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PERSPECTIVE

Computational insights into the photodeactivation
dynamics of phosphors for OLEDs: a perspective

Cite this: DOI: 10.1039/X0XxX00000X

. * . .
Daniel Escudero,”” Denis Jacquemin®”

A detailed molecular-level understanding of both the photoluminescence and
electroluminescence properties of transition-metal (TM) complexes used as emitters in organic
light-emitting diodes (OLEDs) is vital to pave the way to the next generation of OLEDs
materials. In this Perspective, we present recent ab initio and density-functional theory (DFT)
results, including or not spin-orbit couplings (SOCs), focused on disentangling competing
photodeactivation mechanisms of radiative and non-radiative nature of target Pt(II) and Ir(III)
complexes. These complexes are the most widespread organo-transition metal compounds for
OLEDs applications. We address their photodeactivation dynamics, their temperature-
dependent photoluminescence kinetics and some unusual photophysical properties (such as e.g.
dual photoluminescence or Non-Kasha emissive behaviour). In addition, we discuss the

pending questions regarding the photophysics of these systems, which will require the
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interplay between theoretical and experimental efforts.

I. Introduction

During the last decades an increasing effort has been put into
the development of highly efficient electroluminescent devices.
In that framework, OLEDs,' due to their outstanding optical and
electrical properties and their low-cost of fabrication, emerged
as excellent candidates. Several strategies have been considered
to enhance their electroluminescence efficiency, that are either
based on the use of fluorescence, thermally activated delayed
fluorescence (TADF)*> or phosphorescence. Phosphorescent-
based OLEDs (PhOLEDs) can  achieve  internal
electroluminescence quantum efficiencies of almost 100%.°
Notably, Ir(III) and Pt(II) complexes are commonly used as
phosphors in PhOLEDs, due to their often exceptional internal
quantum efficiencies of phosphorescence, their photostability
and the possibility to tune their emission energy from red to
blue by adequate chemical modification of their ligands.* Over
the past few years, the progress in OLEDs research™® has been
accompanied with the advances in experimental techniques,
notably high-resolution and femtosecond time-resolved
spectroscopies, such as femtosecond resolved
photoluminescence and pump-probe transient absorption
spectroscopy.’ These techniques enabled to obtain ultrafast
electronic/vibrational relaxation information in TM complexes.
The ultrafast spin dynamics is typically controlled by the nature
and alignment of the singlet and triplet excited state manifolds
and the amplitude of their associated SOCs. These factors
ultimately determine the time-scales of the intersystem crossing
(ISC) processes. Hence, for octahedral-like Ir(II)
cyclometalated complexes, such as tris(2-phenylpyridyne)Ir(III)
[Ir(ppy)s;] and tris(1-phenylisoquinoline)Ir(IIT) [Ir(piq);], ISC

This journal is © The Royal Society of Chemistry 2013

processes occur almost quantitatively in less than 100 fs.®
Square-planar Pt(II) complexes show more variability in their
ISC time-scales, ranging from <50 fs for [Pt(thpy),]° (thpy=2-
thienylpyridine) to 10-30 ps for the diplatinum complex'
[Pto(P,0sH,)4]* (PtPOP). Indeed, fluorescence might compete
with ISC processes in some Pt(II) complexes.'' Thus, there are
no clear trends in ISC rates on the basis of the SOC of the metal
atom, since complexes containing lighter metal atoms might
exhibit faster ISC rates. Moreover, the photoluminescence
properties of these complexes are very often temperature-
dependent.'? Usually, their luminescence efficiency decreases
when going from cryogenic conditions to room temperature due
to the population of thermally activated triplet metal-centered
(®MC) states, which are involved in nonradiative decay
channels." In addition, the temperature might also modulate the
radiative rates. TADF is a clear illustration of the importance of
the temperature-dependent behaviour of photoluminescence.
Likewise, one of us recently described a Non-Kasha emissive
behaviour in a cyclometalated Pt(II) complex on the basis of the
thermal population of higher-lying triplet excited states,'
which implies a kinetic control of photoluminescence.
Therefore, having in mind that OLEDs should be designed to
work at ambient temperatures, controlling the temperature-
dependence behaviour is a major factor to account in the design
of more efficient phosphors.

Unfortunately, ultrafast spectroscopies cannot, in most of the
cases, provide hints into the character, spin and structure of the
involved excited states. Towards these aims, excited-state
quantum chemical calculations are necessary. From a
computational viewpoint, the study of the photophysics and
photochemistry of (very often) open-shell TMs remains
challenging."” However, the recent improvements in ab initio
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quantum chemical and DFT methods for the excited states of
TM complexes'® extended the applications from a qualitative
assignment of absorption and emission processes to a semi-
quantitative interpretation of both emission spectroscopy and
photochemical reactivity.'” An additional challenge when
modelling phosphors is that their photophysical and
photochemical properties are often strongly influenced by the
chemical environment (e.g., counterions,'®  solvent,'’
concentration,” crystal packing effects®! or host medium in the
emissive layer of an OLED device).”? Hence, not only the
photophysical properties might be modulated by the
environment (e.g., emission solvent switching® and excimer
formation®*) but also new photodeactivation pathways might
appear in the condensed phase, e.g., bimolecular triplet-triplet
anhililation (TTA) processes.”> These processes compete with
the radiative and non-radiative deactivation pathways and their
exploration in the solid phase consequently becomes vital for
phosphor modelling.

The objective of this Perspective is not to present an overview
of computational methods for the excited states of TM
complexes, something that it has been recently reviewed
somewhere else,'>!'® but to present recent computational works
performed to unravel the intricate photodeactivation processes
occurring in phosphors and to underline the future perspectives
in phosphor’s research. The choice of those examples is a
licence of the authors, driven by our experience and own
interests. We apologize for not being able to cite all the
important contributions to the field.

IT Excited-state computational methods for
phosphors

The computational study of the excited states of TM complexes
remains difficult as they concentrate most of the complexities
inherent to theoretical investigations. Among these, we
highlight: multireference character of the excited states, near
degeneracies, relativistic effects (importantly SOCs), vibronic
couplings, size, environmental effects and multiple excited
states of different character [i.e. metal-to-ligand charge transfer
(MLCT), MC, ligand-to-ligand charge transfer (LLCT), ligand-
centered (LC), metal-to-metal charge transfer (MMCT), among
others].'">'® Multi-configurational methods, such as the
complete-active-space  second-order  perturbation  theory
(CASPT2)* or the restricted-active-space PT2 (RASPT2)*
approaches, are in principle well suited for TM complexes.?>*
Indeed, due to the balanced treatment of dynamic and non-
dynamic electron correlation, these methods are capable to deal
with all kinds of electronic structure. However, they have not
yet acquired a “gold standard” status for the spectroscopy and
photochemistry of TM complexes, since, on the one hand, their
accuracy 1is critically dependent on their judicious use,
particularly with regard to the selection of a chemically-sound
active space,29 and, on the other hand, their computational cost
restricts their use to medium-size systems. Thus, CASPT2 and
RASPT2 methods were rarely used to study the excited states
of phosphors, see their application for, e.g., Pt(thpy),* and for
a Ru(IDbipyridyl complex.’’ Promisingly, the use of the
multireference ab initio density matrix renormalization group
(DMRG-CASPT2) approach, may permit the treatment of
larger active spaces and larger TM complexes in the near
future.*® Excited-state methods based on density functional
theory (DFT), such as ASCF-DFT,*® constricted variational
DFT (CV-DFT)* and time-dependent DFT (TD-DFT),* are
less costly, but are also less reliable, especially when compared
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to the performance of DFT for ground-state properties of TM
complexes. We discuss in this Perspective how ground state
UDFT calculations can also provide important insights into
photodeactivation pathways occurring on the lowest triplet
excited state potential energy surface (PES). An alternative
DFT-based method for electronically excited states makes use
of Kohn-Sham orbitals in a multi-reference configuration
interaction (MRCI) framework: in this DFT/MRCI method,*®
non-dynamic correlation effects are treated at the MRCI level
whilst dynamic correlation effects are captured by the KS-DFT
treatment. Recently, it was shown that DFT/MRCI is superior
to TD-DFT approaches for the excited states of TMs.”
DFT/MRCI generally provides the correct order of states and a
balanced description of excited states of different character. By
contrast, TD-DFT results are less balanced (difficulties at
describing on the same footing excited states of different
character) and functional dependent, particularly in the
description of MLCT?” as well as long-range CT states.’® TD-
DFT behaves erratically for MLCT states, which often have
more local than CT character, with errors of up to 1 eV in some
situations. In other cases these states are described with
spectroscopic accuracy.’’ Despite the performances of the most
widespread TD-DFT methods for organic dye and
photochemistry,* their success with respect to the ASCF-DFT
method for TMs was recently questioned by Ziegler et al,
pointing out that these errors are likely originated due to the
lack of orbital relaxation in adiabatic TD-DFT.*> Among the
different TD-DFT flavors, it is generally observed that hybrid
exchange-correlation functionals with intermediate amounts of
exact exchange, such as B3LYP (20%) or PBEO (25%)
outperform the rest of functionals for TMs,'®*' though errors
are not systematic for all TM complexes so that it is difficult to
develop general recommendations. Range-separated hybrid
functionals, such as the CAM-B3LYP functional, are generally
not recommended for TM complexes, especially for MLCT
states.’”* Clearly, future work should address all these
important issues.

Spin-orbit effects are indispensable to interpret many
spectroscopic phenomena, from ISC rates to zero-field
splittings (ZFS). To reach tractable relativistic calculations
including SOCs, the four-component Dirac equations are often
reduced to 2-component approaches, such as the Douglas-
Kroll-Hess (DKH)* or the zero-order regular approximation
(ZORA)* Hamiltonians, which can be adapted to DFT,
perturbation and wavefunction theory. SOC can be incorporated
already in the orbital optimization step, such as in the self-
consistent SOC-TDDFT method.* Alternatively, SOC can be
included as a perturbation based on the scalar relativistic
orbitals.** The progress in quasi-relativistic approaches
extended the range of applications to a semi-quantitative
interpretation of emission spectroscopy and photochemical
reactivity, i.e. it is possible to compute ZFS and ISC and
radiative rates. As shown in Ref. 47, for many TM complexes
there is an important grade of admixture between pure spin
states, which leads to mixed “spin-orbit” states. Not only the
spectroscopic properties are modulated by the grade of
admixture, but also the classical picture of pure (singlet, triplet
or any other multiplicity) states may become meaningless.
Finally, recent progresses in mixed quantum-classical
molecular dynamics methods, which permit the consideration
of non-adiabatic effects between surfaces of different
multiplicities,”® should alleviate the path to perform excited-
state dynamics calculations in phosphors. These simulations
will enable one to reach time-dependent characterizations, as

This journal is © The Royal Society of Chemistry 2012
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shown for several Ru(Il) polypyridyl complexes, though in
these simulations, the SOCs are included in a qualitative
manner.*’

III Photodeactivation dynamics of phosphors

This section follows a chronological order in the photodeactivation
dynamics of phosphors and is organized as follows: In Section III.A,
the ISC mechanisms are described. In Sections III.B and III.C the
radiative and non-radiative mechanisms are presented, respectively.

A ISC mechanisms

The emission in Ir(IIT) and Pt(I) complexes is usually produced
from triplet excited states. However, as discussed in the
introduction, in some Pt(II) complexes, fluorescence might
compete to ISC (i.e. ke = kﬂ).11 From an experimental
viewpoint, three common characteristics can be generally used
to identify fluorescence emission: small Stokes shifts, absence
of photoluminescence quenching under aerated conditions and
emission lifetimes in the nanosecond regime. Fluorescence-
phosphorescence dual emissions have also been measured.™
Chart 1 presents representative examples of a Pt(II) fluorophore
(complex 1),°' a Pt(II) dual singlet-triplet emitter (complex
2),°" and a cyclometalated Ir(IIl) dual triplet-triplet emitter
(complex 3).* The first two complexes bear extended
n—conjugated ligands and their emissions are of "*LLCT and/or
L3LC character, so that SO contributions on the involved
emissive states are very small.

| =

[ e
PEt; a2 PR RS T A~
Pt-Br -~ \ J NV, | N2
o St
o o N [y =

N | & ¢ N CF;
Complex 2 -
omplex
Complex 1 Complex 3
P (R=C,H,5) P

Chart 1. Chemical structure of complexes 1-3.

From this discussion it seems clear that an analysis of the ISC
rates might provide important insights into the emissive
behaviour of these chameleonic TM complexes. The ISC rate
constants obey the empirical Fermi Golden rule expression

2 —~
kisc = %<5n|Hsole>2 x [FCWD], (1)

where the bracket term stands for the SOCs between the
involved S, and 7, states and FCWD accounts for the Franck-
Condon weighted density of states. Analogous expressions can
be derived for other spin-states. Hence, from a computational
viewpoint, the calculation of ISC rates requires in a first step
the assignment of the main photodeactivation channels between
the relevant S, and 7, states (or other spin states) followed by
an accurate estimation of i) SOC matrix elements, ii) energy
difference between the -electronic states, iii) vibrational
frequencies, and iv) Huang-Rhys factors, which are related to
the displacements between the excited state optimized
geometries of the involved S, and 7,, states. Computing all
parameters on Eq. (1) becomes rapidly prohibitive for large
molecules. Instead of applying this time-independent approach,
a time-dependent approach that alleviates the calculation of ISC

This journal is © The Royal Society of Chemistry 2012

rates has been proposed.™ The latter approach has been used to
compute the ISC rates of the [Fe(bpy);]*" complex
(bpy=bipyridine), using accurate ab initio electronic structure
calculations for relative energies, geometries and vibrational
frequencies.’ Based on these calculations the authors proposed
an ultrafast photodeactivation cascade from the excited
"SMLCT band through different intermediate spin states
(singlets, triplets and quintets) of MC or MLCT character.
Relaxation to the lowest 5T2g state occurs within 200 fs. The
ultrafast relaxation can be understood in terms of the large SO
and vibrational contributions to the computed kj5c values,
which ultimately roots on the proper alignment between spin
states and the large SOCs between the metal-based
singlet/triplet and triplet/quintet states. Recent time-resolved X-
ray spectroscopy experiments provided additional information
about the deactivation cascade and corroborated the computed
ISC time-scales in [Fe(bpy);]*".>> A similar semi-quantitative
approach to compute the ISC rates in TM emitters based on
TD-DFT data has been recently proposed by Chou and
coworkers.”® Additionally, in the diplatinum PtPOP complex
(see Introduction), a qualitative explanation of the relatively
slow rate of ISC has also been proposed.'® The two lower-lying
energy states in PtPOP, i.e. 'A,, and °A,, (both of
dc">po character), are energetically isolated from higher-lying
states and well separated from each other. Their geometrical
features are almost identical, resulting in very small Franck-
Condon factors. Moreover, the direct spin-orbit interaction
between the 'A,, and A,, states is symmetry forbidden. All
these facts lead to increased ISC time scales in PtPOP (up to 30
ps), despite the large Pt SOC constant. Gathering all this
information, one can distinguish two clear, but qualitative,
scenarios inducing sluggish ISC processes: i) ISC between low-
energy isolated '"LC and 'PLLCT states and ii) ISC between
energetically isolated and well separated metal-based singlet
and triplet states of same character/symmetry. In conflictive
situations, e.g., when k;c = kfl, a quantitative approach to
compute the ISC rates, like the one presented in Ref. 54, might
be needed to assess whether emission is fluorescence- or
phosphorescence-based.

Despite these previous considerations, in the vast majority of
Ir(III) and Pt(I) complexes, emission is phosphorescence-
based. Let us now turn our attention to their triplet-based
photophysics, focusing on radiative and non-radiative
deactivation pathways. The photoluminescence quantum yield
(PLQY), which determines the internal efficiency of phosphors,
is the ratio between the radiative (k) and non-radiative rates

(kv

[ T )
"k +k,

The PLQY is one of the most important factors in phosphor design.
The PLQY depends on temperature and is one of the most important
factors in phosphor design, as one wishes to favour the radiative
processes over their non-radiative counterparts. As stated in the
Introduction, some phosphors currently used in OLEDs reach
efficiencies close to the unity of quantum yield at room temperature,
for instance fac-Ir(ppy)s (Ppnos = 0.97).12

B Radiative deactivation mechanisms

Key information about the photophysical properties of
phosphors can be obtained through low-temperature
photoluminescence experiments. Yersin et. al have extensively
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studied the emission characteristics of a series of TM phosphors
at low temperatures using high-resolution and site-selective
Shpol’skii spectroscopy —either with or without the application
of high magnetic fields-,”’ e.g., for Pt(thpy),’® and Ir(ppy);.” At
near 0 K, the three substrates of the lowest triplet excited state
(T)) are resolved, since thermal population of the higher-lying
substrates is not possible. Conversely, at ambient temperatures,
the emission generally represents a thermalized decay from the
different triplet substrates. Information regarding zero-field
splittings (ZFS) can be derived from low temperature
experiments. It is generally observed that the ZFS is a reliable
parameter to characterize the size of the T;>S, SOC and thus
indirectly the amount of "MLCT character of T,. Usually, larger
ZFS values are obtained for octahedral-like Ir(III)
cyclometalated complexes [e.g., ca. 80 cm™ for Ir(ppy)s] than
for square-planar cyclometalated Pt(II) complexes [e.g., 16 cm™
for Pt(thpy),].>® Importantly, the ZFS values can be computed
in a relativistic framework that includes SOCs. Recently, Mori
et al., showed a very good agreement between computed and
measured ZFS values of 23 organometallic complexes -
including Ir(ppy); and Pt(thpy),- with the help of SOC-TDDFT
calculations.®® Hence, on the basis of the ZFS values, a pure
3MLCT state is found to be responsible of the emission in the
former complex whilst a mixed *MLCT/’LC emission is found
for Pt(thpy),. Computationally, the degree of *MLCT/LC
mixing of the T, state also correlates to the spin density
distribution at the metal atom, that is a less mixed *MLCT
character correlates to larger spin density at the metal atom.
Gathering all this information, and according to the T,=>S,
SOC estimates, the radiative drainage is more favoured in
Ir(ppy)s than in Pt(thpy). However, the value of the T;2>S,
SOC is not the only factor controlling the radiative efficiency.
The phosphorescence radiative decay rates constants (k) from
one of the three spin sublevels (indexed by i) of the involved
emissive state (7,,,)" can be expressed as®!

. ) a3 .2
ky = k‘r(SO;Telm) = TJAES—TBZjE{x,y,Z}leLl , 3)

where AEg 1 is the transition energy, f, = (4meg)*/m.e*, a, is the
fine-structure constant and M/ is the j axis projection of the
electric dipole transition moment between the ground state and
the i" sublevel of the emissive triplet state, T.,. Note that
individual phosphorescence rates for the three spin sublevels
can only be determined under cryogenic conditions. As we
stated above, at the high temperature limit, spin relaxation is
usually fast and the triplet levels are almost equally populated.
As a consequence, only weighted phosphorescence rates can be

measured. Hence, phosphorescence rates are calculated
according,

ky ==Y3 ki 4

r i=1kr 4)

3

By applying perturbation theory M,i can be expressed as'’

(So|Hso | TuXTu| | T
E(T,) — E(Sy)

oSO S| (S Ao | Tim)
M= Z ES,) — ETen)
jelxyzy (5

where the nonzero contribution to the T.,=2S, transition
moment originates from the matrix elements of the electronic
SOC operator (Hgp) including summation over intermediate
triplet (T,) and singlet (S,) states. One can say that the T., =Sy
transition borrows intensity from the spin-allowed S,=>S, and
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Tem=> T, transitions. The sum-over-state expression, Eq (5), can
also be solved wusing the quadratic response (QR)
methodology.®* QR theory replaces Eq (5) by solutions of sets
of linear equations, hence enabling the computation of radiative
rates without need of truncation of the n values. This is of great
numerical and theoretical advantage. The SOC operator might
safely make use of a semi-empirical effective single-electron
approximation.®® Consequently, the first principles computation
of the radiative rates using the QR TD-DFT calculations is
nowadays a realistic task for relatively large TM complexes.®
These calculations provided important insights into the
radiative mechanisms of a series of Ir(IIl) cyclometalated
complexes,”  metaloporphyrines,® as well as Pt(Il)
cyclometalated complexes.'* Notably, the agreement between
the computed and measured phosphorescence lifetimes is
remarkable.'” Other semi-quantitative approaches have also
been used to compute the k, values of TM complexes.®’
Additionally, radiative rates have also been computed with
SOC-TDDFT and perturbative SOC-TDDFT (pSOC-TDDFT)
calculations for a set of 23 organometallic complexes for whose
experimental radiative rates are available in the literature.%

10000
uSOC-TODFT
«Expenment
1000 +
algall | |
.é 10 e
L /'\ \ /7\
- H ¥
1
0

23 Organometallic Complexes

Figure 1. Comparison of the experimental and SOC-TDDFT (B3LYP/TZP) radiative
lifetimes for 23 organometallic complexes. Reproduced from Ref. 60 with
permission from the PCCP Owner Societies.

In Figure 1 the comparison of the experimental and SOC-TDDFT
radiative lifetimes is shown. The agreement for most of the
complexes is quite remarkable. As reported in Ref. 60, the less
computationally demanding pSOC-TDDFT approach renders &,
values which are systematically underestimated with respect to the
SOC-TDDFT values. The SOC-TDDFT approach yields the best
agreement with experiment. Several groups have used different
approaches to compute the &, values of Ir(ppy)s, from self-consistent
SOC approaches to perturbative ones (i.e. QR and pSOC-TDDFT),
and from using pseudopotentials to relativistic basis sets, e.g, Ref 60,
64b, 68, 69. The differences between the computed £, values are not
dramatic and in general a good agreement with the measured
radiative lifetime is reported. However, other factors, e.g., the
functional used in the TD-DFT calculations, the effect of solvation
and the geometries employed, should be further assessed to develop
a general and systematic approach to compute ,.

In all these previous investigations, and leaving aside the fine-
structure emission at cryogenic temperatures, it has been assumed
that higher-lying triplet states are not involved in the radiative
processes and that the radiative mechanisms are temperature-
independent. However, there are many experimental evidences
supporting temperature-dependent emissions from higher-lying
states (see below). These experimental works are unfortunately not
balanced by substantial computational contributions. According to
the Kasha rule,”” in the triplet manifold, there is fast decay to the T,
state, from where emission likely occurs. The empirical Kasha rule
was postulated before ultrafast spectroscopies were available. During

This journal is © The Royal Society of Chemistry 2012
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the past few years, these techniques permitted the capture of higher
lying emissions in several molecular systems, i.e. from rhenium”'
and diplatinum complexes'® to the C70 molecule.” These findings
represent mild violations of the Kasha rule as they are short lived. As
we stated in Section III.A, another rather common feature in
phosphor photochemistry is dual photoluminescence, with
simultaneous emission from thermally equilibrated excited states.”
Several Pt(Il) and Ir(IlT) cyclometalated complexes show this
behaviour.'> + Both dual singlet-triplet™ and triplet-triplet’*
emission were reported. A joint experimental and computational
study of a dual phosphorescent Ir(Ill) complex,”” (3 in Chart 1),
found two triplet states to be responsible for its emission spectra: a
low-lying "MLCT/LLCT state and a higher-lying *"MLCT/’LC state.
At ambient temperatures (298 K) the spectrum is dominated by the
Kasha-type SMLCTALLCT  emission. However, at lower
temperatures (178 K) interconversion between both states is
thermally not allowed, since there is a substantial activation barrier
(ca. 2400 kcal/mol) for the *MLCT/LC>*MLCT/ALLCT pathway.
This prevents the relaxation to the lowest triplet state at low
temperatures and thus breaches Kasha’s rule. One of us recently
reported the first computational evidence of a non-Kasha emissive
behaviour for a Pt(II) cyclometalated complex at ambient
temperatures and long timescales,'* see complex 4 in Figure 2a.

a’ O
|\

Complex 4

SMLCT/LLCT
{ic

SMLCTILC,,,

GS

Figure 2. a) Chemical structure of the cyclometalated Pt(ll) complex 4. b)
Schematic Jablonski diagram of complex 4, including the lowest-energy triplet
states involved in the photodeactivation pathways. Adapted with permission
from Ref. 14. Copyright 2014 American Chemical Society.

Towards a  full characterization of all possible
photodeactivation pathways in complex 4, the lowest triplet
PES were explored with the help of UDFT and TD-DFT
methods. The geometries of four different triplet excited states,
i.e. "MLCT/’LLCT, *"MLCT/’LC,,,, "MLCT/’LCgp, and *MC,
and of relevant stationary points along the photodeactivation
pathways, i.e., transition states and minimum energy crossing
points (MECP), were fully optimized (see Figure 2b). The %,
values were computed from all possible emissive states with the
help of QR TD-DFT calculations. As schematically shown in
Figure 2b, the *MLCT/LCg,, is the lowest-energy triplet
excited state, that is the Kasha state. At ambient temperature the
higher-lying states can be thermally populated (they are
adiabatically located ca. 870 and 2270 cm™ above the Kasha

This journal is © The Royal Society of Chemistry 2012

state). The k. wvalue arising from the higher-lying
SMLCT/’LLCT state is ca. two orders of magnitude larger than
those arising from 3MLCT/3LCppy and *MLCT/ALC g
Consequently, if these states are thermally equilibrated, the
radiative drainage will preferentially occur from the
*MLCT/’LLCT state. Indeed, the computed ASCF-PCM-DFT
emission maximum from the *MLCT/’LLCT state matches best
the experimental one,” confirming the validity of these
computational explorations. Gathering all this information, we
feel that the design of estimators allowing to predict whether a
complex will show dual photoluminesce, Kasha-emissive
behaviour or non-Kasha behaviour at a given temperature will
be of great interest to the phosphor and photophysics
communities in the following years. To tackle this goal, we
propose to use the following Boltzmann distribution

D) _ ler(ry) [EET ©)
P ke(y) :

where the ratio of quantum yields of a higher-lying (T,) and T,
states is only determined by the ratio of their radiative rates, the
barrier to populate the higher-lying state, i.e. AE(T,-T,) and the
temperature T. Generally, if the ratio is <1072, it will be difficult
to observe the upper-lying emission (i.e. only the Kasha-like
emission will be observed). Values >10"? imply non-Kasha
emissions. Values in between these two values will lead to dual
emission scenarios. Eq (6) can also be used to estimate the
efficiency of TADF occurring in some Cu(I) and Ag(I)
complexes,’® under the assumption that the back ISC processes
are fully allowed. In most TM complexes, the Kasha-emission
is the most likely emissive scenario. Therefore, the
computational strategy of optimizing the T, state still remains
valid in most cases. Particularly challenging to model are
complexes with many close-lying emissive triplet excited
states, such as Complex 4. Indeed,
bidentate/tridentate/tetradentate  Pt(II) complexes usually
exhibit intricate photophysical properties, characterized by
radiative decay rates and PLQY fluctuating when subtle
variations of the electronic properties coupled to spin-orbit and
vibronic contributions are made.”” In turns, these variations are
associated to a fine interplay of ligand substitution,”
temperature™® and medium (solution/solid)*' which ultimately
renders tunable radiative decay mechanisms. In short, the
emissive properties of several phosphors are more complicated
than expected, since the usual oversimplified picture of only the
T, being responsible for the radiative decay mechanisms at
ambient temperature is far from realistic for these TM
complexes,'*”’® as it has corroborated for complex 4. These
conclusions may help to explain the counterintuitive emissive
behaviour in other Pt(II) cyclometalated complexes.”

C Non-radiative deactivation pathways

Until now, we have focused on the radiative photodeactivation
pathways. Now we focus on the non-radiative mechanisms. At
ambient temperatures, one common competing mechanism to
radiative photodeactivation is the thermal population of non-
emissive *MC states, which are commonly involved in these
nonradiative decay channels,'® though there are exceptions.®
These pathways increase the k,,. values and thus impair the
PLQY, see Eq (2). Compared to Ru(Il) complexes, the *MC
levels are usually destabilized in Ir(IIT) and Pt(II) complexes,
due to the increased ligand field splitting for 5d metal atoms as
compared to 4d metal atoms. Furthermore, when using
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cyclometalating ligands there is a further destabilization of the
*MC states due to the strong field exerted by these ligands. If
we compare Ir(IlI) and Pt(II) cyclometalated complexes,
typically the first ones present more destabilized *MC states,
due to their quasi-octahedral environment and their higher
oxidation state. Thus, as schematically depicted in Figure 2b,
the *MC state generally lies adiabatically higher than the
emissive state.’! After photoexcitation, the system has in
principle enough energy to populate the *MC state. However, in
the absence of dynamic simulations, which are still challenging
for TM complexes, it is difficult to provide a theoretical
estimate of the speed of dissipation of the the excess energy and
to determine if the barriers to populate the *MC state constitute
kinetic bottlenecks. As stated in Section III.A, experimental
evidence points to ultrafast decay for many TM complexes to
the T, state. Exemplarily, 8500 cm™ (ca. 1 eV) of energy are
dissipated in less than 300 fs within the manifold of electronic
and vibrational levels in [Ru(bpy);]*".*? Therefore, under these
circumstances, a direct relaxation to the *MC state (which will
usually involve larger geometric distortions on its excited state
PES) seems quite unlikely. Temperature-dependent lifetime
measurements (77-300 K) for Ru(I)** and Ir(IIT) complexes'>3*
provided relevant information about these deactivation
channels. The rate constants and activation energies (AE") can
be estimated by fitting the experimental data to an Arrhenius-
like expression (Eq. 7),

1
= kptkytkye(“AEZ/kpT)

(T) =

0

k +Z k'ﬂ"‘

Thus, and again leaving aside the temperature-dependent fine-
structure emission at low temperatures (0-77 K), the excited-
state lifetimes of these complexes depend on: i) £, ii) the non-
radiative temperature-independent decay rate (k;), which is
associated with the Franck-Condon overlap between the Sy and
T.n vibrational wave functions and follows the energy gap
law;* and finally iii) the strongly temperature-dependent non-
radiative rate k,, which for these complexes is believed to be
the principal non-radiative mechanism.'? As demonstrated for
several cyclometalated Ir(II) complexes,*®  additional
components to Eq. (7), e.g., contributions associated to the
population of higher-lying emissive states (see Section I11.B),
may be needed to fit the experimental data. Computational
studies have provided very important insights into the
temperature-dependent non-radiative photodeactivation
pathways of Pt(I)'*%¢ and Ir(Ill) complexes.?” The geometries
of relevant stationary points along the non-radiative
deactivation coordinate (see *MC minimum, TS, and 'GS/°MC
MECP in Figure 2b) need to be optimized to get a full adiabatic
description of this pathway. As shown in Figure 2b, two rate-
determining steps for these pathways are typically found for
Ir(III) and Pt(II) cyclometalated complexes. One is the
population of the *MC well via the TS, structure. Thereafter,
the 'GS/MC surface crossing point is usually found to be
easily accessible above the *MC well. We underline the
expected ultrafast nature of this ISC process, due to the very
large SOCs between the 3MC and 'GS states. Therefore, the
MECP is the most important funnel for the temperature-
dependent non-radiative pathways. If enough thermal energy is
available, the system will be able to pass these barriers and
readily decay to the ground state. Importantly, the proximity of
the 'GS/"MC MECP structure and the *MC minimum ensures
the high photostability of cyclometalated Pt(II) and Ir(III)
complexes, as demonstrated by intrinsic reaction coordinate
calculations starting from the 'GS/°MC MECP.* Once the
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'GS/’MC MECP is passed, the molecule will predominantly
evolve to the 'GS geometry, though photodegradation is still a
competitive pathway for some complexes, as recently reported
by Thompson et. al.®® As reported in Ref. 12 and 84 the
measured AE,” activation energies range between 1600 cm™
and 4800 cm™ for a series of Ir(III) cyclometalated complexes,
and these values are in fair good agreement with their computed
counterparts. Importantly, the geometrical distortions along the
T,=>*MC->MECP photodeactivation coordinate are different
for Ir(Ill) complexes and Pt(I) complexes. Thus, the quasi-
octahedral environment in Ir(IIT) complexes at the T, geometry
usually evolves to a distorted trigonal bipyramid environment at
the *MC and 'GS/’MC MECP geometries.'>®” On the contrary,
the square-planar disposition in Pt(I) complexes at the T,
geometry is conserved but stretched at the *MC geometry,
whilst the 'GS/’MC MECP geometry exhibits a tetrahedral-like
distorsion."*

In a nutshell, as demonstrated through these joint computational
and experimental works, the role of the *MC states and their
associated barriers on the temperature-dependent non-radiative
mechanisms are now demonstrated. Depending on the topology
of the *MC, T, and S, PES, two main different kinetic scenarios
are possible: i) *MC-T; pre-equilibration: in this case, the
transition state (TS,) for the T,>°MC conversion is
energetically close to the 'GS/°MC MECP. This implies that the
T, state is in equilibrium with the *MC state before undergoing
irreversible return to the ground state. In this case two
activation barriers are kinetically relevant, i.e., the first for the
T,>3*MC conversion (AE,,”, see Figure 2b) and the second for
the transition from the *MC minimum to the S,/ °MC
MECP (AE,,” in Figure 2b); ii) access to the *MC well as rate-
limiting step: here the activation barrier for the *MC—>Sy/*MC
MECP conversion is well below the AE,,”, so that the non-
radiative deactivation kinetics is dominated by the activation
barrier of the T;=>°MC conversion. The computed energy
profile of complex 4 follows the latter kinetic scenario (see
Figure 2b).

7 i Z
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r
2
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Figure 3. a) Plot of the activation energy (AE;") vs AH for a series of Ir(lll)
complexes. The chemical structure of the herein studied compounds,
(ppz)2lr(F,ppy) and Ir(pmb); are also shown. Adapted with permission from Ref.
12. Copyright 2014 American Chemical Society. b) and c) Computed energy
profiles (UB3LYP/6-31G*) of the non-radiative pathways of (ppz),Ir(F,ppy) and
Ir(pmb)s, respectively.

These kinetics speculations leads us to revisit the deactivation

kinetics of a series of Ir(III) cyclometalated complexes reported
in Ref. 12. In Figure 3a the measured activation energies (AE,”)

This journal is © The Royal Society of Chemistry 2012
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versus the calculated AH values are plotted. AH is a measure of
the relative thermodynamic stability of the T, and *MC states
and, as shown in Ref. 12, is also an estimator of the PLQY (see
the measured PLQY values at room temperature for different
complexes in Figure 3a). As shown in Figure 3a, there is a
linear correlation between AH and AE,” for the series of Ir(III)
cyclometalated complexes, where (ppz),Ir(F.ppy) (ppz=1-
phenylpyrazole), (Fyppy=2-(4,6-difluorophenyl)pyridyl)
belongs to this series. However, the Ir(pmb); (pbm=1-phenyl-3-
methylbenzimidazolyl) complex, which bears a carbene ligand,
does not follow the trend on AH, PLQY and AE,”. We have
studied the temperature-dependent non-radiative mechanisms in
(ppz).Ir(Fyppy) and Ir(pmb); to shed some light into their
different kinetic behaviour. The computational methodology to
obtain the energy profiles (see Figure 3b-c) is analogous to that
described in Ref. 87. For (ppz),Ir(F,ppy), the activation barrier
for the *MC-T, back-reaction is ca. 1050 cm™ above the
barrier to overcome the 'GS/°MC MECP structure. Thus, once
the *MC well is populated in (ppz),Ir(F,ppy), it will likely
undergo irreversible return to the ground state. On the contrary,
in the case of Ir(pmb);, the activation barrier for the back-
reaction lies only ca. 240 cm’! above the AE,,”. Thus, for this
carbene-based compound a pre-equilibrated *MC-T, scenario is
obtained. These calculations helped us to rationalize the
different photodeactivation kinetics of Ir(pmb); and its
significant PLQY despite its low AE,” value. During the past
years, similar kinetic considerations were also postulated by
Meyer et al. for Ru(diimine) complexes through an analysis of
their temperature-dependent experimental data.®® The recent
computational studies have deciphered the non-radiative
deactivation pathways, and concomitantly they have
corroborated the kinetic models proposed few years ago. In
short, and as shown for this series of Ir(IIl) complexes, the
inclusion of kinetic considerations in phosphor design is of
great importance.

Conclusions and future work

The above selected examples were meant to illustrate some
recent ab initio and DFT works performed to unveil
photodeactivation pathways in phosphors. These computational
studies provided important insights into their photophysical and
photochemical properties, some of which are elusive to
experiments. Special attention should be put to correctly
interpret: i) the temperature-dependent photoluminescent data;
and ii) the unusual photophysics of several Ir(IIl) and Pt(II)
complexes, leading to dual photoluminescence and Non-Kasha
emissive behaviour. In the upcoming years, the continuous
progresses in quantum chemical and reaction dynamics
methods will enable to obtain time-resolved information and
quantum yields for all possible photodeactivation pathways.
Towards these ultimate aims, accurate theoretical estimates for
excited states energies, geometries, vibrational frequencies and
SOCs are needed. The current ab initio and DFT machinery is
still not systematically accurate enough for the excited states of TM
complexes. Therefore, further theoretical developments are needed.
In this regard, particularly promising are hybrid methods combining
wave function and density functional theories. This progress should
be complemented with further developments in experimental
techniques. For instance, as detailed for [Fe(bpy)s]*", ultrafast X-
ray spectroscopies may provide more information about the charge,
spin and structural dynamics of molecular systems.”

Joint experimental and computational efforts will be needed to
address future research in phosphors design, such as the fine

This journal is © The Royal Society of Chemistry 2012

interplay with the environment in the OLED’s emissive layer or
addressing the competing photodeactivation pathways opened
up in the condensed phase due to aggregation, i.e. TTA
processes, which determine “roll-off” in OLEDs.
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