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Light-Emitting Electrochemical Cells (LECs) with a simple
device structure ITO/Ru complex/ Ga:In were prepared by
using heteroleptic ruthenium(ll) complexes containing 2-(2-
hydroxyphenyl)-1-(4-bromophenyl)-1h-imidazo [4,5-f] [1,10]
phenanthroline (hpbpip) as mn-extended ligand After
ancillary ligand modification, [Ru(hpbpip)(dmbpy),] (ClO,),
complex shows a deep red electroluminescence emission
(2250 cd/mz at 6 v) centered at 685 nm, 65 nm red-shifted
compared to the [Ru(bpy);](ClO,), benchmark red-emitter at
very low turn voltage (2.6 V), demonstrating its potential for
low-cost deep-red light sources. Moreover, the PL quantum
yield of [Ru(hpbpip)(bpy),] (ClO,), complex revealed higher
(0.121) than benchmark standard [Ru(bpy)3]2+ (0.095).

Light-emitting electrochemical cells (LECs) have attracted
much attention in the last few decades as a promising
technology for low-cost lighting applications. Compared to
other sophisticated technologies such as organic light-emitting
diodes (OLEDs), which require multiple evaporation processes
and the use of air-sensitive electrodes, LECs exhibit important
advantages. In their simplest form they consist of an ionic
luminescent material sandwiched between two electrodes, !
they can be easily processed from solution, and they do not
rely on air-sensitive charge-injection layers, avoiding the need
of rigorousencapsulation.2

The first solid state LECs based on iTMCs were reported
in 1996 and utilized an ionic ruthenium polypyridyl complex
as light emitting material.®> Several studies have been
carried out in the last decade to enhance the device
performance of LECs based on Ru(ll) complexes.*® So far
[Ru(bpy)s]** and its analogues are the most studied
ruthenium(ll) complexes due to their high *MLCT, long
excited state lifetimes (t=1us) and luminescence quantum

yields (®=0.095) in solution at room temperature.
[Ru(bpy)s]** and its derivatives have already been
incorporated in LECs showing high external quantum
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Phenanthroimidazole Complexes

Babak Nemati Bideh,’ Cristina Rolddn-Carmona, ® Hashem Shahroosvand " and

efficiencies (EQEs) of up to 6.4 %.> ’° Additionally,

phenanthroimidazole derivatives are well known for their
extraordinary photophysical properties, thermal stability, and
balanced charge transporting capabilities.’®™? These results
suggest that the use of phenanthroimidazole as ligand in
ion transition metal complexes could open the way towards
new electroluminescent metal complexes for lighting and
display applications.

In this paper, a new family of ruthenium complexes of
general formula [Ru(N’\N)Z(hpbpip)]2+(scheme 1) where

NAN = bipyridine (bpy), 4,4'-Dimethyl-2,2'-dipyridyl
(dmbpy), phenanthroline (phen), 4,7-diphenyl-1,10-
phenanthroline (bathophen), and hpbpip = 2-(2-

Hydroxyphenyl)-1-(4-Bromophenyl)-1H-imidazo[4,5-

f][1,10]phenanthroline, a bidentate ligand with an
extended aromatic system, was prepared, fully
characterized and utilized as emitter in the single layer LEC.
We chose hpbpip as ligand because it contains a strong
metal-binding 1, 10-phenanthroline heterocycle fused with
imidazole, together with its possibility of adjusting the
steric and electronic properties of hpbpip by changing the
substituents at the N1 and C2 positions of the imidazole.™

Br —|
Q

2+

N— N
</ N, “Ru(NAN),
__<\ /RU{N )2
—-< N~ Z N
0—H \/ﬂ'
NE1: N*N = bpy NE2: N*N = dmbpy
NE3: N*N = Phen NE4: N*N = BathoPhen
Scheme 1.Phenanthroimidazole-based cationic

ruthenium (I1) complexes investigated in this work.

Moreover, the large dihedral angle between imidazole and N-
Aryl ring suppresses the intermolecular face-to-face n—n

J. Name., 2013, 00, 1-3 | 1
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Table 1. UV/Vis, Emission, and Redox Properties of NE1-4

Absorbance Emission Ru(11/11) Ligand . ¢ N

Comp. Amaxlnm] (loge)® Amax[nm] (@)’ oxi. Red.  Frowo  Ewmo™  Egap

: = = = = (eV) (eV) (eV)

Ligand Transitions MLCT Solution Film E1/2(AE)(V) Ereq (V)
NE1 220 (4.69), 284 (4.97), 323 (4.40) 455 (4.24) 618(0.121) 626  1.38(0.070) -1.020 -5.82  -3.38  2.44
NE2 220 (4.96), 282 (4.94), 318 (4.47) 469 (4.20) 635(0.096) 676  1.32(0.060) -0.880 -577  -3.52  2.25
NE3 224 (4.89), 262 (4.97), 337 (4.19) 454 (4.20) 610(0.086) 626  1.36(0.105) -0.860  -5.81  -3.54  2.27
NE4 224 (4.97), 276 (5.10), 329 (4.42) 463 (4.43) 620(0.078) 635  1.33(0.126) -0.960 -5.78  -3.44  2.34
hpbpip 281 (4.9), 322 (4.39), 390 (4.2) — 480 - — — — — —
Ru(bpy)s”* 245 (4.4), 290 (4.91) 451 (4.17) 621(0.095) 648  1.29(0.079) -131' -5.74 314 260

?In CH4CN solutions (1x107°M). ®In degassed CHsCN solutions at 298 K. © Neat films were made on glass substrates with a thickness of about 90 nm.
4The emission quantum yields were calculated by comparison with [Ru(bpy)3]2+ (sta = 0.095) in acetonitrile solution at room temperature. ® From
CV measurements, Ei/; = 1/2(Epa+Eyc); 0.1 M acetonitrile/TBAP versus Ag/AgCI.f From the formula Exomo= [-€(Eox — E1/2(rc/rer)] — 4.8 €V. & From the
formula Eiumo=[-e(Ered — Ex/aecsres) ] — 4.8 €V . " From the formula Egap= Evomo- Ewumo. 'An reversible electrochemical process. ' A quasi-irreversible

electrochemical process. * A irreversible electrochemical process.

stacking of these complexes through hpbpip in the solid state
(ESI, Fig. S6) and thus, it prevents self-quenching of emission.”

The full synthesis processes as well as the
characterization of the four Ruthenium complexes are
reported in the S.I.

The absorption spectra of the Ru(ll) complexes are
shown in Figure 1 and the energy maxima and absorption
coefficients are summarized in Table 1. The lowest-energy
absorption band is located around 460 nm and can be
attributed to a spin-allowed metal-to-ligand charge-
transfer (MLCT) transition due to an overlapping of dm(Ru)
- nt*(bpy or phen) and dmt(Ru) - nt*(hpbpip) transitions.
The intense intraligand band around 275 nm originates
from a polypyridy! transition = 1t*.'® The smaller bands
around 330 nm are attributed to intraligand bands from the
phenanthroimidazole ligand."’

1.0 1.0
——NEIl
0.8 2 40.8
- hpbpip |
] ; -
Z.0.6 =~ 40.6=
] &
£ 0.4 104 &
2 =
< =l
0.2 402
0.0+———————le 00
200 300 400 500 600 700 800

wavelength (nm)
Figure 1. Electronic absorption and emission spectra of NE1-4

This journal is © The Royal Society of Chemistry 20xx

The MLCT absorption maximum of complexes is red-
shifted by about 5 to 14 nm compared with that of
[Ru(bpy)g,]2+ because phenanthroimidazole ligands have
larger extent of m delocalization. Furthermore, the MLCT
band of NE2 (469 nm) and NE4 (463 nm) complexes is
bathochromically shifted relative to those of NE1 (455 nm)
and NE3 (454 nm), respectively.

The photoluminescence obtained for all the complexes
and hpbpip in deoxygenated acetonitrile and chloroform,
respectively, are presented in Fig. 1. As can be observed,
the NE1 complex exhibits a photoluminescence quantum
yield (QY) significantly higher compared with the reference
complex [Ru(bpy);]** and its analogues (see Table 1)
demonstrating the beneficial effect of incorporating
hpbpip-ligand in [Ru(bpy)s]®". Interestingly, the maximum
emission of NE2 is red-shifted relative to the other
complexes, exhibiting A~ 635 nm. A similar trend is
observed when the complexes are embedded in a thin solid
film (ESI, Fig. S7). The emission maxima of the pure thin film
of complexes are shifted to lower energies, respect to the
solution, due to the influence of the environment that
attributed to polarity effects of the medium of the
luminescent complexes.” *® ' NE1, NE3 and NE4 shows a
red shift of about 8 to 15 nm relative to the PL spectra in
solution. Nevertheless the most affected emission is
observed for the complex NE2, where 40 nm of A,
displacement was measured probably due to the
aggregation in solid film.

The ligand strategy is based on excited state
intramolecular proton transfer (ESIPT). This is a four-level
photocycle process involving enol (E) to keto (K)
phototautomerization (E - E*->K*->K->E. ESI. Fig. $8).%°
The existence of intramolecular hydrogen bond in hpbpip is

J. Name., 2013, 00, 1-3 | 2
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confirmed by the presence of the singlet at 13.17 ppm in
the 'THNMR spectra, which is a typical signal for hydrogen
bonded hydrogen atom (ESI, Fig. S1). The intramolecular
hydrogen bonding, which is the driving force for ESIPT, has
a significant effect on the optical properties of hpbpip and
their derivatives, as it prevents the rotation of the benzene
ring and decreases the self-quenching.”>** As a
consequence, this process leads to a large Stokes-shifted
luminescence from the keto-form which offers an
advantage by minimizing the self-absorption.? A
fluorescence peak with emission centered at 480 nm is also
detected for hpbpip and assigned to a rotamer keto form
(Fig. 1). In addition to, the ESIPT process enhances the
fluorescence emission, can be applied in the solid state
ESIPT emitters.”

Density functional theory (DFT) calculations were carried out
and the electronic structure and localization of the frontier
orbitals of ruthenium(Il) complexes are illustrated in Figure S10.
For all complexes, the highest-occupied molecular orbitals
(HOMOs) are localized on the hydroxy phenyl and imidazole
fused ring of phenanthroimidazole ligand and the lowest-
unoccupied molecular orbitals (LUMOs) are located on the other

Dalton,Transactions

polypyridyl ligand and some on the phenanthroline moiety of
hpbpip ligand. Also, DFT calculations show that the
phenanthroimidazole ligand possesses a larger dihedral angle
with the imidazole and bromophenyl ring (89"), whereas, the
fused core of it is planar. In addition the large dihedral angle
between them suppresses the intermolecular m—m stacking in
the solid state and prevents self-quenching of emission intensity
(ESI, Fig. S6). Localization of the frontier orbitals of these
complexes are compared with archetypal Ir-iTMC as most
popular complex in the LEC applications. In this aspect, role of
hpbpip ligand in these complexes is similar to the cationic
cyclometalated ligand in iridium complex such as

[(ppy),Ir(bpy)]".

The electrochemical properties of phenanthroimidazole ligand
based ruthenium(ll) complexes were studied with cyclic
voltammetry (CV) measurements (Fig. 2). The cyclic
voltammograms of these four Ru(ll) complexes exhibit four or
three successive waves attributed to one metal-centered
oxidation and three or two ligand-based reductions. According
to the peak to peak separation, the oxidation

Table 2. . Electrical characteristics of ITO/[Ru(NAN),(hpbpip)]** / Ga: In /epoxy LEC Devices

a
Complexes  Apg, [nm] [f{ny] F;’r‘,’:']"' I tond Lonas” RRw)
NE1 633 [0.652,0.315] 155 2020 2.8 1500 5><10_5 0.53
NE2 685 [0.662,0.316] 153 2100 2.6 2250 10_4 0.61
NE3 660 [0.690, 0.305] 168 2200 2.7 790 3><1075 0.24
NE4 662 [0.630, 0.308] 156 1790 3.3 1125 2><1075 0.33
[Ru(bpy)s]** 632 [0.693, 0.308] 137 2910 23 2500 ; 0.65

® CIE(x,y): Commission Internationaledel’Eclairage, being the D65 white reference ClE,) = (0.31;0,33). ® Maximum current density [A
.m'z] at 5 V.  Turn-on voltage [V]. 4 Maximum luminance [cd m'z]. € Maximum light output [W]. fexternal quantum efficiency [%].

(Ru”’III redox couple) part of these complexes exhibited one

nearly reversible wave for NE1 and NE2 and quasi-reversible
wave for other complexes. The electron abstraction from the
metal center is more difficult in NE1 (E,= 1.42 V,) than it is
from [Ru(bpy)s]®* (E, = 1.33 V). Furthermore, the first
reduction value -1.02 V is significantly anodically shifted with
respect to that of [Ru(bpy)s]”* (-1.31 V), which stresses the
better n-electron acceptor character of the
phenanthroimidazole ligand (hpbpip) contained in complex
NE1l. Interestingly, the sequential substitution of bpy in
[Ru(bpy)3]2+ with hpbpip increases the oxidation potential of
ruthenium steadily, resulting in an overall anodic shift of 90
mV for [Ru(bpy),(hpbpip)]*(NE1) compared to [Ru(bpy)s]*.
The HOMO and LUMO energy levels and hence the energy gap,
of the complexes were calculated using the empirical relations
(ESI) as shown in Table 1. The band gap of these complexes
follow the order NE1>NE4>NE3>NE2 (ESI, Fig. S9).

Finally, complexes NE1-4 were employed as the
electroluminescent materials in single-layer LECs and their
electroluminescence (EL) properties were evaluated. The
device architecture employed for the preparation of the cells is
based on a thin iTMC-layer (~85 nm) sandwiched between ITO
and Ga:ln electrode.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Cyclic voltammograms of complexes NE1-4.

The key parameters that represent the performances of LECs
are summarized in Table 2. It can be observed that NE2 has
the highest luminance and efficacy, together with the lowest
turn on voltage among all the investigated complexes. Upon
applying a bias of 3 V to the device, the current density rapidly

J. Name., 2013, 00, 1-3 | 3
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increases with time and bright red emission is clearly
observed, as typically occurs in LECs, see Fig 4. As can be
observed in figure 3, NE1 and NE2 present the highest and
lowest EL maxima respectively, with A, values of 633 and 685
nm Meanwhile, NE3 and NE4 exhibit similar EL spectra
centered at 660 and 662 nm respect, accompanied by
analogous pattern in phenanthroline ancillary Iigand.lo’ 23
These strong red-shift in EL and PL of thin film respect to the
PL of solution is related to a change in the film composition in
the solid state and the manner of excitation used. This
behavior has already been observed in other LEC devices and
was said to be related to a change of emissive excited state in
the solid state.??® Under high electrical fields in LEC devices,
the molecular orbitals of the ionic complex might be polarized
and, thus, the energy level would decrease, resulting in the
red-shift of EL spectrum respect to the PL of thin film.*¢ For
the NE3 and NE4 molecules, the devices showed a moderate
red-shifted emission (~¥30 nm), while in the case of NE2 it was
more significant (>50 nm) compared to [Ru(bpy)g,]2+ as a
benchmark emitter. As a result, the Commission Internationale
de L’Eclairage (CIE) color coordinates of NE2 presented a deep-
red color, with CIE(x,y) coordinates equal to (0.654, 0.344). It is
worth to notice that the maximum luminance (L,,,) obtained
for the devices using complexes NE 1-4 are above those
previously reported for similar phenanthroline complexes (see
Fig. 4). 1023, 24 Moreover, the luminance of NE2 is also
comparable to the reported luminance for LEC based on
benchmark [Ru(bpy)3]2+. A possible reason for explaining this
behavior is based on the insertion of Methyl group on the
positions 4, 4 'of bpy ligand (device NE2), which strongly
improves the device characteristics due to the increase of
donor ligands compared to other derivates.”

1.0 e—NE1
—NE2
——NE3
w—NE4 )
[Rubpy), ] *

= = =
- f=2 o0
1 i 1

EL (Normalized)

(=}
(3%
N

00 e T T T T 1

400 480 560 640 720 800 880
Wavelength (nm)

Figure 3. EL spectra of NE1-4 and [Ru(bpy);](ClO,),.

According to the electrochemical data, the
phenanthroimidazole ligand shows better m-electron acceptor
character compared with bipyridine, which lowers the energy
of the MLCT state. Additionally, the electron-donating methyl
group increases the energy of the 3MC state, thus reducing
radiationless deactivation via the latter state and enhancing
the excited state lifetime and luminescence in NE2 complex.
This pull-push system shifts the emission energy of NE2 to
lower energy in the EL and PL spectrum.9 As a consequence,
the designed molecular structure leads to a large improvement
in the device performance, presenting instantaneous and
bright electroluminescence (Ly.x = 2250 cd.m?), deep-red

4| J. Name., 2012, 00, 1-3

emission (685 nm) and a low turn-on voltage of 2.6 V,
indicating a very efficient charge injection in the Ru(ll)-
polypyridyl complexes. The light output (R/W) obtained for the
LEC devices using NE1-4 at an applied bias of 6V is depicted in
Figure 5. Maximum light outputs around 10" W are reached
after approximately 12 minutes for the devices using complex
NE2 respectively (Fig. 5). These values are among the highest
reported for LEC devices based on charged ruthenium
polypyridyl complexes emitting in the deep-red regions. We
attribute this improvement to the combination of two effects:
(i) the high PL quantum yield, which increases the radiative
recombination, and (ii) the high mobility of the counter ion
ClO4, which is fast enough to attain a steady state within a
reasonable time 2°. The values of the external quantum
efficiency (EQE) for the LECs are shown in Table 2. LEC devices
fabricated with the NE2 complex exhibit a higher EQE than
LECs based on NE1 and other complexes. This demonstrates
the positive effect of methyl as donor substitution on the bpy
ligand in the NE2 complex on the device performance. Another
striking feature is the low turn on voltage observed for the
devices. In LECs, the counter ions of iTMC plays a key role in
promoting the charge injection from the cathode electrode, as
well as stabilizing the electron and hole transport through the
device. In the presented [Ru(N"N)Z(hpbpip)]2+ based devices,
when applying a bias, ClIO, and [Ru(N"N)z(hpbpip)]2+ ions drift
though the electrodes leading to the accumulation of negative
charge near the anode interface and positive charge at the
cathode interface (ESI, Fig. S. 11).

450 T T T T T 3750
-‘_.‘
360 | id 3000
E
-« ! £
E 270 #2250 E
4 E
’E} _NEI Aringreas é‘,
2 180f —NE- 1500 2
E — NE3 ereneflannie K ] E
F i .
E gy 2+ .-"’j :" 'E
5 90 | |Ru(bpy},| 2 -'_.l'. 4750 )
& So.hd line: Current
0 ‘M _ M‘*—ﬁ“ . Dot lin:, Luminancc] 0
T T T T ——

1 2 3 4 5 6
Applied voltage (V)

Figure 4. Current density and Luminance as a function of
voltage for NE1-4 devices. Iset: Photograph showing deep
red emission of a single-layer LEC ITO/NE2/Ga:In at applied
voltage 7 V.

With increasing voltage the accumulation of ions along
the electrodes increases and the barrier energy for the
injection decreases,”’ detecting higher current density. In
our system, the holes are stabilized by the displaced CIO,
ions, while electrons are injected from the cathode into the

t,g* orbital of the Ru*".%®

This journal is © The Royal Society of Chemistry 20xx
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10 20 30
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Figure 5. Radiant flux vs time for ITO/[NE1-4]/Ga:In
devices.

Summary, by chemically modifying the
[Ru(N~N),(hpbpip)]*" complex, the maximum luminance of
the resulting devices was increased to a value as high as
3000 cd. m? at 7 V. This value represents a performance
that not only is comparable to the stablished [Ru(bpy)s]*
emitter but also corresponds to a deeper red emission
centered at 685 nm with very low turn on volatage (2.6 V).
All  these properties converts [Ru(NAN),(hpbpip)]**
complexes in very attractive candidates for the preparation
of bright, low turn-on voltage and deep-red light-emitting
electrochemical cells, which represent a potential route for
simple low-cost lighting sources.
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