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Ligand substitution is often used for tuning the emission color of phosphorescent iridium(mr) com-
plexes that are used in organic light-emitting diodes. However, in addition to tuning the emission color,
the substituents can also affect the radiative and non-radiative decay rates of the excited state and hence
the photoluminescence quantum yield. Understanding the substituent effect is therefore important for
the design of new iridium(ir) complexes with specific emission properties. Using (time dependent)
density functional methods, we investigate the substituent effect of n-propyl groups on the structure,
emission color, and emission efficiency of fac-tris(1-methyl-5-phenyl-[1,2,4]triazolyl)iridium(im)
based phosphorescent complexes by comparing the calculated results for structural models with
and without the n-propyl substituents. We find that attachment of the n-propyl groups increases the
length of three Ir-N bonds, and although the emission color does not change significantly, the radia-
tive and non-radiative rates do, leading to a prediction of enhanced blue phosphorescence emission
efficiency. Furthermore, the calculations show that the attachment of the n-propyl groups leads to a
larger activation energy to degradation and the formation of dark states. Published by AIP Publishing.
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INTRODUCTION

Phosphorescent iridium(m) [Ir(mr)] complexes have
attracted significant attention due to their use as emissive
materials in organic light-emitting diodes (OLEDs). The well-
known green emitter, fac-tris(2-phenylpyridyl)iridium(im)
[Ir(ppy)s], has been reported to have a near-unity photolumi-
nescence quantum yield (PLQY), and highly efficient OLEDs
based on it have been demonstrated.! Efficient red OLEDs
based on Ir(1r) complexes have also been reported.2 However,
there is still a limited range of blue and deep-blue phospho-
rescent Ir(tr) complexes suitable for OLEDs both in terms
of color and stability. Ligand substitution with strong elec-
tron withdrawing groups has often been used to tune the
emission color of sky blue emissive materials to a deeper or
more saturated blue, but the changes often result in a dra-
matic drop in the PLQY.?>-® For example, fac-tris(1-methyl-
5-phenyl-3-n-propyl-[1,2,4]triazolyl)iridium(m) [Ir(ptz)s] (1)
(complex 1 in Figure 1) displays sky blue phosphorescence
with a good ambient temperature PLQY (66%). Fluorination
of Ir(ptz); (complexes 2-4 in Figure 1) not only blue shifts
the emission but also dramatically lowers the PLQY at room
temperature.3’7

To understand why subtle structural variations can lead
to dramatic changes in the PLQY and even the quenching
of the photoluminescence,8 we have conducted a series of
experimental and theoretical studies for the four blue emissive
complexes shown in Figure 1.>7 The measured PLQY (@p;)
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is dependent on the radiative (k,-) and non-radiative (k) decay
rates, with @pp = k,/(k, + k,,). We have previously reported
that for all four complexes the radiative rates are of similar
magnitude, but the non-radiative rates vary significantly.®’
Therefore, the decrease in the PLQY (®p;) as the complexes
are tuned to achieve deeper blue emission is primarily due
to an increase in the non-radiative decay. Our previous theo-
retical work focused on understanding the mechanism of the
excited state decay processes and predicting the radiative and
non-radiative rates of Ir(ur) complexes.”*~'> We have shown
thatitis possible to theoretically predict the radiative rate using
relativistic time dependent density functional theory (TDDFT)
calculations that include spin-orbit coupling perturbatively. '’
We have also identified a key non-radiative pathway for these
complexes at room temperature, namely, a thermal population
to non-emissive (dark) states which arises from a significant
structural distortion—the breaking of an Ir-N bond.® The non-
radiative rate was qualitatively predicted through the calcula-
tion of the activation energy barrier from the emissive to dark
states. We also characterized the differences between the emis-
sive and dark states through the calculation of their radiative
rates and the analysis of the nature of their frontier molecular
orbitals.”

However, many theoretical studies and our previous work
use simplified structural models to reduce the computational
difficulties. For example, for the Ir(ptz); based complexes of
the previous study hydrogen was used in place of the n-propyl
groups attached to the triazolyl group of the practically used
complexes (see right panel of Figure 1) to make the calcula-
tions simpler. Such simplifications are generally used when the
substituent is expected to have a small effect on the emission

Published by AIP Publishing.
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FIG. 1. (a) Structures of complexes 1-4 based on the parent fac-tris(1-
methyl-5-phenyl-3-n-propyl-[1,2,4]triazolyl)iridium() (1).37 The computa-
tional structural models used in this work are the complete models without
simplification. (b) Simplified computational structural models used in our
previous work”-? with the n-propyl groups replaced by hydrogen.

color. In the case of the Ir(ptz); complexes, the n-propyl groups
are expected to have only weak inductive effect towards the
ligand and not change the color of the emission dramatically.’
However, how the n-propyl groups may affect the trend and
shape of the triplet potential-energy curves and the radiative
and non-radiative rates is not clear. Moreover, experimental
studies have indicated that the solubilizing alkyl chains and
aryl groups attached to the cyclometallating ligands of the
Ir(m) complexes either cause little change in the PLQY or
in some cases may cause an increase in the luminescence.'3~13
Therefore, it is important to know whether the n-propyl groups
change the PLQY of the blue emissive complexes, and if they
do, what is the mechanism giving rise to the change. More
generally, to be able to design new blue phosphors based on
Ir(m) complexes, it is of fundamental importance to under-
stand the effect of all substituents on the emission properties,
particularly the emission color and efficiency. To this end, in
this paper we investigate the effect of n-propyl substituents on
the structure, emission color, and PLQY of four blue emissive
Ir(mm) complexes based on Ir(ptz); and discuss the impact of
the results on the design principles for new blue emissive Ir(m)
complexes.

THEORETICAL CALCULATIONS
Geometry and electronic excitation

The structure of complex 1 was optimized taking the
measured crystal structure® as the starting point. The struc-
tures of complexes 2-4 were then optimized with the initial
structures based on the optimized structure of complex 1. The
geometry optimization was performed with density functional
theory (DFT)!%!7 using the B3LYP'®82° functional. The 6-
31G* basis set?! was used for hydrogen, carbon, nitrogen,
and fluorine, and the LANL2DZ basis set?? with an effective
core was used for iridium. Low-lying excited states were stud-
ied with TDDFT.?>-2> Again the B3LYP functional was used
since many of the low-energy excitations of the complexes
studied here have a metal-to-ligand charge transfer charac-
ter. It is well known?®?° that the inclusion of Hartree-Fock
exact exchange significantly improves the physical descrip-
tion of charge-transfer excited states of small molecules in the
TDDFT calculations. In addition, extensive benchmarking*’
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has shown that B3LYP accurately reproduces the energetics
of these Ir(1mr) complexes.10 All calculations in this work were
performed using the Gaussian 09 set of programs®!' unless
specified, with the functional and basis set described above
used throughout.

Triplet potential-energy surface

In our previous work,’ we examined the possible reaction
paths of thermal population to dark states®3>=7 for blue emis-
sive Ir(mm) complexes and found that the elongation of an Ir-N
bond was the most likely route for non-radiative decay. We
therefore performed a relaxed potential-energy surface (PES)
scan for the emissive state, that is, the lowest energy triplet
(T)) state, along the reaction path of the elongation of an Ir-N
bond. In the relaxed PES scan, the starting structure had the Ir—
Nbond length equal to that found in the optimized ground-state
structure, and then a lengthening series of 0.1 A increments
were made in its length. The geometry at each scan point was
optimized, subject to the constraint of this single extended
bond length. The initial geometry for each optimization after
increasing the Ir—N bond length took the position of the remain-
ing atoms to be those found in the optimized structure for the
previous Ir-N bond length. The energy of the T; state was
then calculated. Unrestricted DFT was used for treating the
T, states since they contain unpaired electrons. Unrestricted
DFT is known to be quite good at modelling the properties of
open-shell molecular systems including spin polarization (in
contrast the unrestricted Hartree-Fock approximation overes-
timates polarization) and energetics.*® To optimize the triplet
states and calculate the triplet energies, a quadratically conver-
gent self-consistent field (SCF) procedure®® was used which
is slower than regular SCF but more reliable.

Itis worthwhile noting that the used relaxed PES scanis an
approximated method for looking for the transition state and
activation energy barrier, with the assumption that the reac-
tion pathway can be described by the elongation of an Ir-N
bond.” To verify whether a true transition state can be found
near the energy maximum on the PES and how accurate the
energy barrier is, we performed a transition state optimization
calculation using the Berny algorithm with the initial structure
as the energy maximum structure, for complex 1 in the sim-
plified model. We obtained a true transition state with energy
just 0.052 eV lower than that of the energy maximum. This
indicates that the energy maximum on the PES indeed cor-
responds to a true transition state. Furthermore, the result is
in agreement with the expectation that the values calculated
with the approximated method represent an upper bound on
the activation energy.

Radiative rate

Relativistic calculations were performed for selected
structures to obtain the radiative rate and more accurate
information on electron excitations. In these calculations,
spin-orbit coupling (SOC) was included perturbatively to
one-component TDDFT* utilizing the one-component zeroth
order regular approximation (ZORA).*'™# A total of 40 spin-
mixed excitations were calculated. The calculations were car-
ried out with ADF (2013.01 version),** using the B3LYP!8-20
functional and Slater type TZP basis sets*>*® with a frozen
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core approximation for the iridium [1s 2s 2p 3s 3p 3d 4s 4p 4d
4f], fluorine [1s], nitrogen [1s] and carbon [1s] shells.

RESULTS AND DISCUSSION

Structure

The first step in understanding the effect of the n-propyl
substituents on the emissive properties was to determine
whether the n-propyl groups caused a dramatic change to
the structure of the blue emissive Ir(ptz); complexes. The
key geometric parameters of the complexes that would affect
the emissive properties, that is, the interaction of the ligand
with the Ir(m) cation, were compared. The comparison of
the ground-state geometry calculated with complete (with n-
propyl groups) and simplified (without n-propyl groups) struc-
tural models for all four complexes is summarised in Table I.
We find that the Ir—N bonds are slightly longer for the n-propyl
substituted complexes with the lengths of the three Ir—-N bonds
increased by around 0.04 A compared to the simplified com-
plexes. In contrast, the Ir—C bonds either undergo no change or
a very small decrease (within 0.01 A) in length. Thus, there are
only subtle and small changes to the geometry of the structure
on addition of the n-propyl groups.

Emission color

In the next phase of the analysis we focused on the effect
of the n-propyl substituents on the emission color, both qualita-
tively and quantitatively. It has previously been shown that for
the Ir(ptz)s family of complexes, the lowest electronic excita-
tion is predominately comprised of an electron transition from
the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO).”*!1 The HOMO is a
mixture of the tp, orbital of the metal and the m orbitals of
the ligands, and thus has a strong mixed metal-ligand charac-
ter. The LUMO is mainly comprised of the st* orbitals of the
ligands. Thus the inductive effect of the n-propyl substituents
and the slight structural changes observed for the complexes
would be expected to have an effect on the transition, although
the significance of these affects requires quantification. We
therefore studied the lowest electronic excitations to obtain
a quantitative view on the effect of the n-propyl groups using
complex 1 as the exemplar. The excitation energies of the three
substates of the lowest energy triplet (T}) calculated for both
the complete and simplified structural models are tabulated in
Table II. We find that the presence of the n-propyl groups only
has a very small effect on the excitation energies of the three
substates of Ty, with changes of less than 1% in these energies.

TABLE I. Bond lengths of six Ir-ligand bonds (three Ir-N bonds and three
Ir—C bonds) of complexes 1-4 at geometries optimized for the ground state in
the complete and simplified structural models.

Complete model (A) Simplified model (A)°
Complex Ir-Nj 3 Ir-Cy3 Ir-Nj3 Ir-Ci3
1 2.19 2.04 2.15 2.05
2 222 2.03 2.18 2.03
3 2.21 2.03 2.16 2.04
4 2.20 2.03 2.16 2.03

J. Chem. Phys. 146, 174305 (2017)

TABLE II. Excitation energies to the three lowest electronic excited states
(i.e., the three substates of T;: Ty_1, T2, and T}_3) of complex 1 calculated at
the ground state equilibrium geometry in the complete model (£comp) and sim-
plified model’ (&simp)- The absolute difference (dqps) and relative difference
(delative) are given to show differences between the excitation energies cal-
culated from two structural models, with dgps = |€comp — Esimpl and defarive
= 2d ps/(Ecomp + Esimp)- Note that the differences between the excitation
energies calculated from two structural models are very small.

state Ecomp (€V) Esimp (€V) daps (€V) drelative (%)
Ti-1 2.8725 2.8764 0.0039 0.1
T2 2.9034 29110 0.0076 0.3
T3 2.9267 29110 0.0157 0.5

We also investigated the frontier molecular orbitals (HOMO
and LUMO) involved in the predominant transition of these
excitations. Figure 2 shows the isosurface of the HOMO and
LUMO for the complete and simplified structural models of
complex 1. We found that neither the HOMO nor the LUMO
has significant density on the n-propyl groups, as expected.
This also implies that the n-propyl groups do not significantly
affect the w and 7t* orbitals of the ligands and thus the excitation
energies of the lowest energy excitations. The same analysis on
the excitation energies and frontier molecular orbitals has been
carried out for complexes 2-4, with a similar conclusion to that
of complex 1, that is, the n-propyl groups do not significantly
affect the excitation energies of the lowest energy excitations.
The T excitation energies and the frontier molecular orbitals
for complexes 2-4 are provided in the supplementary material.
We therefore conclude that the n-propyl groups have a

HOMO (comp)

HOMO (simp)

FIG. 2. Frontier molecular orbitals (HOMO and LUMO) of complex 1 at
the geometry optimized for the ground state in the complete (with n-propyl
groups, marked with “comp”) and simplified® (without n-propyl groups,
marked with “simp”) models. For the complete model, neither the HOMO
nor the LUMO has significant density on the n-propyl groups, the atoms of
which are highlighted in light yellow.
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TABLE 1II. Calculated radiative rates (k) and activation energies (AE 4¢tivation) to the 3MC states for the complete and simplified models. The measured room
temperature radiative rates (k,), non-radiative rates (k,,), and PLQYs (@p) for complexes 1-4 are also given.

Calculated (complete model)

Calculated (simplified model)

Experimental®’

Complex ky (sil) AEactivation (€V) ky (571)7 AEgctivation (ev)g ky (571) knr (Sil) Dpp,
1 3.5x%10° 0.728 43%10° 0.375 6.1 £0.8) x 10° (3.1 £ 1.0) x 10° 0.66 + 0.07
2 2.5%10° 0.935 3.8x10° 0.384 22+09)x 10° (5.8 £2.8) x 10° 0.27 +0.05
3 3.0x10° 0.580 44x10° 0.066 4.0x10° 6.3 x 10° 0.06
4 25%10° 0.132 3.7%10° 0.065 (2.0 + 1.6) x 10° (6.5 +3.3) x 100 0.03 £ 0.01

negligible effect on the lowest excited states and thus the
emission color of the complexes.

Emission efficiency (radiative rate, non-radiative rate,
and PLQY)

The theoretically predicted radiative properties of the
complete and simplified structural models were compared to
study the effect of the n-propyl substituents on the emission
efficiency by determining the rates of the radiative and non-
radiative decay processes of the lowest excited state (T;) of
the Ir(ptz); complexes. The calculated radiative rate (aver-
aged from that of the three substates of T, state) by TDDFT
with spin-orbit coupling perturbatively included is collated in
Table III. We find that the radiative rates are decreased (~35%)
by the presence of the n-propyl groups for all four complexes
although the relative magnitude of the radiative decay rates
remains the same. The radiative rates of complex 1 and 3 are
found to be slightly greater than that of complex 2 and 4, which
is consistent with experimental results.”

The prediction of the non-radiative decay rate is more
complicated than the radiative rate since there are several

possible non-radiative paths, e.g., vibrational coupling, ther-
mal population from emissive states to dark states, and inter-
molecular quenching processes. Our previous work has shown
that a key non-radiative decay path is the thermal population
to metal-centered triplet states (®MC) states concomitant with
the elongation and eventually breaking of an Ir-N bond. The
3MC states can be identified through the analysis of the nature
of frontier orbitals, radiative rate, and the excitation energy
and oscillator strength of the lowest electronic excitations. The
rate of this non-radiative process can be qualitatively predicted
from the activation energy barrier to the MC states via an
Arrhenius equation,?

Koy (T) = kye AE/KT 1)

where k,, is the rate constant, AE is the activation energy to the
upper level, and kp is the Boltzmann constant. k,,(T) depends
on AE exponentially in contrast to its linear dependence of k,,.
This suggests that the differences in the &,,(7T") among the four
complexes are dominated by the differences in the activation
energies.

1 comp - 2
38 simp —- J 3.8

3.6
34
3.2

Relative energy (eV)
Relative energy (eV)

comp -

FIG. 3. Potential-energy surfaces
(PESs) for complexes 1-4 as the Ir-N
bonds are lengthened (starting from
the bond length in the equilibrium
ground state geometry), with the
remaining atomic positions optimized
self-consistently. All energies are

mc 7 measured relative to that of the ground

1] 0.5 1 15
Ir-N; bond length increment (A)

state. The curves labelled “comp”
[red diamonds] show the energy of
the lowest triplet (T;) state when the
geometry is optimized for the T, state
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for the complete structural models,
and the curves labelled “simp” [black
dots] show those for the simplified
1 structural models.” The labels “MC”
and the circles on the curves indicate
where the character of the T; state
changes (discontinuously)  from
predominately metal-to-ligand charge
transfer PMLCT) to metal-centered
(MO).
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TABLE IV. Calculated excitation energies (&), oscillator strengths (f), and radiative rates (k,) of the three lowest
energy electronic excitations (i.e., the three substates of T;) of the >MC states found for complexes 1-4 for the

complete model.

Excitation 1

Excitation 2

Excitation 3

Complex & (eV) f ks g@V)
1 075 2x107° 52x10%2 076
2 045 2x107* 13x10° 124
3 094 3x10° 1.1x10° 0.94
4 118 1x107° 58x102 1.18

f k- s™hH  e(eV) f k(s
7x107° 17x10° 078 7x107° 19x10°
4%10°° 24x102 124 6x10° 4.0x10?
8x 1077 32x10° 097 7x107° 27x10°
3x1075 15%x103 123 6x1075 3.8x10°

The activation energy barrier to the *MC states can be cal-
culated using the potential energy surface (PES) for the lowest
triplet (T;-PES) along the reaction path, which relates to the
elongation of an Ir-N bond. We have therefore investigated
how the n-propyl groups change the T|-PES and the activa-
tion energy to the MC states. The T;-PESs calculated for
both the complete and simplified structural models are shown
in Figure 3. The trend of the T-PESs calculated from the com-
plete structures (with the n-propyl groups) remains similar to
that calculated from simplified structural model. For all four
complexes, the T; state energy starts with an approximately
quadratic rise reaching a local maximum, which is then fol-
lowed by a sudden drop to a relatively flat region. However,
the presence of the n-propyl groups has a significant effect on
the shape of the T;-PESs of complexes 1-3, which become
less structured—only one local maximum is found (whereas
two local maxima were found on the T|-PESs of complexes
1-3 calculated for the simplified models). It is interesting to
note that the changes are much less pronounced in complex 4,
with the PESs calculated for both the complete and simplified
models having only one local maximum with a similar Ir-N
bond length and only slightly larger energy pathway for the
former.

The activation energy for excitation to the MC dark
states is the key quantity for the analysis of the non-radiative
rate. It is thus of particular interest to see how the n-propyl
substituents affect the activation energy and hence the non-
radiative rate. The first step in the analysis was to identify the
state on the PES where the T state changes from predom-
inantly metal-to-ligand change transfer CMLCT) to *MC.’
We find that for all four complexes the transition between the
3SMLCT and 3MC states occurs after the first energy max-
imum, and after this radiative decay is turned off. For all
four MC states the frontier MOs have metal centered char-
acter, and the radiative rates of these states are two orders
of magnitude smaller than that of the SMLCT states (see
Table IV). Thus the radiative decay is not competitive with
the non-radiative decay processes, with the found 3MC states
being dark.

The height of the activation barriers to MC states for
the n-propyl substituted complexes is summarized in Table III
and is compared with those calculated for the simplified struc-
ture models. We found that the activation energy barrier was
higher when the n-propyl groups were present for all four com-
plexes, that is, the attachment of the n-propyl groups makes the
structural distortions leading to Ir-N bond breaking more diffi-
cult. As the n-propyl groups are electron donating inductively,

the N-atom involved in the dative bond to the Ir(ur) would be
more nucleophilic, which would lead to a stronger coulom-
bic interaction and an enhanced ability to undergo structural
distortions without irreversible breaking. Given that the non-
radiative decay rate decreases exponentially with the activation
energy, this increase of activation energy should result in a sig-
nificant decrease in the non-radiative rate. Since the radiative
rates are changed only slightly, the overall effect of the n-
propyl substituents is that they should lead to these complexes
having a higher PLQY. Interestingly, the n-propyl groups do
not change the order of the activation energy for the four com-
pleXCS, that iS, AEactivation(Z) > AEactivation(l) > AEactivation (3)
> AEactivation(4)-

CONCLUSIONS

We have shown that the addition of n-propyl groups to
the triazolyl rings of Ir(ptz); complexes increases the length
of the Ir-N bond. Although the emission color is not changed
significantly, the presence of the n-propyl groups does affect
the emission efficiency by changing the radiative and non-
radiative rates of decay. The radiative rates are all reduced
by ~30% but the non-radiative rates decrease exponentially
due to a significantly increased activation energy barrier to the
formation of MC dark states. Thus, the addition of n-propyl
substituents is predicted to lead to an increase in the PLQY.
The study has provided a theoretical basis for the design of
new phosphorescent Ir(mr) complexes using bulky substituents
attached to the ligand. Furthermore, it provides an explana-
tion as to why the addition of large substituents on both the
triazolyl and phenyl rings of complex 2 increased the PLQY
dramatically from 27% to 94%.%

SUPPLEMENTARY MATERIAL

See supplementary material for frontier molecular orbitals
and excitation energies to the lowest triplet for complexes
2-4 and listings of the Cartesian coordinates of the opti-
mized ground-state geometry of complexes 1-4 in the complete
structural model.
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