0.21 mmol, 63%).

Spectroscopic data of 1b

'H NMR (400 MHz, dg-acetone, 294 K): § 9.47 (dd, J = 5.6,
0.8 Hz, 1H), 8.76 (d, J = 8.4 Hz, 1H), 8.69 (d, J = 8.4 Hz, 1H),
8.45 (td, J = 8.0, 0.8 Hz, 1H), 8.29 (td, J = 8.0, 0.8 Hz, 1H), 7.88
(td, J = 6.8, 0.8 Hz, 1H), 7.68 (td, J = 6.8, 0.8 Hz, 1H), 7.37
(d, J = 6.8 Hz, 1H), 6.70 (s, 1H), 6.48 (s, 1H); "’F-{"H} NMR
(470 MHz, de-acetone, 294 K): 6 —60.62 (s, 3F), —60.84 (s, 3F);
MS (FAB, "°?0s): m/z 672 (M-2)", 645 (M"-CO), 616 (M*-2CO);
IR (CH,Cl,): ¥(CO), 1978 (s), 2040 (s) cm™%; anal. caled for
C10H10F6Ng0O,0s: N, 12.53; C, 35.82; H, 1.50. Found: N, 12.17;
C, 35.62; H, 1.94.

Selected crystal data of 1b

Cy4H3gF1,N1,060s,; M = 1429.18; triclinic; space group = PI;
a = 10.1401(7) A, b = 14.5567(10) A, ¢ = 17.5318(12) A, « =
82.8000(14)°, f = 79.8955(15)°, y = 83.7633(15)°, V = 2517.6(3) A%
Z = 2; Pearca = 1.885 Mg m>; F(000) = 1368; crystal size = 0.40 x
0.40 x 025 mm’ AMoK,) = 071073 A; T = 150(2) K; u =
5.145 mm™'; 29504 reflections collected, 11522 independent
reflections (Rj,; = 0.0358), GOF = 1.061, final R4[I > 20(J)] =
0.0353 and wR, (all data) = 0.1026.
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Preparation of 3

A mixture of Os3(CO);, (100 mg, 0.11 mmol), bipzH, (93 mg,
0.34 mmol) and bpy (53 mg, 0.34 mmol) in 10 mL of DGME was
heated to 190 °C for 24 h. After the reaction mixture was cooled
to RT, freshly sublimed Me;NO (52 mg, 0.69 mmol) was added
and the solution was then heated to 110 °C for 1 h. After that
1,2-bis(phospholano)benzene (pp2b, 91 mg, 0.36 mmol) was added
into the solution and then heated to 190 °C for 12 h. Finally, the
solvent was removed under vacuum, and the residue was purified
by silica gel column chromatography eluting with EA: hexane (2:1).
Recrystallization of a mixture of EA and hexane gave a dark-brown
crystalline solid (90 mg, 0.10 mmol, 31%).

Spectroscopic data of 3

'H NMR (400 MHz, dg-acetone, 294 K): § 8.65 (d, J = 5.6 Hz, 1H),
8.41 (d, J = 8.0 Hz, 2H), 7.87 (m, 3H), 7.79 (m, 2H), 7.50 (m, 2H),
7.37 (t,] = 6.4 Hz, 1H), 7.17 (t, ] = 6.4 Hz, 1H), 6.54 (s, 1H), 6.39
(s, 1H), 3.61 (m, 1H), 2.62 (m, 1H), 2.47 (m, 1H), 2.15 (m, 1H), 1.80
(m, 3H), 1.68 (m, 1H), 1.27 (m, 5H), 0.77 (m, 3H); "’F-{"H} NMR
(470 MHz, de-acetone, 294 K): § —59.62 (s, 3F), —59.65 (s, 3F);
3'p NMR (202 MHz, dg-acetone, 298 K): § 39.88 (s, 1P), § 33.80
(s, 1P). MS (FAB, ***Os): m/z 866 (M)'; anal. caled for C3,Hz,FgNgOSP,:
N, 9.72; C, 44.44; H, 3.50. Found: N, 9.36; C, 43.99; H, 3.76.

Selected crystal data of 3

C35H3,FsNOsP,; M = 907.85; monoclinic; space group = C2/c;
a = 23.1156(7) A, b = 16.4313(5) A, ¢ = 18.4153(5) A, § =
96.193(2)°, V = 6953.7(4) A% Z = 8; pealea = 1.734 Mg m;
F(000) = 3592; crystal size = 0.20 x 0.15 x 0.03 mm?; A(Mo-K,,) =
0.71073 A; T = 150(2) K; u = 3.828 mm™'; 23283 reflections
collected, 7950 independent reflections (R;,c = 0.0554), GOF =
1.056, final Ry[I > 20(I)] = 0.0482 and wR, (all data) = 0.1409.

Preparation of 4

Similar to the procedure described for 3, this reaction was
conducted using Os;(CO);, (100 mg, 0.11 mmol), bipzH, (93 mg,
0.34 mmol), 1,10-phenanthroline (61 mg, 0.34 mmol), Me;NO
(52 mg, 0.69 mmol) and pp2b (91 mg, 0.36 mmol), giving a dark-
brown crystalline solid (105 mg, 0.12 mmol) in 35% yield.

Spectroscopic data of 4

"H NMR (400 MHz, dg-acetone, 294 K): § 9.09 (d, J = 5.2 Hz, 1H),
8.44 (m, 2H), 8.04 (m, 3H), 7.93 (t, ] = 7.2 Hz, 1H), 7.76 (m, 2H),
7.52 (m, 3H), 6.59 (s, 1H), 6.38 (s, 1H), 3.71 (m, 1H), 2.67
(m, 2H), 2.14 (m, 1H), 1.90 (m, 2H), 1.63 (m, 2H), 1.20 (m, 4H),
0.82 (m, 3H), 0.21 (m, 1H); "’F-{"H} NMR (470 MHz, dg-acetone,
294 K): § —59.51 (s, 3F), —59.69 (s, 3F); *'P NMR (202 MHz,
de-acetone, 298 K): 6 39.13 (s, 1P), 33.53 (s, 1P). MS (FAB, '°?0s):
m/z 890 (M)'; anal. caled for C3,H30FsNgOsP,: N, 9.46; C, 45.94;
H, 3.40. Found: N, 9.23; C, 45.98; H, 3.95.

Preparations of 5 and 6

The Os(u1) complexes 5 and 6 were obtained in 21% and 27%
yields respectively using similar procedures as described for the
preparation of 4.
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Spectroscopic data of 5

"H NMR (400 MHz, dg-acetone, 294 K): § 8.83 (s, 1H), 8.21
(q,J = 9.6 Hz, 2H), 7.91 (t,] = 6.8 Hz, 1H), 7.74 (t, ] = 6.8 Hz, 1H),
7.64 (d, J = 2.8 Hz, 2H), 7.44 (m, 2H), 6.57 (s, 1H), 6.38 (s, 1H),
3.73-3.65 (m, 1H), 2.73-2.63 (m, 8H), 2.39 (s, 3H), 2.31 (s, 3H),
2.18-2.11 (m, 1H), 1.96-1.82 (m, 2H), 1.73-1.63 (m, 3H), 1.28-
1.13 (m, 3H), 1.03-0.93 (m, 1H), 0.86-0.75 (m, 2H), 0.27-0.20
(m, 1H); "*F-{'"H} NMR (470 MHz, de-acetone, 294 K): 6 —59.42
(s, 3F), —59.68 (s, 3F); *'P NMR (202 MHz, dg-acetone, 298 K):
0 38.81 (s, 1P), 33.74 (s, 1P). MS (FAB, *°>0s): m/z 946 (M)"; anal.
caled for C;gH;5FgNgOSP,: N, 8.89; C, 48.30; H, 4.05. Found:
N, 9.12; C, 48.37; H, 4.28.

Spectroscopic data of 6

"H NMR (400 MHz, dg-acetone, 294 K): 6 9.19 (d, J = 5.6 Hz, 1H),
8.17-8.08 (m, 3H), 7.95 (t, J = 6.8 Hz, 1H), 7.80-7.76 (m, 2H), 7.70-
7.52 (m, 13H), 6.61 (s, 1H), 6.42 (s, 1H), 3.813.74 (m, 1H), 2.74-2.70
(m, 2H), 2.23-2.12 (m, 1H), 1.99-1.86 (m, 1H), 1.77-1.51 (m, 3H),
1.36-1.14 (m, 4H), 0.97-0.77 (m, 3H), 0.46-0.32 (m, 1H); “F-{'H}
NMR (470 MHz, dg-acetone, 294 K): 6 —59.59 (s, 3F), —59.61 (s, 3F);
*P NMR (202 MHz, dg-acetone, 298 K): & 38.93 (s, 1P), 33.89 (s, 1P).
MS (FAB, '%20s): m/z 1042 (M)"; anal. caled for C4gH3gFgNgOsP,: N,
8.07; C, 53.07; H, 3.68. Found: N, 7.99; C, 52.58; H, 3.90.

Single crystal X-ray diffraction studies

Single crystal X-ray diffraction studies were carried out on a
Bruker SMART Apex CCD diffractometer using (Mo-K,) radiation
(% =0.71073 A). The data collection was executed using the SMART
program. Cell refinement and data reduction were performed using
the SAINT program. The structure was determined using the
SHELXTL/PC program and refined using full-matrix least squares.
CCDC 1044312 and 1044313.

Computational methods

All the calculations were performed using the Gaussian 09 program
package, with the B3LYP functional”®® and the LANL2DZ®" basis
set for Os and 6-31G**** for all other atoms. A conductor-like
polarization continuum model CPCM of CH,Cl, solvent was
applied to all calculations, and the results were analyzed further
using GaussSum.®® Structures obtained were confirmed as true
minima by the absence of imaginary frequencies.

OLED fabrication

All commercial materials and ITO-coated glass were purchased
from Nichem and Lumtec. Before thermal evaporation, materials
were subjected to temperature-gradient sublimation under high
vacuum (~10~° Torr). The bottom-emitting OLED architecture
consists of multiple organic layers and a reflective cathode which
were consecutively deposited onto the ITO-coated glass sub-
strate. The deposition rates of organics and aluminum were
keptat ~0.1 nm s " and 0.5 nm s}, respectively. The active area
was defined by the shadow mask (2 x 2 mm?). The measurement
of EL characteristics was conducted in a glove box filled with
nitrogen. Current density-voltage-luminance characterization
was measured using a Keithley 238 current source-measure unit
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and a Keithley 6485 picoammeter equipped with a calibrated
Si-photodiode. The electroluminescence spectra were recorded
using an Ocean Optics spectrometer.
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