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About the electronic and photophysical properties of Iridium (l11)-
pyrazino[2,3-f][1,10]-phenanthroline based complexes to use in
electroluminescent devices+

Diego Cortés-Arriagada"'*, Luis Sanhuezab'*, Ivan Gonzalez", Paulina Dreysed and Alejandro Toro-
Labbé®

A family of cyclometalated I complexes was studied through quantum chemistry calculations to get insights into their

applicability in light electrochemical cells (LECs). The complexes are described as [Ir(R-C*N),(ppl)]’, where ppl is the
pyrazino[2,3-f][1,10]-phenanthroline ancillary ligand. The modification of the HOMO energy in all the complexes was
achieved by means of different R-CAN cyclometalating ligands, with R-ppy (phenylpyridine), R-pyz (1-phenylpyrazole) or R-
pypy (2,3'-bipyridine); in addition, inductive effects were taken into account by substitution with the R groups (R = H, F or
CF3). Then, compounds with HOMO-LUMO energy gaps from 2.76 to 3.54 eV were obtained, in addition to emission
energies on the range of 438 to 597 nm. The emmision deactivation pathways confirm presence of metal-to-ligand
transitions in all the complexes, which allow the strong spin orbit coupling effects, and then improving the luminiscent
performance. However, the coupling with ligand and metal centered excited states was observed for the blue-shifted
emitters, which could result in a decrease of the luminescent efficiencies. Furthermore, ionization potentials, electron
affinities and reorganization energies (for hole and electron) were obtained to account for the injection and transport

properties of all the complexes in electroluminescent devices.

Introduction

Organometallic and coordination complexes, including heavy
metals such as ruthenium, rhenium, osmium and iridium have
received a great attention due to their potential applications in
photonic and optoelectronic materials™. This interest has
been increased during the last two decades, particularly, with
the use of Ir" complexes of the type Ir(CAN); and
[IF(CAN),(NAN)]" (where CAN and NAN are the cyclometalating
and ancillary ligands, respectively), involving large m-
conjugated systemss‘ ®. Due to strong metal-induced spin orbit
coupling (SOC) processes, these complexes populate the spin-
forbidden triplet excited states to obtain high emission
quantum yields4' 7
different emission (and absorption) wavelengths, which are
controlled by including different ligands in the molecular

In addition, these compounds show
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designs. According to this description, these complexes are
used in solid state lighting systems such as organic light-
emitting diodes (OLEDs) and light emitting electrochemical
cells (LECs)g"lz; moreover, the luminescent properties of i
complexes turn them in efficient candidates for development
of scintillating materials for radiation detection™ ™. In
particular, LECs devices consist of a layer of an ionic transition
metal complex (iTMC) with Iuminescent properties,
sandwiched between two electrodes; a cathode consisting in a
metal layer and a transparent conductive film (indium—tin
oxide for example) that acts as anode. LECs have a simpler
architecture than OLEDs, since the former are processed from
solution, do not rely on air-sensitive metal electron injection
layers, and hence they require less stringent packaging
procedures. According to the description of the photophysical
properties for cyclometalated i complexes, these
compounds have been highlighted in the use of these devices”
9,15-17

The main electronic transitions involved in the optical
properties of Ir"-iTMCs, are metal-to-ligand (MLCT) and ligand-
to-ligand (LLCT, electron promotions from the phenyl groups
of the CAN to the N~N ligand) charge-transfer transitions,
which are readily modulated by incorporation of electron-
withdrawing/donating groups on these |igands7. In general, the
NAN ligand can be modified with the purpose of stabilizing or
destabilizing mainly the LUMO (lowest unoccupied molecular
orbital), changing the HOMO-LUMO energy gap (HLg,,) and
therefore the emission energy. For example, the use of NAN
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ligands (combining high rigidity and electron delocalization)
affect in the stabilization of LUMO orbital, due to increase of
the acceptor 1820 Alternatively,
withdrawing substituents in the CAN ligand decreases the
electronic density of the metal, producing a higher stabilization
of the HOMO (highest occupied molecular orbital). This effect
has been achieved, for example, by incorporation of fluorine
substituents in the phenyl ring of cyclometalating
phenylpyridine Iigands4' 52

Focusing on the developing, synthesis and experimental
implementation of cyclometalated metal complexes to their
use in energy conversion devices, in this report, we account for
the potential electroluminescent properties of nine cationic "
complexes (Fig. 1), with variable cyclometalating ligand, to be
implemented in LEC devices. The complexes studied are of the
type  [Ir(R-CAN),(ppl)]", where ppl is pyrazino[2,3-
f][1,10]phenanthroline ligand. This ancillary ligand was
selected looking for rigidity and high electron delocalization of
its planar aromatic structure. We tailored the electronic
properties of the i ppl complexes using three different
cyclometalating ligands (Fig. 1): H-ppy (2-phenylpyridine), H-
pyz (1-phenyl-1H-pyrazole), and H-pypy (2,3’-bipyridine). These
three ligands show different acceptor characters, and they
would serve to change the HOMO energy. This behavior
supposes the modification of the absorption and emission
energies, allowing the modulation of the emission color®®. In
addition, electron withdrawing effects were incorporated by
means of R substitutions (Fig. 1) at the cyclometalating ligands
(R = H, F, or CF;), which are expected to behave as HOMO
stabilizers. Complexes 1, 2 and 4 have been reported in
literature and they serve as a comparison for the obtained
results®® > 2, Furthermore, electronic properties were studied
to measure the hole and the electron transport ability of all
the complexes in LEC devices.

n* character electron-

Computational details

Density functional theory (DFT) calculations were performed in
the Gaussian09 program25 with the B3LYP functionalzs; the 6-
3lG(d,p)27' % hasis set was used for H, C, N, O and F atoms; the
quasirelativistic pseudopotential and basis set LANL2DZ* was
adopted for Ir. The B3LYP functional was tested with other DFT
methods to reproduce absorption/emission energies of the
complex 1, showing the best agreement with the experimental
data (see our benchmark in the ESIf); besides, the B3LYP
functional has been widely proved in literature to give
accurate results with respect to experimental molecular
structures and photophysical parameters of cyclometalated I
complexe530'33, in addition to be used as protocol to obtain
their emission energies and quantum yie|d534. Vibrational
frequencies were obtained in order to insure that the
optimized structures correspond to energy minima, obtaining
only positive frequencies. Electronic open-shell states were
computed with the unrestricted formalism (UB3LYP). At the
time dependent DFT methodology (TD-DFT), first 50 and 20

2 | Phys. Chem. Chem. Phys., 2015, 00, 1-3

singlet and triplet excited states were obtained, respectively.
Solvent effects were included by the PCM method, with
dichloromethane as solvent (CH,Cl,, € = 8.93). Wavefunction
analysis were performed in the Multiwfn code®

Results and discussion
Geometrical parameters of the ground states

The general sketch labeling of the atoms is presented in Fig. 1,
and selected geometrical parameters for complexes 1-9 are
listed in Table S1 in the ESIf. All the complexes exhibit a
pseudo octahedral configuration and the calculated geometric
parameters correlates well with a crystalline structure
obtained for related complexes i complexesgg’%"gs. The bond
lengths and angles that involve the metal center appear in the
range of: d(Ir-C;)=[2.02-2.01]A, d(Ir-N;)=[2.08-2.06]A, d(Ir-
N3)=[2.23-2.21]A&, £Cy-Ir-N;=[80-79]°, /N5-Ir-N,=[76-75]°, ZN;-
Ir-N,=[173-172]°, ZCy-Ir-N,=[173-172]°. The similar
geometrical parameters between all the complexes indicate
that differences between them are coming only from their
different electronic structures as will be discussed below.

Frontier molecular orbitals in the ground state

The effect of the CAN ligand on the frontier molecular orbitals
HOMO and LUMO was investigated. Fig. 2 depicts the energy
diagram showing the HOMO and LUMO surfaces, and the
HOMO-LUMO energy gap (HLg,,) of the complexes 1-9. In all
the cases, the HOMO is based on a mixture of m and d orbitals
of the CAN ligand and the metal center, respectively; while the
LUMO is coming from antibonding nn* orbitals centered in the
ancillary ligand (for detailed information, see Table S2 in the
ESIT). The HOMO and LUMO energy levels are stabilized by the
presence of fluorine atoms (with F and CF; substituents), with
an enhancement of the HL,,, as will be mentioned.

+
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Fig. 1 Schematic representation of the cyclometalated Iridium complexes studied in
this work. Sketch labelling for the atoms coordinated to the metal center are
included.
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Fig. 2 Energy diagram and surfaces of the HOMO and LUMO for the systems 1-9.

As noted above, in all cases the HOMO energy appears
strongly influence and stabilized by the aromatic structure of
the CAN ligand (H-ppy, H-pyz or H-pypy). For instance, the
HOMO energy level of the complexes 4 and 7 is stabilized by
0.15 and 0.69 eV, respectively, with respect to the HOMO level
of 1, which is in agreement with the tendency of the oxidation
potentials from cyclic voltametry measurements>". The same
tendency is observed in the F-CAN (2, 5, 8) and the CF;-CAN (3,
6, 9) series.

Likewise, changes in the HOMO energy are achieved by
substitution at the R positions with F and CF; groups at each
CAN ligand. For instance, with respect to 1, the HOMO energy
in the complexes 2 and 3 is decreased in 0.43 and 0.71 eV due
to F and CF; substitutions, respectively. A similar behavior is
evidenced when either the series containing the R-pyz (4-6) or
the R-pypy ligand (7-9) are compared. The most stabilized
HOMO levels (and the highest HLg,,) are found in systems
containing CF3; thus the CF; group appears to be a more
electron-withdrawing group in comparison to fluorine in
agreement with previous reports31’ .

According to the literature, the HOMO-LUMO modulation
can be explained by means of mesomeric and inductive
effects, among others®’. The mesomeric effect relates to the
sharing of the ©t electrons between the aromatic ligand and the
substituent; this effect is low if the substituent is located at the
position where the corresponding molecular orbital has
nodes®'. On the contrary, the inductive effects are associated
with electron depletion in the o-system by acceptor
substituents; the latter induces a less repulsive Coulombic
interaction between ¢ and = electrons in the cyclometalated
ligand, and thus stabilizing the energy of the molecular
orbital®’. In this context, because of the HOMO in all of the
complexes (Fig. 3) shows nodes at the positions 2 and 4 of the
phenyl group (positions at which are added the R
substituents), the stabilization of the HOMO energy would be
influenced mainly due to the inductive effects. On the other

This journal is © The Royal Society of Chemistry 2015
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hand, minor changes are found for the LUMO energy due to
the N~N ligand is the same for all complexes.

Finally, the marked energy stabilization of the HOMO (in
addition to the low LUMO stabilization) results in an
enhancement of the HLg,,. In the case of the CF; containing
complexes containing, the highest HLg,, are found with values
of 3.15, 3.30 and 3.54 eV, for the complexes 3, 6, and 9,
respectively. The higher HLg,, of the complex 9 is consistent
with the high acceptor nature of the cyclometalated ligands
(according to the tendency H-ppy<H-pyz<H-pypy). It is
important to note that the enhancement of the HLg,, is directly
correlated to the photophysical properties of both excited and
ground states. In this regard, the high stabilization of the
HOMO level by use of CF; substituted ligands results in an
enhancement of their Hlg,,, which should result in blue-shifted
electronic transitions either in the absorption or the emission
processes. Since the luminescence at high energy is of great
interest to obtain blue light in LEC devices, to include
trifluoromethyl substituents for the modulation of the frontier
molecular orbitals seems to be successful for the control of the
luminescence process.

—

99

Fig. 3 HOMO of the complex 3 as representative of compounds 1-9.
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Absorption spectrum

At the TD-DFT level, the UV-Vis spectra of the complexes 1-9
in CH,Cl, as solvent (excitation energies,
oscillator strengths, monoexcitations and nature of the excited
states are in Table S3 in the ESIf). We focused on the
transitions at low energies, which are related to the optical
properties of the cyclometalated i complexes, including
phosphorescence and non-linear optics7’ % 4 The latter is
commonly related to the singlet metal-to-ligand charge
transfer transitions (1MLCT), but in Ir" complexes these
transitions are commonly mixed with singlet ligand-to-ligand
charge transfer excitations (1LLCT); note that these electronic
transitions are responsible for the subsequent singlet-triplet

were obtained

intersystem crossing that controlled the emissive states”.

In the complex 1, the YMLCT transitions are located at 383
and 361 nm, in good agreement with the assignments of the
experimental absorptions at 382 and 358 nm?. The transition
at 383 nm is a mixed 1MLCT/lLLCT state; here the electron is
promoted from the metal and CAN ligand toward the H-ppl
ligand [Ir(d)+CAN(mt)=> ppl(rt*)]. a mainly MLCT
transition appears at 361 nm, where the electron is promoted
toward the H-ppl ligand [Ir(d)=> ppl(rt*)]. Due to the fluorinated
C~N ligands of 2 and 3, the 1MLCT/lLLCT exited state appear
shifted at high energies (~¥373 nm), due to the stabilization of
the HOMO orbitals from which the transition is originated. The
H-pyz and H-pypy ligands have an enhanced electron
withdrawing character compared to H-ppy, thus the low
energy "MLCT/*LLCT transition appears blue-shifted at 373 and
361 nm for 4 and 7, respectively, according to the description
of the Hlg,;
experimental bands between 370 and 380 nm?*

Moreover,

the absorption of complex 4 agree with their

In a similar way, the incorporation of F atoms in the CAN
ligand enhances the blue-shifted transitions in the R-pyz and R-
pypy based complexes (R = F or CF3): the 1MLCT/lLLCT

A &
E =EE [T $
P e,
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Fig. 4 Energy diagram showing the studied ground state (S0), first triplet
excited states (Tlfand metal cen;tered state SMC) Arrows depicts the main
vertical energy differences: AE(C'M AECMC-S), the
energies [AE(T-S¢)], and the cmlssmn cncrglcs (Eemi)-

-0 transitions

transition for 5 and 6 are located at 360 and 356 nm,
respectively, while for 8 and 9 are located at 354 and 342 nm,
respectively. Note that as expected, the enhanced blue shifts
of the 'MLCT excited states by the use of fluorinated CAN
ligands in agreement with the stabilization of the HOMO levels
and the trend in the HOMO-LUMO energy gap.

Luminescence properties

In this section we account for the luminescence properties of
the complexes 1-9. Fig. 4 shows the different deactivation
pathways that can occur from the triplet excited states. Firstly,
the emissive deactivation from the first triplet excited state
(T1) will be analyzed; in a second step, the possible non
radiative processes coming from metal centered states (3MC)
are studied.

The emission energies in CH,Cl, as solvent (E,,,;) (Table 1)
were obtained from the ASCF procedure, this is the vertical
energy difference between the relaxed T, state and the S,

Table 1 Properties of the T; excited state of complexes 1-9: emission energies (Eemi, in €V) and wavelengths (Aemi, in nm) in CH,Cl, and gas phase; monoexcitations
with weighting coefficients and percentage of contribution to the excited state wavefunction; and description of the electronic transition. H and L correspond to

HOMO and LUMO, respectively.

transitions

description

SVStem Eem/' (}"emi)CHZCIZ Eemi (}"emi)gas phase
1 2.08 (597) 2.08 (595)
2 2.35 (528) 2.32 (534)
3 2.48 (501) 2.41(514)
4 2.17 (572) 2.22 (559)
5 2.43 (510) 2.45 (505)
6 2.52 (492) 2.50 (496)
7 2.54 (487) 2.48 (501)
8 2.79 (445) 2.69 (461)
9 2.83 (438) 2.72 (456)
4 | Phys. Chem. Chem. Phys., 2015, 00, 1-3

L—>H (0.69)[95.59%]
L—>H (0.68)[93.44%]
LoL (0.66)[88.37%]
L—>H (0.69)[96.31%]
L—H (0.69)[95.81%]
LoH-6 (-0.21)[8.97%]
L—>H-1 (0.23)[10.89%]
L—>H (0.60)[72.41%]
L—>H-9 (0.19)[7.59%)]
LoH-4 (0.18)[6.71%)]
L—>H-2 (0.16)[5.07%)]
L—>H (0.60)[71.98%]
L—>H-6 (-0.37)[27.79%]
L—>H-3 (0.42)[34.75%]
H—>H (0.32)[20.20%]
L—>H-6 (0.38)[28.80%]
L—>H-2 (0.40)[31.64%]
L—H (-0.28)[15.42%]

ppl
ppl

ppl
ppl

ppl(rt
ppl(rt

ppl(r
ppl(rt
ppl(r

ppl(rt

ppl(rt
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T0%)—>Ir(d)+CAN(r); MLCT/LLCT
10*)—Ir(d)+CAN(m); MLCT/LLCT

*)—>Ir(d)+CAN(rt); MLCT/LLCT

70%)—>Ir(d)+CAN(m); MLCT/LLCT
T0%)—>Ir(d)+CAN(m); MLCT/LLCT

ppl(rt*)—>ppl(r); LC
*)>Ir(d)+CAN(rt); MLCT/LLCT
*)>Ir(d)+CAN(rt); MLCT/LLCT
ppl(*)—>ppl(m); LC
*)—>Ir(d)+CAN(m); MLCT/LLCT
*)—>Ir(d)+CAN(rt); MLCT/LLCT
*)—>Ir(d)+CAN(m); MLCT/LLCT
ppl(r*)—>ppl(m); LC
ppl(rt*)—Ir(d); MLCT
*)>Ir(d)+CAN(rt); MLCT/LLCT
ppl(r*)— ppl(m); LC
ppl(m*)—>Ir(d); MLCT
*)—>Ir(d)+CAN(rt); MLCT/LLCT
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state at the T, state geometry (Fig. 4) (T, geometries compared
to the ground states are in Table S1 of the ESI{). From Table 1,
it is noted that the different unsubstituted ligands CAN
perform different according as their electron-withdrawing
character increases; complexes with the unsubstituted
cyclometalating ligands H-ppy (1), H-pyz (4) and H-pypy (7)
show emissions at 595, 559 and 501 nm, respectively; these
values are consistent with experimental emission energies of
590 and 566 nm for complex 1 and 4, respectively in CH2C|223'
2 Moreover, these findings are in agreement with the
experimental properties of related cyclometalated I
complexes, where the aromatic nature of the unsubstituted
ligand induces changes on the photophysical properties of "
complexes”. In this regard, studies of heteroleptic complexes
of the type [Ir(CAN),(NAN)]" (where NAN is 1H-imidazo[4,5-
fl[1,10]phenanthroline and CAN is phenylpyridine or 1-
phenylpyrazole) shows that the exchanging of phenylpyridine
by phenylpyrazole induces a blue-shifted emission from 583 to
560 nm, attributable to the weaker c-electron donor pyrazole
group4°. The modulation of the emission energy of related
complexes, including indazole cyclometalating ligands was also
studied; the use of NAN as 4,4 -ditertbutylpyridine and CAN as
indazole derivative ligands, shows that the use of 1-
phenylindazole or 2-phenyl-1,2,3-triazole as cyclometalating
ligands shifts the emission bands from 575 to 520 nm?** 43,
which displacement to higher energy is attributable to the
electron withdrawing capability of the latter CAN moiety.

With respect to the substituents effect, a clear blue-shifted
luminescence is caused by the fluorinated CAN ligands, even
improved by use of the electrophilic CF; substitution. This is

consistent with the emission energies obtained experimentally
1

in

for related Ir” complexes; for instance, in a series of
homoleptic  cyclometalated i complexes (including
substituted phenylpiridine with fluorine atoms) the

substitution (on the position 2 and 4 of phenylpiridine) induces
an blue-shifted emission to 468 nm with respect to the
emission at 510 nm of the unsubstituted complex4. Likewise,
the effect of fluorination in heteroleptic bis-cyclometalated
complexes of the type [Ir(R,ppy),(NAN)]" (where NAN is 4,4"-
dimethylaminopyridine and R,ppy is phenylpyridine or 2,4-
difluorophenylpyridine) afford a blue-shifted luminescence
from 491 to 463 nm for the unsubstituted and the substituted
complexes, respectively4. In addition, the CF; substitution on
complexes of the type [Ir(R-ppy),(NAN)]* (where NAN is 4,7-
diphenylphenanthroline and R-ppy is 4-fluorophenylpyridine
or 4-trifluoromethylpyridine) results in a blue-shifted emission
energy from 548 nm to 528 nm, attributable to the exchange
of the fluorine by the CF; group4°. In our case, the complexes
6-9 show emission energies in the range of 500-430 nm, with 9
showing the highest emission energy at 438 nm (2.83 eV). In
summary, the values for emission energies follow the tend 1 <
4<2<5<3<6<7<8<09;these values are in agreement with
the decrease in the HLg,, with exception of the complexes 6-7,
although differences between them is only of ~5 nm.
Moreover, the blue-shifted emission in the complexes 6-9
could be caused by mixing with of the 3MLCT transitions with
those of LC (triplet ligand centered transition of the ancillary

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Hole (green) and electron (purple) distributions for the deactivation of
the first triplet excited state (T;) state of complexes 1-9. Hydrogen atoms
were omitted in the molecular representation.

ligand) type, which will be discussed below. It is important to
note that in Table 1 are also presented the values for emission
energies in the gas phase; the latter data are included to
explore the effect of the solvent polarization onto the emission
energies, but the emission energies slightly change in a value
of up to 0.11 eV, and then the complexes are able to retain the
blue-shifted emission in comparison to compound 1.

From the TD-DFT scheme, we account for the electronic
transitions that are responsible for the radiative deactivation
of the emissive states (Table 1). In addition, the hole-electron
distributions are displayed in Fig. 5, which were obtained as:

Ap(T) — pelectron(r) — phole (T) (1)

pre() = > (W) oo + . > whwle e,

i-l i-l j#i-=l

(2)

pelectron (r) = Z (Wil)z(pi ™ (r)

i—-l

+Z Z wiwl 9, (1) @ (1)

i-=l i-m=l

(3)
are the density distributions of hole
electron in a given excited state wavefunction,
respectively; w is the weighting coefficient of each
monoexcitations due to promotion of one electron from the
occupied orbital i to the virtual orbital j; ¢ stands for the
occupied (or virtual) molecular orbital. An extensive derivation

hole electron

where p
and

and p

of the formulation can be found in the Multiwfn program35. In

Phys. Chem. Chem. Phys., 2015, 00, 1-3 | 5
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the complexes 1-5, the lowest triplet excited state (T;) is
mainly deactivated by a LUMO—HOMO transition (>88 %) of
mixed 3MLCT/3LLCT character [ppl(n*)—Ir(d)+CAN(m)], thus
these ones imply charge transfer from the ancillary ligand
toward the metal and C~AN ligand (Fig. 5). Note that we use the
3MLCT term to characterize the T, state, although the reader
must interpret that a ligand-to-metal charge transfer occurs in
the deactivation process; the latter is used to be in agree with
the literature discussions™. In the complexes 6-7, the
contribution of the LUMO—HOMO transition to the radiative
processes is decreased up to 72 %; the deactivation pathway
has a slight contribution of ligand centered (3LC) n*on
transitions (¥8-9 %), which are centered in the N~N ppl ligand.
The 3LC state of the ppy ligand was computed to 3.14 eV above
its ground state; taking into account that 7-9 shows their T,
states at least 2.90 eV above their ground states, a mixing with
the nearing 3LC state of the ppl ligand can be expected in these
cases as noted below. Indeed, the complexes 8-9 shows an
increased multiconfigurational character of the T, state, which
is composed by several monoexcitations contributing with
higher coefficients to the excited state wavefunction, thus the
deactivation is not only due to LUMO—HOMO transitions
(which contributes only up to ~20 %). The strong blue-shifted
in these complexes is associated with the
contribution of high-energy transitions, such as the n—mn*, in
agreement with the 3LC contributions to the T, state’. In 8-9,
the >LC character of the T, state increase up to ~28 % and the
excited state is correctly assigned as mixed contributions
coming mainly from 3MLCT and >LC. The latter implies that the
deactivation of the T, state of the complexes 8-9 occurs mainly
by charge transfer from the ppl fragment toward the metal
core and the ppl fragment, as can be noted from the hole-
electron distribution (Fig. 5). Moreover, the increased
multiconfigurational character of the T, state in the complexes
8-9 is associated to its proximity to high excited states as was

emission

Fig. 6 e; and t,; orbitals involved in the non-radiative d—d transitions from
the >MC state toward So state for complexes 1, 4, and 7 as representatives.

{

6 | Phys. Chem. Chem. Phys., 2015, 00, 1-3

1 33
observed for related Ir” complexes™.

On the other hand, the phosphorescence quantum
efficiency (®,) is related to the radiative rate constant by the
equation ®y=k,/(k+k,), where k. and k,, are the radiative and
non-radiative rate constants, respectively. This implies that the
competition between k, and k,. determine the performance of
the phosphorescence. The Energy Gap Law establish that the
emission energy is inversely proportional to In(k,,); therefore,
the blue emitters are related to higher @, values'® ** *°,
resulting in an enhanced luminescence performance of the
emitter compounds. Even so, the last assumption avoids the
deactivation coming from thermally accessible states like the
metal centered d—d transitions, which can be obtained by
crossing between the different potential energy surfaces of the
triplet excited states. As depicted in Fig. 4, the population of
the metal centered triplet excited states (3MC) results in a
deactivation pathway of the emitting T, state in transition
metal complexesae'49
from thermal activation, and they involve electron promotion
from the occupied t,, orbitals toward the unoccupied e,
orbitals of the metal core.

. These non-radiative excited states result

To analyze the possible deactivation processes coming
from thermally accessible excited states, we obtained the
optimized geometries of all the complexes in their 3MC states
by distorting the T, geometry in the ligand-metal region. The e,
orbital of the *MC state has an o-antibonding character, thus
the main structural change expected to take place is an
increase of the distance Ir-Nicayy and Ir-Ngg. Indeed, partial
decoordination is observed for all the complexes (geometrical
parameters are in Table S5 of the ESIf); the Ir-Nicay) bond
lengths reach values in the range of 2.58 - 2.45 A, which
increases to ~ 0.5 A with respect to the S, state. The Ir-Nppi
bonds elongate up to ~ 0.1 A, with the bond lengths in the
range of 2.29 - 2.21 A. The Ir-C(CAN) bond remains almost
unchanged and ranges between 2.03-2.00 A. Fig. 6 shows as
the non-radiative deactivation involves electron transfer
between the excited e, orbital and the t,, orbital for the
complexes 1, 4, and 7 (the trend is similar along all the
compounds).

The adiabatic energy difference between the T, and 3MC
states [AE(3MC-T1)] were analyzed as a measure of the
accessibility to the radiationless processes (Table 2). Although,

I based complexes have higher metal-centered d-d

Table 2. Vertical energy differences as depicted in Figure 3: AE(CMC-Ty),
AE(aMC-So); the adiabatic 0-0 transitions energies [4E(T;-So)], and the
emission energies (E.m;). Values in eV, and computed in CH,Cl, as solvent.

system  AECMC-Ti)  AECMC-So)  AE(T1-So)  Eemi
1 0.61 2.76 2.15 2.08
2 0.42 2.84 2.42 2.35
3 0.24 2.80 2.56 2.48
4 0.42 2.67 2.25 2.17
5 0.33 2.84 2.52 2.43
6 0.12 2.76 2.64 2.52
7 0.29 2.90 2.62 2.54
8 0.14 2.98 2.84 2.79
9 0.03 2.93 2.90 2.83
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transitions compared to other emitters™ 50, the AE(3MC-T1)
value have been shown to play an important role in the
luminescence performance of complexes tested in LEC
devices® *'. We found that all the optimized 3MC states
remain above the T, state, and the AE(3MC-T1) energy can be
related to the computed emission energies as noted below.
Complexes showing emission above 550 nm (1 and 4) have the
3MC states at least 0.42 eV above the T, state, and therefore
these must result in a more efficient phosphorescence
emitters. In addition, complexes 2, 4, and 7 show AE(3MC-T1)
values in the range of 0.24-0.33 eV. In this regard, Costa and
co-workers reported AE(3MC-T1) values on the range of 0.26 to
0.60eV for related Ir" complexes, which have shown
luminance of 70 to 110 cd/m2 in LECs. According to this
comparison, the complexes with AE(3MC-T1) values on the
order of 0.20-0.60 eV are expected to show both good
luminance performances and living times of the device.
Indeed, we recently measure the performance of the complex
2 in a LEC devicezo, which has shown a luminance value of
~177 cd/mz. On the contrary, the blue emitters 6, 8, and 9
show low AE(3MC-T1) values of until 0.14 eV above the T;
state, which would result in more accessible non-radiative
states, decreased luminescence efficiency and lower living
times that must be take into account in the effort for the
synthesis of these compounds.

These results can be understood in terms of that the
increasing of the electron-withdrawing character of the CAN
ligand allows the blue-shifted Iuminescence, but also
increasing the T, state energy. Additionally, the larger
multiconfigurational character of these states allows the
mixing with high excited states as was previously noted. In this
regard, the 0-0 transition energies AE(T;-Sy) (this is the
electronic transition between the lowest vibrational modes of
the ground singlet and triplet state, Fig. 4) show that the
increase of the T, energy (respect to the ground state) is
largely affected by the modification of the ligand compared to
those found for the >MC states [AE(3MC-SO)]. Indeed, the
AE(3MC-SO) values increase only up to 0.17 eV, in comparison
with the AE(T;-Sy) values with an increase of up to 0.41 eV,
thus causing low AE(3MC-T1) values as the electron-
withdrawing effects Note that the decreased
performance of photoluminescence predicted from the
adiabatic energy difference between the 3MC-T1 states
requires of experimental temperature-dependent analysis in
order to achieve the activation energy barriers for the
population of the 3McC states; however, it is important to note
that access to the >MC states can be avoided by a restricted
intramolecular motion of the stretching vibrations of the Ir-
ligand bonds. In this regard, the temperature dependent
analysis shows that the energy barrier for non radiative decays
is increased ~80 % by using polymeric films as guest materials
for the iTMCs compared to measurements in solution®2.

Finally, although a direct correlation between the emission
energies and the quantum yields is commonly established by
the energy gap law, a quantitative relation with the structural
properties of the systems becomes sometimes more difficult
to correlate. However, regarding the differences between the

increase.
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system P EA Ahole Nelectron
1 8.95 3.70 0.18 0.35
2 9.38 3.89 0.16 0.36
3 9.61 4.06 0.19 0.35
4 9.15 3.70 0.20 0.35
5 9.57 3.90 0.20 0.36
6 9.83 4.04 0.27 0.39
7 9.65 3.92 0.17 0.36
8 10.06 4.11 0.14 0.37
9 10.22 4.26 0.16 0.35

Table 3. Electronic parameters related to transport and injection: lonization
potential (/P), electron affinity (EA), and reorganization energies (Anole and
Aelectron). Energies are in electron-volt (eV).

structural parameters of the 3MC and T, states (Table S1 and
S5), we observe that the larger geometric differences are
found in the complexes 1-6, mainly by comparing the angles
and dihedrals associated with the octahedral coordination
center. For instance, the most distorted ZN1-Ir-N2 angle is
found in the complexes 1-3, with a difference of at least 16°
between the *MC and T, geometries. On the contrary, the
systems 7-9 show a less distortion of up to 4° between the
3MC and T, states. At least, these results seem to be in
qualitative agreement with the AE(3MC-T1) values; this is, large
distortions cause higher energy differences, avoiding the
probability of radiationless decaying.

Electron affinity and ionization potential

The working mechanism of LEC devices can be explained in the
basis of an electrochemical doping modelsg'se, where the
formation of highly conductive p- and n-doped regions is
accomplished by the displacement of ions at the anode and
cathode, in the device. In the n-doped region the electrons are
added from cathode, and holes are injected in the p-doped
zone from anode. Under the application of the bias, these
regions begin to widen until the hole-electron recombination
takes place, promoting the emission of Iightsg'ss. According to
some studies, the performance of T complexes in emitting
devices can be related to several electronic properties
evaluating the charge transport and electron (hole) injectiongo'
32 Indeed, the hole and electron injection ability of the iTMCs
play an important role in the luminance and lifetime, limiting
the current density in the device; in this case, a low charge
transport is responsible for the poor LEC performance57. In this
context, the thermodynamic parameters relating to the
ionization potential (/P) and electron affinity (EA), account for
the energy barrier for the hole and electron injection,
respectively. Theoretical studies have related the easier hole
injection from the anode into the emissive compound to a
small /P, while a larger EA is related to the easy electron
injection from the cathode®” 3% 8 This description is coherent
with a good performance of the device due to the low turn-on
voltagezo. IP and EA values for all the complexes were obtained
by finite difference as IP =E(N —1) —E(N) and EA =
E(N) — E(N + 1); where E(N), E(N+ 1) and E(N — 1) are
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the total energies of the molecular system in its ground state,
and with one electron more and with one electron less,
respectively.

From Table 3, it is noted that the smallest /P is obtained for
the system 1, resulting in an easier hole injection compared to
the other complexes, according to its higher HOMO energy
level compared to the complexes 2-9. The easily for the hole
injection from the anode is sorted as:1>4>2>5>3>7>6 >
8 > 9, following a similar order to the HOMO energies. On the
contrary, differences in the EA values of the all complexes are
slightly compared with the /P values. This behavior is
attributed to the nature of the same ppl ancillary ligand in all
complexes and also in accordance with the simulation of the
LEC performance described in literature. This performance
establish that an easy electron injection is not as decisive as
the barrier which determines the hole injection53. In this sense,
it is possible to conclude that the similar EA values for all the
compounds is an indicative that the hole-electron
recombination of the LEC devices with these complexes is
controlled mainly by the /P of the compounds.

The high EA is obtained from the complex 9, and the lowest
energy barrier for electron injection into the emitter is also
expected for this compound, which is consistent with its lower
LUMO energy compared to 1-8. The same relationship of the /P
with the HOMO energies is feasible with the tendency of the
EA values and LUMO energies. The EA values have the
following order: 9>8>3>6>7>5>2>4> 1. We note a
balance between the hole and electron injection properties of
the emitter for the complexes in the middle of the series (2-3
and 5-7), highlighting the complex 7 to develop a better hole-
electron junction.

On the other hand, the reorganization energies for hole
and electron transport (Anoe and Agectron) are related to the
charge transfer rate (k) according to k=Aexp(-A/k,T): where k,
is the Boltzmann constant, and T the temperature3o' 32, %8
These kinetic parameters are obtained as: A, = IP — HEP
and Agectron = EA — EEP, where HEP and EEP are the so-
called hole and electron extraction potential, respectively. The
magnitude of HEP and EEP are obtained as the ASCF energy
difference between the relaxed cationic (anionic) molecule
and the neutral molecule at the cationic (anionic) geometry3o.
We pointed from Table 3 that the reorganization energies for
the electron transport (Agjectron) are higher compared to those
for the hole transport (Anhoe), Which is mainly due to the
cationic nature of the complexes. These results suggest that
the performance of the complexes for hole transport is better
than for the electron transport. The smallest A Was found
for the complex 8, suggesting an improved hole transport in
this compound. Moreover, Agectron Values are very similar for
all the complexes, indicating a similar electron transport rate
between all the complexes. However, the difference between
Ahole aNd Agjectron iS SMallest for the complex 6, suggesting a
charge transport balance between hole and electron injection
for this compound, which can be useful to improve the hole
(electron) transfer abilities in electroluminescent devices
based in cationic Ir complexes.

8 | Phys. Chem. Chem. Phys., 2015, 00, 1-3

Conclusions

. . . . . . I
In summary, a theoretical characterization of nine cationic Ir

complexes [Ir(CAN),(NAN)]" was performed to get insights
about their applicability as ionic transition metal complexes for
light electrochemical cells (LECs). All of these complexes
contain the ppl ancillary ligand (N~N), and the control onto the
HOMO energy was reached by changing the cyclometalating
C~N ligands (R-ppy, R-pyz and R-pypy); however, both HOMO
and LUMO energy levels appear to be influenced by the nature
of the unsubstituted cyclometalating ligands (with R = H), in
addition to inductive effects coming from electron-
withdrawing fluorine containing substituents (R = F, CF3) at the
2 and 4 positions of the phenyl moiety. In consequence,
HOMO-LUMO energy gaps were found in the range of 2.76 to
3.54 eV, and phosphorescence emission energies in the range
of 438 to 597 nm; the highest HOMO-LUMO energy gap and
blue-shifted emission (and absorption) energies were obtained
for the complexes containing the trifluoromethyl substituents
in the cyclometalating ligand. The emission energies are
modulated due to metal-to-ligand charge transfer triplet
excited states; however, the strong blue-shifting in compounds
containing the CF3-pyz, F-pypy and CFs;-pypy ligands
(complexes 6, 8, and 9, respectively) is accompanied by mixing
with ligand and metal centered triplet states, also responsible
for a decreased photoluminescence performance. Respect to
transport and injection parameters, the complexes with the
best balance between hole and electron injection are 2, 3, 5, 6
and 7; however, as all complexes have the same ancillary
ligand, the different performances are controlled mainly by the
ionization potential of the complexes. In the same way,
according to the reorganization energies, the energies for the
electron transport (Aejectron) are higher compared to those for
the hole transport (Anee), Which is attributed to the cationic
nature of the complexes; then, the performance of the
complexes for hole transport is better that for the electron
transport. The smallest A,,e was found for complex 8.
However, the difference between Apge and Agectron iS sSmallest
for the complex 6, therefore, this complex show the best
balance between hole-electron junctions.
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