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The series of osmium(i) complexes [Os(bpy)s_n(btz),][PFel> (bpy = 2,2'-bipyridyl, btz = 1,1'-dibenzyl-4,4'-
bi-1,2,3-triazolyl, 1n=0,2n=1,3n =2, 4 n = 3), have been prepared and characterised. The progressive
replacement of bpy by btz leads to blue-shifted UV-visible electronic absorption spectra, indicative of btz
perturbation of the successively destabilised bpy-centred LUMO. For 4, a dramatic blue-shift relative to
the absorption profile for 3 is observed, indicative of the much higher energy LUMO of the btz ligand over
that of bpy, mirroring previously reported data on analogous ruthenium(i) complexes. Unlike the
previously reported ruthenium systems, heteroleptic complexes 2 and 3 display intense emission in the
far-red/near-infrared (Imax = 724 and 713 nm respectively in aerated acetonitrile at RT) as a consequence
of higher lying, and hence less thermally accessible, *MC states. This assertion is supported by ground
state DFT calculations which show that the do* orbitals of 1 to 4 are destabilised by between 0.60 and
0.79 eV relative to their Ru(i) analogues. The homoleptic complex 4 appears to display extremely weak
room temperature emission, but on cooling to 77 K the complex exhibits highly intense blue emission
With Amax 444 nm. As complexes 1 to 3 display room temperature luminescent emission and readily
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reversible Os(i)/(i) redox couples, light-emitting electrochemical cell (LEC) devices were fabricated. All
LECs display electroluminescent emission in the deep-red/near-IR (A = 695 to 730 nm). Whilst devices
based on 2 and 3 show inferior current density and luminance than LECs based on 1, the device utilising 3

www.rsc.org/dalton shows the highest external quantum efficiency at 0.3%.

described in detail and compared and contrasted to its well-
known Ru(u) analogue.”® Subsequent work has predomi-

Introduction

The photophysics of d® oligopyridine based complexes have
been extensively investigated over the past four decades.?
This interest stems from the potential application of these
complexes from light-harvesting and solar energy
conversion®™ to artificial lighting.®® The control and optimi-
sation of the excited state energies of these complexes in
relation to their use within the aforementioned applications
has therefore been a focus of innumerable studies on ligand
design for these systems.

Complexes of Os(u) in particular have been of significant
interest since the 1980s, with the photophysical properties of
the parent complex of the family, Os(bpy);*", having been
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nantly centred around modification of the ligand set, for
example, introducing other simple diimines such as 1,10-phe-
nanthroline,”"®  terpyridines’*"® or dipyridophenazine
(dppz)'”*® and also expanding the ligand architecture to
permit coordination to more than one metal centre, thus
giving access to a variety of novel homo- and heterometallic
dimers'**® and dendrimers.>*>" The appeal of using Os(n) lies
primarily in the inherent ground and excited state stability of
its polypyridyl complexes, reversible redox chemistry and
broadly panchromatic optical absorption properties.”® This
latter property is partially a consequence of the high spin-
orbit coupling constant for Os permitting the occurrence of
both spin-allowed 'MLCT and spin-forbidden direct *MLCT
electronic transitions.?”* Furthermore, the >MLCT states are fre-
quently relatively long-lived*® and often undergo radiative de-
activation through phosphorescent emission. Consequently,
Os(u1) complexes have been employed in applications ranging
from emissive intercalating DNA probes'” to semi-conductor
sensitisers®®** and light-absorbing molecular antennae.*"

This journal is © The Royal Society of Chemistry 2016
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Ligand systems based on the use of 1,2,3-triazoles as
a replacement for pyridine donors have recently generated
significant interest, where facile synthesis through so-called
‘click’ chemistry opens up many possibilities for readily tune-
able photophysical properties.>” *° Several examples of Ir(im)
complexes featuring 1,2,3-triazoles have been reported as
colour tuneable emitters®’* and further incorporated within
light emitting devices.?>3®

We and others have recently investigated 4,4'-bi-1,2,3-triazo-
lyl (btz) ligands. For example, complexes of the form
[Ir(apy),(btz)]’, where apy is a 2-arylpyridine, were shown to be
luminescent.**?° Our group has also investigated the photo-
physics and  photochemistry of ruthenium(u) btz
complexes.’*** Fletcher*® and Monkowius*> had previously
shown homoleptic complexes of the type [Ru(btz);]*" to be
non-emissive. We proceeded to prepare and characterise the
series of complexes [Ru(bpy);_,(btz),]** (n = 1-3).* Increasing
btz content results in a blue-shift in the '"MLCT band with a
very pronounced shift on going from n = 2 to n = 3. Density
functional theory (DFT) calculations indicate that the LUMO of
the btz ligand is approximately 1 eV higher than that of bpy,
thus explaining the large shift in the MLCT band on replace-
ment of the final bpy ligand. Time-dependent DFT data
revealed that for the bpy-containing complexes in the series
that the lowest triplet excited state was *MLCT in nature.
However, for [Ru(btz);]** the S; and T, states were shown to
have *MC character. The narrowing of the *MLCT-’MC gap in
the heteroleptic complexes [Ru(bpy),(btz)]** and [Ru(bpy)
(btz),]** also results in photochemical btz ligand ejection reac-
tivity, which in the case of the latter complex proceeds with
the observation of a highly stable ligand loss intermediate.*'

Triazole-containing ligands therefore allow access to
efficient phosphorescent complexes on the one hand but also
to complexes displaying unique photochemical reactivity on
the other. Further, whilst there are now numerous reports on
the coordination chemistry and photophysical properties of
1,2,3-triazole complexes of ruthenium and other d® metals,
there is to our knowledge only one report of triazole coordi-
nation to osmium.*® The aforementioned dichotomous nature
exhibited by triazole-containing complexes inspired us to
investigate the osmium analogues of the previously studied
ruthenium btz family of complexes and explore their electro-
luminescence properties when used in light-emitting electro-
chemical cells (LECs). Since their discovery in 1996 by Pei,*”
LECs have been investigated as potential inexpensive lighting
devices due to their simplicity. In LECs, different materials
such as conjugated polymers blended with ionic liquids, ionic
dyes or organometallic complexes have been used as emitters.
Nevertheless, due to the intrinsically higher photo-
luminescence efficiency of phosphorescent compounds, the
most efficient LECs have been obtained using ionic transition
metal complexes (iTMCs) as emitters.**>*> Commonly
employed metal centres used in iTMC for LECs are Ir(u) and
Ru(u), due to their high stability and efficient photo-
luminescence, whereas other transition metal complexes have
been studied only on a very limited basis. Among these, Os(u)
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has been used in the preparation of phosphorescent emitters
for LECs**™® and for more common organic light-emitting
diodes (OLEDs).”® However, the application of Os(u) iTMCs in
LECs has not yet been developed to its full potential.

We report here the synthesis and characterisation of the
series of complexes [Os(bpy);_n(btz),]” 1 n=0;2n=1;3n=
2; 4 n = 3). We will show that in contrast to their ruthenium
analogues that 1 to 3 are emissive at room temperature in the
deep-red/near-infrared region of the spectrum. Further, these
complexes have been used as phosphors in deep-red/near-
infrared light-emitting electrochemical cells.

Results & discussion

The heteroleptic complex [Os(bpy),(btz)]** (2) was conveniently
prepared from [Os(bpy),Cl,] by reaction with one equivalent of
btz and was isolated as its hexafluorophosphate salt
(Scheme 1). The 'H NMR spectrum of 2 (Fig. S107) exhibits a
set of eight resonances for the bpy ligands, indicative of the C,
symmetry of the complex. These are accompanied by a singlet
resonance for the btz triazole ring protons at § 8.34 and a pair
of roofed doublets at 6 5.45 and 5.49 (Jyy = 15 Hz) corres-
ponding to the diastereotopic methylene protons of the btz
benzyl substituents.

The synthesis of the second heteroleptic complex [Os(bpy)
(btz),]** (3) was initially attempted via a similar route to that of
2. [NH,],[OsClg] was reacted with two equivalents of btz to
yield [Os(btz),Cl,], with 'H NMR analysis revealing two
inequivalent triazole rings within the ligand, indicating the
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Scheme 1 Synthesis of complexes 2 to 4.
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successful isolation of the C, symmetric intermediate.
However, subsequent reaction with one equivalent of bpy
proved unsuccessful, furnishing only a yellow/green com-
pound, the "H NMR spectrum of which contained only one set
of btz resonances and no signals corresponding to bpy. The
resemblance of this spectrum to that of [Os(btz);]** (vide infra)
and the obvious differences to that of the intermediate [Os
(btz),Cl,], allow us to speculate that ligand exchange may have
occurred under these reaction conditions to give only a homo-
leptic product. Consequently, 3 was prepared via an alternative
procedure making use of a bipyridine-containing intermediate
(Scheme 1), a strategy which has been employed in our pre-
vious work concerning the synthesis of the Ru analogue of
3.19%1 Thus, refluxing [Os(n®-C¢He)(bpy)(Cl)[PFs] in ethanol/
water with two equivalents of btz yields 3, which was isolated
as a dark green powder as its hexafluorophosphate salt. The
"H NMR spectrum of 3 (Fig. S127) exhibits a total of four reso-
nances for the bpy ligand along with two sets of signals for
the inequivalent triazole rings (6 8.30, 8.33) and benzylic
methylene environments (6 5.47, 5.53) of the btz ligands, again
consistent with a complex possessing C, symmetry.

Whilst single crystals were successfully grown for complexes
2 and 3, these repeatedly proved to be unsuitable for the collec-
tion of satisfactory X-Ray diffraction data.

The homoleptic complex 4 may be readily prepared directly
from [NH,],[OsCl¢] by heating to reflux in ethylene glycol in
the presence of three equivalents of btz for 2 hours. However,
it was found that this method repeatedly lead to the formation
of small quantities of an additional Os complex, characterised
by the presence of four broad resonances in the "H NMR spec-
trum at 6 3.47, 6.32, 6.57 and 11.44, and by mass spectrometry
as a mono-osmiated species with m/z = 894.18. As we were
unable to either identify or separate this species, 4 was alterna-
tively prepared in an analogous manner to that of 3. Briefly,
[0s(n®-CeHy)(btz)(C1)][PFs] was heated to reflux in ethanol/
water with two further equivalents of btz, which in the pres-
ence of NaPF; affords exclusively 4 as the hexafluorophosphate
salt. The "H NMR spectrum of 4 (Fig. S147) is very simple, con-
taining a singlet for the six triazole ring protons at § 8.33 and
a signal for the methylene protons of the btz benzyl substitu-
ents at § 5.50. The remaining protons of the phenyl rings fall
within a multiplet at § 7.29-7.38, with the ortho protons being
discernable as a separate resonance centred at 6 7.14. Despite
numerous attempts, single crystals of 4 could not be success-
fully grown.

Cyclic voltammograms were recorded for complexes 1 to 4
and are presented in Fig. 1 with electrochemical data summar-
ised in Table 1. All complexes show a reversible Os(ir)/Os(1)
oxidation process between +0.46 and +0.53 V vs. Fc'/Fc which
undergoes a slight cathodic shift with increasing btz content
within the ligand set. This shift to lower potential occurs as
bpy is sequentially replaced by btz due to the weaker electron
withdrawing ability of the latter and the resulting increase in
electron density at the metal centre. The HOMO in 1 to 4 is
therefore determined to be localised on the Os centre. For
complex 2, a reversible bpy-centred reduction is observed at
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Fig. 1 Cyclic voltammetry traces for 1.8 mmol dm™> CH,Cl, solutions
of complexes 1-4, recorded at r.t. at 100 mV s™*. Solutions contained
0.2 mol dm~3 NBu4PFg as supporting electrolyte. All potentials are
shown against the Fc*/Fc couple.

Table 1 Summarised electrochemical data for 1.8 mmol dm™> CH,Cl,
solutions of complexes 1-4, measured at r.t. at 100 mV s~*. Potentials
are shown in V vs. Fc*/Fc. Anodic—cathodic peak separations, AE, ., are
shown in mV within brackets where applicable. (AE,. for Fc*/Fc was
typically 80 mV)

Complex Oxidation/V Reduction/V

1 +0.53(83) —1.63(86), —1.91(95)
2 +0.49(90) -1.76(93)

3 +0.47(95) —1.90(95)

4 +0.46(98) —

—1.76 V which is cathodically shifted by 0.13 V relative to the
first reduction potential of 1, indicating destabilisation of the
LUMO of the complex in agreement with the blue-shifted
MLCT absorption maxima (vide infra). For 3, a reversible bpy-
centred reduction is again observed centred at —1.90 V, catho-
dically shifted by a further 0.14 V relative to that of 2. For the
homoleptic complex 4 no reduction potential is observed
within the available electrochemical solvent window, indicative
of the much higher energy LUMO of btz over that of bpy.
UV-visible electronic absorption spectra were recorded for
all complexes in acetonitrile solutions (Fig. 2 and Table 2). The
bpy-containing complexes 1 to 3 all show an intense bpy-
centred n—n* based band centred around 290 nm which is

100000

80000

1

£ 2
60000

5 —4
40000

€/ mol"dm3cm

20000

=

0
250 300 350 400 450 500 550 600 650 700 750

Wavelength/ nm

Fig. 2 UV-visible electronic absorption spectra for acetonitrile solu-
tions of complexes 1-4.
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Table 2 Summarised photophysical data for 1 to 4

Complex 4 (abs)?/nm A (em)/nm ns  Dep/%
1 651, 585, 480, 449, RT®  732° 387 0.5°
435, 368, 328, 291 _ _
58 0.8/
77K? 706, 778°
2 634, 576, 463, 440, RT®  724° 49¢  0.5°
427, 356, 325, 289
83/ 0.9/
77K® 698, 767°
3 613, 571, 450, 429, RT“ 713¢ 66  0.6°
341, 323, 288
1247 1.4/
77KP 673, 730°
4 422,391, 340, 320, RT* — R —
296
77 KP 444,474, 495¢

“In aerated MeCN. ”In 4:1 EtOH/MeOH glass. ©dex = 600 nm. ¥ Aex =
400 nm. ¢ Relative to [Ru(bpy)s][PFe], @em = 0.018 in aerated MeCN.*®
fDeaerated MeCN (photophysical data for CH,CI, solutions is pre-
sented within the ESI).

seen to decrease in intensity as bpy ligands are sequentially
replaced by btz. 1 displays further electronic transitions in the
visible region, with those around 450 nm assigned as being
'MLCT in character, with bands of weaker intensity at
wavelengths above 550 nm due to direct population of *MLCT
states as a consequence of the high spin-orbit coupling
constant of 0s.>>*” The visible region of the spectrum of 2 has
a similar panchromatic absorption profile to that of 1, tailing
off at ~700 nm in which the MLCT bands are blue-shifted as
the LUMO is destabilised on replacement of a bpy ligand by
btz. Likewise, the "*MLCT bands observed for 3 are further
blue shifted, with Amax at 429 and 450 nm for the "MLCT band
and the *MLCT band seen to tail off around 650 nm. Spectra
for 2 and 3 also show increased absorption in the region
320 to 350 nm which is assigned to btz-localised "MLCT
transitions.

The absorption spectrum of 4 is heavily blue-shifted com-
pared to the other complexes, with “*MLCT based bands
tailing off at 450 nm. A more intense band observed in the
near-UV region with an absorption maximum at 320 nm is ten-
tatively assigned as arising from overlapping "MLCT/'LC tran-
This the behaviour exhibited by the
corresponding ruthenium analogue [Ru(btz);]** which has
almost no absorption in the visible region of the spectrum.*’

Complexes 1 to 3 are observed to be emissive at room tem-
perature in aerated solutions of MeCN (Fig. 3 (top) and 4). The
broad, featureless bands in the deep-red/near-infrared region
are attributed to emissive states which are predominantly
*MLCT in character. In comparison, [Ru(bpy),(btz)]*" exhibits
highly quenched emission compared to [Ru(bpy);]**, whilst no
room temperature emission is observed for [Ru(bpy)(btz),]**
and [Ru(btz);]*".*° The enhancement in emission here is likely

sitions. mirrors
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Fig. 3 Top: Normalised emission spectra recorded for aerated MeCN
solutions of 1-3 at r.t. Bottom: Low temperature emission spectra (77 K)
recorded for 1-4 in a 4:1 EtOH : MeOH glass. (1-3: Aex = 600 nm; 4:
Jex = 400 nm).

4
4:1 EtOH/MeOH

MeCN, RT 77K

Fig. 4 Photograph composite of luminescent emission from complexes
1to 4.

to be a consequence of higher energy *MC states in 1 to 3 rela-
tive to their ruthenium(n) analogues due to the greater ligand
field splitting and higher energy do* orbitals of the 5d metal
centre (vide infra).

Complex 2 exhibits a broad emission band (Aax 724 nm)
that is blue-shifted by 8 nm relative to that of 1, with that of 3
further shifted to higher energy with A, at 713 nm. This shift
to higher emission energy as bpy is sequentially replaced by
btz is indicative of a destabilisation of the LUMO and a corres-
ponding increase in the HOMO-LUMO energy gap across the
series. This trend is in excellent agreement with the increase
in HOMO-LUMO separation across 1-3 as measured by cyclic
voltammetry and electronic absorption spectroscopy. (vide
supra). Emission spectra were also recorded for 1-3 in
dichloromethane (ESIT), with Anax (717-697 nm) displaying a
small solvatochromic shift to higher energy consistent with a
decrease in the polarity of the solvent.

Dalton Trans., 2016, 45, 7748-7757 | 7751
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Contrary to initial expectations based on the non-emissive
properties of the analogous complex [Ru(btz);]**, 4 appears to
be extremely weakly emissive in acetonitrile at room tempera-
ture with a band discernible above the noise at approximately
460 nm after removal of solvent Raman scattering signals (see
ESIt). The complex is, however, intensely emissive in a 4:1
EtOH/MeOH glass at 77 K (Fig. 3 (bottom) & 4) and exhibits a
structured band with maxima at 444, 474 and 495 nm. The low
temperature emission profiles of 1 to 3 were also obtained in
rigid EtOH/MeOH glasses at 77 K (Fig. 3, bottom). In each case
the complexes exhibit structured emission bands where the
emission maxima display the expected rigidochromic blue-
shift relative to their solution state spectra with An.x lying
between 673 and 706 nm. The trend in emission energy for
1-3 remains the same, being progressively shifted to higher
energy with increasing btz content in the ligand set.

Luminescence lifetimes for the emission observed for 1-3 in
aerated MeCN at room temperature were measured and are dis-
played in Table 2. These values are seen to increase across the
series upon successive replacement of bpy ligands with btz
from 38 to 66 ns, and also upon changing the polarity of the
solvent with lifetimes from 73 to 123 ns being measured for 1-3
in aerated dichloromethane (ESIT). The increase in lifetime is a
consequence of the gradual increase in HOMO-LUMO energy
gap and corresponding destabilisation of the emissive *MLCT
state, as expected in accordance with the energy gap law.”°

In order to complement our experimental studies we
carried out computational DFT calculations on complexes 1 to
4. In the case of the btz-containing complexes the benzyl sub-
stituents were simplified to methyl groups. Plots of selected
molecular orbitals and a comparative molecular orbital energy
level diagram are provided in Fig. 5. In each case the HOMOs
for the optimised ground state geometries of 1 to 4 are Os 5d,.
in character, which are destabilised by 0.27 to 0.35 eV com-
pared to the corresponding 4d,. orbitals of their ruthenium
analogues. Due to the higher energy osmium-based HOMOs in
1 to 4 the HOMO-LUMO gap is reduced compared to the
corresponding ruthenium series (3.11-4.27 eV versus 3.46-
4.69 eV respectively) accounting for the significant red-shift
that is observed in the optical absorption spectra.

For the bpy-containing complexes 1 to 3 the LUMO is
localised on the bpy ligands, having n* character in the same
manner as their ruthenium analogues. For the homoleptic
complex 4 the LUMO is distributed equally over the three btz
ligands. Progressing across the series both the HOMO and
LUMO are destabilised (Table 3), more so for the latter result-
ing in an increased HOMO-LUMO energy gap in agreement
with the experimental spectroscopic and electrochemical data;
from complex 1 to 3 the HOMO-LUMO gap increases by
0.29 eV as bpy ligands are replaced by btz. Similarly to the ana-
logous ruthenium series the HOMO-LUMO separation
increases markedly by 0.87 eV upon going from 3 to 4 with the
final replacement of bpy by btz necessitating the change from
a bpy- to btz-localised LUMO.

The greater room temperature emission exhibited by 1 to 4
compared to the previously reported ruthenium series is pro-

7752 | Dalton Trans., 2016, 45, 77487757
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Fig. 5 Plots of the HOMO, LUMO and do* orbitals for 1 to 4 (top) and
comparative molecular orbital energy level diagram for 1 to 4 (bottom).

Table 3 Calculated energies (eV) of the HOMO, LUMO and dc* orbitals
of complexes 1 to 4

1 2 3 4
HOMO —10.88 —10.69 —-10.51 -10.29
LUMO =7.77 —7.44 -7.11 —6.03
do* —-4.71 —4.48 —4.33 -3.95

-4.71 —4.43 —4.10 -3.95

posed to stem from destabilisation of the *MC states and
hence the do* orbitals in the ground state. Plots of the do*
orbitals of 1 to 4 are provided in Fig. 5. These appear as
LUMO+13 & LUMO+14 for 1 and LUMO+10 & LUMO+11 for 4
and are destabilised by between 0.60 and 0.79 eV relative to
those of their ruthenium analogues. The ground state energy
separation between the LUMO and the do* orbitals decreases
from 3.06 eV for 1 to 2.07 eV for 4 with the progressive destabi-
lisation of the LUMO. This compares to a separation of 2.37 eV
for [Ru(bpy);]*" and 1.27 eV for [Ru(btz);]*", which would
therefore be expected to result in a significant increase in the
*MLCT-*MC state separation for the osmium series over their
ruthenium analogues and account for the enhanced emission
reported here.

Calculated absorption spectra from time-dependent DFT
calculations are in good agreement with experimental spectra
(see ESIT). Whilst the S, states are all HOMO — LUMO "MLCT

This journal is © The Royal Society of Chemistry 2016
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in character these transitions are of low oscillator strength.
The more intense transitions that give rise to the 'MLCT
bands involve transitions between the HOMO—-1 or HOMO-2
to LUMO, LUMO+1 or LUMO+2 orbitals.

Since complexes 1 to 3 show photoluminescence at room
temperature and display readily reversible Os(u)/Os(ur) redox
behaviour, they were tested as phosphorescent emitters in
double layer LECs. Devices were prepared by spin-coating pre-
patterned ITO-glass substrates with an 80 nm thick PEDOT:
PSS layer, in order to smooth the surface and increase the
reproducibility of the devices. Subsequently, a layer of the
phosphorescent complex was deposited from butanone (MEK)
solutions, in the case of complexes 1 and 3, whereas aceto-
nitrile was used to process complex 2. In order to reduce the
turn-on time of the device, the ionic liquid (IL) 1-butyl-3-
methylimidazolium hexafluorophosphate was added to the
solutions in a molar ratio (complex: IL) of 4 : 1. Finally, an alu-
minium electrode was thermally evaporated onto the active
layer. The characterisation of the LECs was carried out by
applying a constant voltage (3 V) and monitoring the light
output and the current over time. Under these conditions, a
steady increase in the current and light output is typically
observed as a consequence of the ion redistribution within the
active layer. The ion drift reduces the barrier for charge injec-
tion and decreases the electrical resistance due to the for-
mation of doped zones.’*®® The behaviour of complex 1 in
LECs has been previously reported by Gao et al.,*® hence this
complex was used here as a reference. The device character-
istics are depicted in Fig. 6 and the corresponding parameters
summarised in Table 4.

All the LECs exhibit deep-red or near-infrared electrolumi-
nescence (EL) with emission maxima located between 695 and
730 nm (Fig. 6, panel d). The EL spectra show a rigidochromic
blue-shift with respect to the corresponding fluid solution
photoluminescence spectra (Fig. 3), in good agreement with
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Fig. 6 Performance characteristics for LECs containing complexes 1-3:
glass/ITO/PEDOT:PSS/complex:[Bmim][PFg] 4:1/Al under bias of
3 V. Light output (blue lines) and current density (red lines) of the LECs
containing 1 (a), 2 (b) and 3 (c). Graph (d) shows the electrolumines-
cence spectra for the LECs prepared with 1-3.
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Table 4 Device performance data for: ITO/PEDOT:PSS/Os-complex:

[Bmim][PFcl/Al under a bias of 3 V. [Bmim][PFe¢l: 1-butyl-3-methyl-
imidazolium hexafluorophosphate

LEC complex:IL  Bias/V  tma/Min  Lya/fW ecm™  ¢15/h  EQEmay/%
1:[Bmim][PF,] 3 14 259 >18  0.06
2:[Bmim|[PF,] 3 8 28 45  0.01
3:(Bmim|[PF,] 3 63 8 1.9 0.30

the emission observed at low temperature in rigid solution. As
before, the increase in btz content upon moving from 1 to 3 is
manifest in the shift of emission maxima to higher energy.

All LECs show the typical behaviour as described above,
with different device responses being clearly observed depen-
dent upon the identity of the active material. Differences in
current vs. time profiles depend upon the ionic conductivity of
the thin films and on the energy barrier for the injection of
electrons or holes.®""®* In relation to 1, the time to reach the
maximum light output (¢,.x) was found to be shorter for LECs
based on complex 2 and longer for the LEC containing 3.
Whilst these times do not reflect any appreciable trend across
the series, the current density measured for each of the LECs
varies substantially depending on the osmium complex,
decreasing significantly upon the introduction of btz to the
ligand set (1 to 2). In particular, LEC’s containing 1 and 2
show a much higher current density and consequently more
intense electroluminescence compared to devices based on 3.
Interestingly, this trend in current density across the series of
complexes is not commensurate with changes in overall device
efficiency, with the maximum external quantum efficiency
(EQE) being achieved for the LECs containing complex 3
(0.3%), found to be substantially higher in comparison to the
reference complex 1 (0.06%). It is noted that the performance
characteristics measured for our devices containing 1 are in
good agreement with those previously reported by Gao et al
for LECs fabricated with the same phosphor.

Monitoring the photoluminescence output for the LECs
over time reveals the device lifetime to be detrimentally
affected by the sequential substitution of bpy ligands with btz.
In spite of the high current density measured for the LEC,
complex 1 shows a lifetime (¢,,) in excess of 18 hours, whereas
complexes 2 and 3 were found to have shorter lifetimes of 4.5
and 1.9 hours, respectively. As further in-depth analysis of the
different device performance of 3 was not carried out, we
reason that the difference in current measured for 3 with
respect to 1 and 2 is an indication of a lighter doping in the
thin film of 3, hence being less affected by exciton
quenching.®

Despite the generally inferior device performance and
brightness of LECs based on 2 and 3 the results are nonethe-
less encouraging for further phosphor development based on
these architectures. During the fabrication of these devices
problems were encountered for 2 due to crystallisation in the
preparation of the active layer thin-films from MEK. These
phosphors could therefore be modified through adding substi-
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tuents onto the bpy ligands and through use of different sub-
stituents on the btz ligands in attempts to improve the stability
and photoluminescence emission of the active layer, and con-
sequentially, device performance.

Since the complexes are also phosphorescent in solution
with excitation at 600 nm, the complexes may also be amen-
able to biological imaging applications in which auto-fluo-
rescence can be negated. Here the CuAAC route to triazole-
based ligand formation also lends itself to the inclusion of bio-
logically relevant substituents within the ligand architecture
for targeted cellular imaging.®* These and other possibilities
are currently under investigation in our laboratory and results
from these on-going studies will be published elsewhere in
due course.

Conclusions

We have prepared and characterised heteroleptic osmium(ir)
bitriazolyl complexes [Os(bpy),(btz)]** (2) and [Os(bpy)(btz),]**
(3) which display deep-red/near-IR emission in aerated fluid
solution. The complexes are far more efficient phosphors than
their previously reported ruthenium(u) analogues due to
higher energy and less thermally accessible *MC states associ-
ated with the 5d metal. The homoleptic complex [Os(btz)s]**
displays extremely weak room temperature emission but
intense blue emission when cooled to 77 K.

LECs have been prepared using complexes 1-3 that exhibit
tuneable emission as a function of btz content within the
ligand set. The electroluminescence of these devices ranges
from deep-red to the near-infrared, being achievable at a low
operating voltage. Whilst the introduction of triazole ligands
was found to lead to an overall reduction in the current
density and operational lifetime of the LECs, these results
demonstrate the potential of Os(u) complexes as functional
components within light-emitting devices where readily tune-
able photoluminescence in the low energy region of the visible
spectrum is desired.

Experimental section

[0s(bpy)s][PFe]o,** [Os(bpy)>CL],"" [{Os(n*-CeHe)CL},]" and
btz***” were prepared according to previously reported pro-
cedures. All reagents were purchased from Alfa Aesar, Acros
Organics and Sigma-Aldrich and were used as received. Unless
otherwise stated all synthetic manipulations were carried out
under an atmosphere of N, using standard Schlenck line tech-
niques. Deaeration of solvents was performed through vigor-
ous bubbling with N, for a period of at least 15 minutes. NMR
spectra were recorded on a Bruker Ascend 400 MHz spectro-
meter, with all chemical shifts reported in ppm, calibrated
relative to the residual solvent signal (MeCN, 'H: § 1.94, *C: 6
1.32, 118.26). High resolution mass spectrometry was per-
formed on an Agilent 6210 TOF instrument with a dual ESI
source. Cyclic voltammograms were measured using an
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Autolab PGSTAT100N potentiostat with NOVA electrochemical
software. Analyte solutions were prepared using N, saturated
dry dichloromethane, freshly distilled from CaH,. All measure-
ments were conducted at room temperature under a stream of
dry N, at potential scan rates ranging from 50 to 500 mV s .
NBu,PFs was used as a supporting electrolyte, being recrystal-
lised from ethanol and oven dried prior to use, with a typical
solution concentration of 0.2 mol dm™>. The working electrode
was a platinum disc, with platinum wire utilised as the
counter electrode. The reference electrode was Ag/AgCl, being
chemically isolated from the analyte solution by an electrolyte
containing bridge tube tipped with a porous frit. Ferrocene
was employed as an internal reference, with all potentials
quoted relative to the Fc'/Fc couple. UV-Visible electronic
absorption spectra were recorded on an Agilent Cary-60
spectrophotometer, utilising quartz cuvettes of 1 cm path-
length. Emission spectra were recorded on a Fluoromax-4
spectrophotometer utilising quartz cuvettes of 1 cm path-
length. ‘Degassed’ solutions were prepared via three repeat
‘freeze-pump-thaw’ cycles. Quantum yields (®..,) are quoted
relative to [Ru(bpy);][PFs], in aerated MeCN, with all com-
plexes being excited at a single wavelength with common
optical density. Quantum yields are thus determined from the
ratio of integrated area under the peaks. As emission bands
for the Os complexes tail into the near infra-red region,
outside the effective range of the spectrophotometer, an
experimental uncertainty of +20% is assumed. Luminescence
lifetimes were measured with an Edinburgh Instruments Mini-
T, equipped with a picosecond diode laser (404 nm, 56 ps) exci-
tation source.

Synthesis of [Os(bpy),(btz)][PFs]. (2)

[Os(bpy).Cl,] (125 mg, 0.218 mmol) and btz (69 mg,
0.218 mmol) were dissolved in ethylene glycol (50 ml) and
refluxed under N, for 4.5 hours. The resulting dark green solu-
tion was cooled to room temperature, at which point NH,PF¢
(119 mg, 0.733 mmol) was added and the solution stirred for a
further 45 minutes. The resulting dark green precipitate was
collected by filtration and washed with cold H,O followed by
Et,0. The solids were subsequently re-dissolved in MeCN and
filtered through a celite plug, with the concentrated filtrate
being passed through a silica column (5% MeOH/CH,Cl, as
eluent). Collection of the dark green coloured band and evap-
oration of the solvent afforded the product as a dark green
solid. Yield = 130 mg, 54%. "H NMR (CD;CN, 400 MHz): 5.45
(d, J = 15.0 Hz, 2H, CH,), 5.49 (d, J = 15.0 Hz, 2H, CH,),
7.05-7.10 (m, 4H, bpy), 7.24 (t, J = 6.6 Hz, 2H, Ph), 7.30-7.39
(m, 8H, Ph), 7.78-7.89 (m, 8H, bpy), 8.34 (s, 2H, Trz), 8.39-8.47
(m, 4H, bpy). >*C NMR (CD;CN, 101 MHz): 56.26, 124.51,
124.61, 124.91, 128.08, 128.79, 128.95, 129.91, 130.04, 134.85,
137.80, 137.81, 142.72, 152.19, 152.76, 160.37, 161.03. HRMS
(ES); m/z calc. for [0sC3gH3,N1,]>": 410.1208, found: 410.1216.

Synthesis of [Os(n®-CsHg)(bpy)CI][PF]

[{0s(n°-CeHe)CL,},] (260 mg, 0.383 mmol) and 2,2-bipyridine
(119 mg, 0.762 mmol) were added to deaerated MeOH (20 ml)

This journal is © The Royal Society of Chemistry 2016
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and stirred at 30 °C under N, in the dark for 17 hours. The
dark green solution was then passed through a short celite
plug and the filtrate treated with NH,PF¢ (363 mg, 2.22 mmol,
excess). The volume of the solvent was reduced by half to
achieve complete precipitation of the bright yellow coloured
product which was collected by filtration and washed with
water followed by Et,O. Yield = 335 mg, 72%. 'H NMR
(CD;CN, 400 MHz): 6.14 (s, 6H, 1°-CsHy), 7.64 (dd, J = 6.4, 6.6
Hz, 2H, bpy), 8.17 (dd J = 7.6, 7.7 Hz, 2H, bpy), 8.40 (d, J =
8.1 Hz, 2H, bpy), 9.34 (d, J = 5.5 Hz, 2H, bpy). *C NMR
(CD;CN, 101 MHz): 79.02, 124.80, 129.19, 141.07, 156.43,
156.53. HRMS (ES); m/z calc. for [0sC;sH14N,Cl]": 461.0455,
found: 461.0443.

Synthesis of [Os(n®*-C¢Hg)(btz)Cl][PFq]

[{Os(n°-CeHe)Cl,},] (210 mg, 0.310 mmol) and btz were added
to deaerated MeOH (30 ml) and stirred at 40 °C in the dark for
2.5 days. The dark green coloured solution was passed through
a short celite plug and the filtrate treated with NH,PFg
(354 mg, 2.17 mmol, excess) before complete removal of the
solvent. The residue was re-dissolved in CH,Cl, and washed
with a 50 ml portion of H,O. The organic phase was dried over
MgSO, and reduced in volume prior to purification by column
chromatography (SiO,, 1:7 MeCN/CH,Cl,). The product was
obtained from the pale yellow coloured fraction, being precipi-
tated from solution through the addition of excess hexane.
Yield = 268 mg, 56%. 'H NMR (CD;CN, 400 MHz): 5.73 (d, J =
15 Hz, 2H, CH,), 5.79 (d, J = 15 Hz, 2H, CH,), 6.09, (s, 6H,
n%-CeHe), 7.39-7.48 (m, 10H, Ph), 8.30 (s, 2H, Trz). *C NMR
(CDsCN, 101 MHz): 56.71, 77.78, 123.86, 129.47, 130.19,
130.21, 134.78, 140.73. HRMS (ES); m/z calc. for
[0sC,4H,,NeCl]": 621.1204, found: 621.1180.

Synthesis of [Os(btz),(bpy)][PFs]. (3)

[0s(n°-CeHy)(bpy)Cl][PFs] (173 mg, 0.286 mmol), btz (184 mg,
0.582 mmol) and NaPFs (169 mg, 1.00 mmol, excess) were
added to deaerated 3:1 (v/v) EtOH/H,O (16 ml). The reaction
mixture was heated to 90 °C under N, in the dark for 3 days.
Upon cooling to room temperature, NH,PFs (110 mg,
0.675 mmol, excess) was added to ensure complete precipi-
tation of the product. The resulting solids were collected by fil-
tration, being washed with H,O followed by Et,O. Purification
was achieved via column chromatography (Al,O3, 4% MeOH/
CH,Cl,), with the product eluting from the dark green
coloured band. Evaporation of the solvent to a minimum
volume and addition of hexane re-precipitated the title
complex as a dark green powder. Yield = 132 mg, 36%. 'H
NMR (CD;CN, 400 MHz): 5.47 (s, 4H, CH,), 5.53 (s, 4H, CH,),
7.07-7.13 (m, 4H, Ph), 7.15 (d, J = 7.1 Hz, 4H, Ph), 7.27 (t, ] =
6.5 Hz, 2H, bpy), 7.30-7.41 (m, 12H, Ph), 7.83 (t, ] = 7.7 Hz, 2H,
bpy), 7.93 (d, J = 5.6 Hz, 2H, hpy), 8.30 (s, 2H, Trz), 8.33 (s, 2H,
Trz), 8.38 (d, J = 8.1 Hz, 2H, bpy). "*C NMR (CD;CN, 101 MHz):
56.11, 56.32, 123.76, 124.09, 124.29, 127.85, 128.66, 129.04,
129.84, 129.93, 130.04, 130.06, 134.95, 135.21, 137.56, 142.99,
143.54, 153.19, 161.19. HRMS (ES); m/z calc. for
[0sCa6H 40N, ]*": 490.1582, found: 490.1589.
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Synthesis of [Os(btz);][PFs], (4)

[0Os(n°®-CeHe)(btz)Cl][PFs] (223 mg, 0.291 mmol), btz (184 mg,
0.581 mmol) and NaPFs (263 mg, 1.57 mmol, excess) were
added to deaerated 3:1 (v/v) EtOH/H,O (20 ml). The reaction
mixture was heated to 90 °C under N, in the dark for 2 days.
The resultant clear orange coloured solution was allowed to
cool to room temperature, with NH,PFy (190 mg, 1.17 mmol,
excess) then added to ensure complete precipitation of the
product. The pale yellow solids were collected by filtration,
washed with H,O followed by Et,O and dried in vacuo. Purifi-
cation was achieved by column chromatography protected
from light (SiO,, 1:9 MeCN/CH,Cl,). The product was
obtained from the pale yellow coloured band, being precipi-
tated from solution by addition of hexane. Yield = 122 mg,
29%. 'H NMR (CD,CN, 400 MHz): 5.50 (s, 12H CH,), 7.14 (dd,
J = 1.7, 7.5 Hz, 12H, Ph), 7.29-7.38 (m, 18H, Ph), 8.33 (s, 6H,
Trz). *C NMR (CD;CN, 101 MHz): 56.14, 123.52, 128.76,
129.85, 130.05, 135.23, 143.66. HRMS (ES); m/z calc. for
[0sCs,H 5N 5> 570.1957, found: 570.1965.

Computational details

DFT calculations were carried out using the NWChem6.5 soft-
ware package.®® Geometry optimisations were carried out
using the B3LYP functional in the gas-phase.®® The Stuttgart-
Dresden relativistic small-core effective-core potential was used
for osmium’® with 6-311G* basis sets used for all other
atoms.”" The ground state orbital energies were calculated in a
single point calculation applying the COSMO’> solvation
model for acetonitrile and plotted using the ECCE graphical
user interface for NWChem.

LEC preparation and testing

Device preparation. LECs were prepared on top of a pat-
terned indium tin oxide (ITO, 15 Q sq™') coated glass sub-
strate) previously cleaned as follows: (a) sonication with soap,
(b) deionised water, (c) isopropanol and (d) UV-O; lamp for
20 min. The thickness of the films was determined with an
Ambios XP-1 profilometer. Prior to the deposition of the emit-
ting layer, 80 nm of poly(3,4-ethylenedioxythiophene):poly
(styrene-sulfonate) (PEDOT:PSS) (CLEVIOS™ P VP AI 4083,
aqueous dispersion, 1.3-1.7% solid content, Heraeus) was
coated in order to increase the reproducibility of the cells. The
emitting layer (100 nm) was prepared by spin-coating of a solu-
tion consisting of the emitting compound with the addition of
an ionic liquid 1-butyl-3-methylimidazolium hexafluoro-
phosphate [Bmim][PFs] (>98.5%, Sigma-Aldrich) in a 4 to
1 molar ratio. The devices were then transferred to an inert
atmosphere glovebox (<0.1 ppm O, and H,0, MBraun), where a
layer (70 nm) of aluminium (the top electrode) was thermally
evaporated onto the devices using an Edwards Auto500 evapor-
ator integrated in the inert atmosphere glovebox. The area of
the device was 6.5 mm?. The devices were not encapsulated and
were characterized inside the glovebox at room temperature.

Device characterisation. The device lifetime was measured
by applying constant voltage and monitoring the current and
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the light output versus time using an integrating sphere
(UDT Instruments, model 2525LE) coupled to a Radiometric
Sensor (UDT Instruments, model 247) and an optometer
(UDT Instruments, model S$370). The electroluminescent
(EL) spectra were measured using an Avantes AvaSpec-
2048 Fibre Optic Spectrometer during device lifetime
measurement.
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