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ABSTRACT

The reliable calculation of the phosphorescence energies of phosphor materials is at the core of
designing efficient phosphorescent organic light-emitting diodes (PhOLEDs). Therefore, it is of
paramount importance to have a robust computational protocol to perform those calculations in a
black-box manner. In this work, we use Domain Based Local Pair Natural Orbital Coupled Cluster
theory with single, double and perturbative triple excitation (DLPNO-CCSD(T)) calculations to
attain the phosphorescence energies of a large pool of Pt (II) complexes. Several approaches to
incorporate relativistic effects in our calculations were tested. In addition, we have used the
DLPNO-CCSD(T) values (i.e., our best theoretical values) to assess the performance of different
flavors of density functional theory including pure, hybrid, meta-hybrid, and range-separated
functionals. Among the tested functionals, the MO6HF functional provides the best values as
compared with the DLPNO-CCSD(T) ones, with a mean absolute deviation (MAD) value of 0.14
eV.Inits turn, and thanks to the increased accuracy achieved in the calculation of phosphorescence
energies, we also demonstrate that not all the investigated complexes emit from their lowest lying
triplet-state (T,). The outlier complexes include different complex photophysical scenarios and
both Kasha and anti-Kasha types of complexes. Finally, we provide a general computational
protocol to pre-screen whether T, is actually the emissive state and to accurately calculate the

phosphorescence energies of Pt (II) complexes.



1. INTRODUCTION

Over the past few years phosphorescent organo-transition metal complexes have been used
extensively in modern electro-optical technologies such as e.g., organic light-emitting diodes
(OLEDs)', photocatalysis®, light-emitting electrochemical cells (LECs)’, optical sensors®, dye-
sensitized solar cells’, in-vivo imaging® and also in artificial photosynthesis’. Especially in the
context of OLEDs, organo-transition metal complexes have merged as a popular contender due to
their low-cost fabrication and excellent optical, electrical and photophysical properties. The
central heavy atom present in these complexes induces large spin-orbit couplings (SOCs) which
results in efficient intersystem crossing (ISC) and ultimately leads to an efficient conversion of

electrical charges into excitons®”’.

Quantum chemical modelling of the photophysical properties of phosphors is a fundamental
ingredient for the design of tailored phosphors for OLEDs'"”. For a long time, canonical coupled-
cluster method with singlet, doublet and perturbative triplet excitations, i.e., CCSD(T), has been
considered the golden standard in the hierarchy of coupled cluster methods.'® However, because
of its large computational cost, its applicability was limited to small-size molecular systems. The
recent developments on low-order scaling approximations to CCSD(T), such as e.g., the Domain
Based Local Pair Natural Orbital Coupled Cluster theory with single, double and perturbative triple
excitations, i.e., DLPNO-CCSD(T)"""®, have enabled the treatment of medium-size molecular
systems amounting up to a few hundreds of atoms. All in all, in view of their near-linear scaling
features, efficiency and accuracy, the DLPNO-CCSD(T)"’ method has become the state-of-the-art
golden standard method to calculate in an accurate and reliable manner, the molecular electronic
energies and properties for medium-size molecular systems. These methods were recently

expanded to be able to treat open-shell systems® and thus opening the door to the calculation of



phosphorescence energies for molecular systems. Here, the performance of the DLPNO-
CCSD(T)* method to calculate phosphorescence energies in phosphors is assessed for the first

time >

The calculation of accurate phosphorescence energies has been proven difficult for Pt (II)
complexes.”*”” Many pseudo-square planar Pt (II) complexes displaying various cyclometalating
and ancillary ligands have been synthesized and characterized in the literature. Their photophysical
properties have been the scope of multiple investigations.”*' Square-planar Pt(II) complexes often
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possess very complex and rich photochemical properties,” such as anti-kasha emission but also

dual photoluminescence.™’

These complex photochemical scenarios make difficult the
development of computational protocols enabling the calculation of the phosphorescence energy
of a given arbitrary Pt(II) complex without prior information on its measured photophysical
properties. Thus, in this contribution, we firstly aim at benchmarking state-of-the-art methods for
the phosphorescence energies of Pt(Il) complexes and secondly to devise strategies to
systematically assess whether the lowest triplet excited state minimum is involved in the emission
processes or not. The pool of complexes studied here include 1) complexes which emit from their
lowest lying triplet-state, that are kasha-like complexes (Case I complexes in Figure 1); ii)

complexes emitting from higher lying triplet excited states, that are anti-kasha complexes (Case 11

complexes) and iii) complexes characterized by close-lying triplet states (Case III complexes).
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Figure 1. Simplified Jablonski energy diagram depicting the ground state (GS) and the triplet
emissive excited states involved in the photophysics of these complexes; including e.g., the excited

state involved in emission, T, ; the metal-centered triplet excited state, ’"MC; and a higher-lying

em?

triplet excited state, T,,.

2. COMPUTATIONAL DETAILS
All the ground state geometries of the Pt (II) complexes shown in Figure 2 were optimized with
density functional theory (DFT)** using the B3LYP functional* * in combination with the 6-
31G* basis set for all atoms and the MWB60* pseudopotential for the platinum atom. In addition,
optimizations of both the first and higher-lying triplet states were performed with time-dependent
DFT (TD-DFT)*™* using the same functional and basis sets as in the DFT calculations. In a
systematic way, the geometries of the first three lowest triplet excited states (T,-T;) were optimized
with TD-DFT for all the complexes. In the case of the T, states, UB3LYP geometry optimizations
using the same functional and basis sets as in the DFT calculations were also performed. The

Gaussian16® program package was used for the optimizations.



For the phosphorescence energies both ASCF and linear-response TD-DFT calculations were
tested. The vertical phosphorescence energies correspond to the TD-DFT emission energies
calculated at their optimized triplet excited state minima (T,-T;). Conversely, the ASCF values
correspond to the difference between the triplet and singlet single point energy calculations at these
optimized triplet minima. The DLPNO-CCSD(T) phosphorescence energies are thus based on the
ASCF approach. For the latter calculations, both def2-nZVP and correlation-consistent cc-PVnZ
type basis sets for light atoms were tested. In these calculation the def2-ECP pseudopotential for
Pt was used. For the the DLPNO-CCSD(T) calculations, tight Pair Natural Orbital (PNO) settings
(TCutPairs = 10, TCutPNO = 1 x 1077, TCutMKN = 10~) and very tight SCF (energy change 1
x 107 au) settings were used to reach negligible numerical noise in the calculations. To account
for relativistic effects we assessed different approaches. Specifically; and besides the
pseudopotential approach as described above, DLPNO-CCSD(T) calculations were also
performed in combination with two-component Hamiltonians, such as the Douglas-Kroll-Hess
(DKH)* and Zero-Order-Relativistic-Approximation (ZORA)’'”* Hamiltonians. The latter
calculations were performed in combination with relativistic-contracted basis sets, i.e., def2-
nZVP-DK and cc-PVnZ-DK. The DLPNO-CCSD(T) calculations were performed with the ORCA

4.1> program package.

In addition, vertical TD-DFT and ASC-DFT calculations were performed to assess the
performance of DFT-based methods for the phosphorescence energies of Pt(II) complexes. These
calculations were performed at the optimized triplet excited state minima (T,-T;). Additionally,
TD-DFT calculations were also performed with and without Tamm-Dancoff approximation
(TDA)* which is known to remarkably improve the problematic triplet instability in TD-DFT.>

°7 Different xc functionals including pure functionals (BP86°**, B97D"), range-separated hybrid



functionals (CAM-B3LYP®, LC-wPBE®), hybrid functionals (B3LYP***, PBE0®), meta-hybrid
functionals (MO6L%, M062X%, M06%, MO6HF**®’, MN15%®) and double-hybrid functionals
(B2PLYPY, PW6B95") were tested. All the vertical TD-DFT and ASCF-DFT calculations were
performed in combination with the 6-311G* basis set along with the MWB60 pseudopotential for
Pt using Gaussian16. * Both gas-phase and solvent corrected values were computed. The latter
calculations made use of the solvation model based on density (SMD).”" The solvent corrections
were extrapolated from the ASCF-DFT values to the DLPNO-CCSD(T) ones (see the discussion

in the SI and Table S3).

Finally, to assess the performance of the different methods we have used three statistical error
descriptors, i.e., i) Mean-absolute deviations (MAD), ii) Mean-signed Deviations (MSD) and iii)

Root-mean square deviations (RMSD). Further details can be found in the SI.
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Figure 2. Pseudo square planar Pt (II) complexes under this study



3. RESULTS & DISCUSSIONS
We have studied twelve Pt (II) complexes (see Figure 2), which have been the object of many
photophysical investigations, and for which extensive experimental data is available. The small
complex 1 was solely chosen to assess the performance of different coupled-cluster approaches
and the different ways to introduce relativistic effects in the calculations. The photophysical
properties of the rest of the complexes have been systematically and exhaustively investigated by
Yersin and coworkers at different temperature regimes and environments.” First, we discuss the
performance of canonical CCSD(T) versus DLPNO-CCSD(T) for the smallest complex in our
benchmarking set, i.e., 1. Then we proceed to discuss the performance of the DLPNO-CCSD(T)
method for complexes 2-12. Finally, various DFT-based approaches to calculate the
phosphorescence energy were assessed. A discussion of the overall performance of the latter

approaches follows, with general recommendations for end users.

3.1. Canonical CCSD(T) versus DLPNO-CCSD(T). The small complex 1”* was selected to test
several coupled-cluster approaches, namely canonical CCSD(T) versus DLPNO-CCSD(T), for the
calculation of its phosphorescence energy. Table 1 collects these results. The experimental
emission maximum measured in the single-crystal amounts up to 1.59 eV, and this value is also
included in Table 1.” Our best theoretical estimators for the phosphorescence energy of 1,i.e., the
CCSD(T) values with both cc-pVQZ and def2-QZVP basis sets render gas-phase values of 1.44,
145 and 1.56 eV when combined with pseudopotentials, DKH and ZORA Hamiltonians;
respectively. Overall, there is a good agreement between the experimental and the theoretical
results regardless of the approach used to account for the scalar relativistic effects, with errors of
ca. 0.10 eV with respect to the experiment. Note that the experimental value is measured in the

single crystal as the maximum of the emission band which results from vibronic couplings. Given



that the computed value is obtained in the gas phase and that vibronic couplings are not included
in the calculations, we therefore cannot conclude which relativistic approach is best for these types
of complexes. The results shown in Table 1 also highlight that using TZ-quality basis sets render
very similar values with those obtained with QZ-quality basis sets (within 0.04 eV), and therefore

because of computational ease the former basis set was systematically used for complexes 2-12.

Next, we tested the performance of DLPNO-CCSD(T) against canonical CCSD(T). The DLPNO-
CCSD(T) calculations made use of different settings. Specifically, the TightPNO and NormalPNO
settings were tested. Both TightPNO and NormalPNO were used in combination with
pseudopotentials while only TightPNO was used in combination with DKH and ZORA
Hamiltonians. Comparing TightPNO versus NormalPNO, the former clearly outperforms the
latter. Specifically, the NormalPNO values are underestimated by ca. 0.05-0.1 eV with respect to
the TightPNO ones (see Table 1); so that the latter approach is chosen as the default setting to
study complexes 2-12. We note that, regardless of the basis set used, the combination of DLPNO-
CCSD(T) with ECPs leads to very similar values with respect to the combination of CCSD(T) with
ECPs (e.g., compare 1.46 eV vS 1.44 eV for a QZ-basis set in Table 1); and thus, giving validity
to the computed DLPNO-CCSD(T) values. Conversely, the comparisons of the values obtained
with DLPNO-CCSD(T) with DKH/ZORA vS CCSD(T) with DKH/ZORA reveals that the former
approaches tend to overestimate the computed values by 0.1 eV. Among the different relativistic
approaches, the DKH value perfectly matches the experimental one while the pseudopotential

(ZORA) approach one tends to underestimate (overestimate) the experimental one (see Table 1).



Table 1. Calculated CCSD(T) and DLPNO-CCSD(T) values (in V) for the phosphorescence

energy of complex 1.

Basis Sets CCSD(T) | CCSD(T) | CCSD(T) | DLPNO- DLPNO- | DLPNO- | Exp.
with with with CCSD(T) with | CCSD(T) | CCSD(T)
DKH ZORA with with
ECP ECP DKH ZORA
Normal | Tight | Tight Tight
PNO PNO | PNO PNO
Def2-SVP 1.53 1.55 1.67 1.53 1.58 | 1.66 1.77 1.59
Def2-TZVP 1.45 1.48 1.59 1.45 1.50 | 1.59 1.70
Def2-QZVP 1.44 1.45 1.56 1.44 146 | 1.57 1.68
cc-pVDZ 1.50 1.52 1.63 1.50 1.55 |1.63 1.73
cc-pVTZ 1.45 1.48 1.58 1.44 1.50 | 1.58 1.69
cc-pvVQZ 1.44 1.45 1.56 1.39 146 | 1.56 1.67

* Experimental value in eV from Ref. 72
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Figure 3: Comparison of DLPNO-CCSD(T) phosphorescence energies (in eV) calculated at the

lowest triplet state geometry (UB3LYP-T,) vs the experimental ones (in eV).”*">"

3.2 Phosphorescent energy calculations in complexes 1-12: In the previous section we
benchmarked several CC approaches for complex 1. The above investigations enable us to choose
an optimal computational protocol in terms of still being affordable for medium-size molecular
systems, such as complexes 2-12, but that still guarantees accurate phosphorescence energy
calculations. Specifically, we verified that for the DLPNO-CCSD(T) calculations a TZ-quality
basis sets guarantees enough accuracy and that TightPNO should preferentially be used instead of
NormalPNO settings criteria. Thus, in complexes 2-12, TightPNO was used for the DLPNO-
CCSD(T) calculations in combination with def2-TZVP and correlation consistent cc-PVTZ basis

sets. As no conclusive results were obtained for 1 in terms of the preferred approach to account for

11



relativistic effects, we herein tested all possibilities for 2-12. Note also, that for the calculation of
the phosphorescence energies, the common approach in the community consists of obtaining the
optimal geometry of the lowest triplet excited state (T,), with UDFT or TD-DFT, followed by
ASCEF calculations (with e.g., the DLPNO-CCSD(T) method) or a vertical TD-DFT calculation at
this geometry. Thus, in a first step, we optimized the geometries of T, with UB3LYP for complexes
2-12 and we next calculated the DLPNO-CCSD(T) phosphorescent energies (TightPNO, def2-
TZVP basis sets in combination with the def2-ECP pseudopotential for Pt) at these geometries. In
Figure 3 is shown a comparison of the DLPNO-CCSD(T) phosphorescence energies for 2-12
versus the experimental values. Clearly, the DLPNO-CCSD(T) values match the experimental
ones for the majority of compounds, see e.g., complexes 172,27, 3™, 45 8" and 97 in Figure
3. These complexes which are; in view of these evidences, emitting from their lowest triplet excited
state (T, and thus show Kasha-like emission), are classified here as Case I complexes. A quick
inspection of Figure 3 also reveals that there are complexes that behave as outliers. For some of
the outliers, the DLPNO-CCSD(T) phosphorescent energies are underestimated by 2 eV with
respect to the experimental values (see complexes 7 and 12; which are classified here as Case II
complexes) while for some other complexes their computed values are overestimated by up to 1.5
eV (see 11, 6, and 10; Case III complexes). Given the expected accuracy of DLPNO-CCSD(T) for
the phosphorescence energies of these complexes, these results highlight that Case II and Case III
complexes likely possess complex photochemical scenarios; where T, is likely not the emissive
state and/or the optimal T, local minimum structure obtained with UB3LYP is not the geometry
involved in the emission of these complexes. In Figure 4 are shown the optimized S;and T,
geometries for selected complexes, namely two Case I complexes (1 and 5); one Case II complex

(7) and one Case III complex (10). In addition, the optimized geometry of the actual emissive state
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(T,,) for the Case II-III complexes is also shown in Figure 4 for completeness. The spin density
distributions of the T, and T,,, states are also plotted in Figure 4. In the SI, are found the optimized
geometries and spin density distribution plots for the rest of complexes. Let us first discuss Case I
complexes. For the latter complexes, their S, and T, optimized geometries are rather similar; being
the main geometrical rearrangements when moving from S, to T, the change in some of the Pt-
ligand bond distances (see Figure 4). The spin density plot of their T, states highlights the
predominant metal-to-ligand charge transfer (MLCT) character for the complexes (e.g., 5) with
the exception of that of complex 1, which can be better described as a mixed "MC/’"MLCT/’LC
state. For Case II complexes a UB3LYP optimization of the lowest triplet excited state leads to a
metal-centered state (i.e., "MC), as clearly highlighted by inspecting their spin density distribution
plot (see e.g., for complex 7 in Figure 4). Conversely to Case 1 complexes, the optimized S, and
T, geometries for Case Il complexes are rather different, being the main difference the transition
from the typical square-planar coordination at S, to a tetrahedral-like coordination at T, (see e.g.,
a change from 180° to 111° in the dihedral angle between the ligand planes). As one of us has
previously described for similar square-planar Pt(II) complexes, ’MC complexes’ are not involved
in emission but rather in nonradiative deactivation channels. More in details, in the vicinity of the
*MC well there is a minimum energy crossing point between the S, and the MC potential energy
surfaces that facilitates the nonradiative decay and the recovery of the S, geometry without the
emission of a photon. The fact that *MC is not involved in emission” is also reflected in the large
disagreement between the experimental and DLPNO-CCSD(T) values from T, (see e.g., in Figure
3 that the computed values are underestimated by ca. 2 eV). Accordingly, the measured
photoluminescence quantum yields for Case II complexes are rather low (e.g., <0.01 for 12)*. It

seems thus, that higher-lying excited states (i.e., T, where m>1) are responsible for the
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experimentally measured phosphorescence in these complexes. Therefore, we explored the
potential energy surfaces of higher-lying excited states of Case II complexes with TD-DFT
calculations. For instance, the optimized geometry of the triplet excited state which is likely
involved in emission for complex 7 corresponds to T, (see T,,, in Figure 4). The optimal geometry
of T,, 1s very similar as the one of S, and its spin density distribution plot reveals a predominant
*MLCT character. In addition, the computed DLPNO-CCSD(T) phosphorescence energy at T,
(2.80 eV) is in a much better agreement with the experimental one (2.59 eV). Under all these
circumstances we are quite confident that this higher-lying excited state is the state involved in
emission for 7. Same conclusions are obtained for complex 12 (see in Table S2 the computed
values). Note that the anomalous emission in Case II complexes, although here classified as anti-
Kasha emission, cannot be strictly categorized as a truly anti-Kasha emission because for instance
for 7, the T, state, at its optimized geometry, is the lowest triplet excited state.

We now turn the discussion to Case III complexes. A simple exploration of their T, geometries,
and spin density distribution plots (see e.g., for complex 10 in Figure 4) may in principle not raise
any suspicion that these states are not responsible for the experimentally observed emission for
these complexes. However, the computed DLPNO-CCSD(T) phosphorescence energies at their
optimized T, geometries reveal strong disagreements with their experimental counterparts (i.e., the
computed values are generally overestimated for Case III complexes, e.g., by up to ca. 1.3 eV in
the case of complex 10 where the phosphorescence energy computed at T, is 3.88 eV and the
experimental one is 2.56 €V). Given the expected accuracy of DLPNO-CCSD(T), this likely means
that the optimal T, local minimum structure obtained with UB3LYP is likely not the geometry
involved in the emission of these complexes. The excited state potential energy surfaces of Pt(II)

complexes are rather complicated, leading in some cases to unusual photophysics, as dual or
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multiple emissive scenarios and/or temperature or excitation wavelength-dependent emission
switch'®?’. Therefore, we also explored the higher-lying triplet excited state potential energy
surfaces of case III complexes with TD-DFT calculations. For instance, in the case of complex 10,
while the computed phosphorescence energy at the T, geometry is 3.88 eV the one computed at
the T, geometry is 2.81 eV. An inspection of the spin density distribution plots reveals that T, and
T, are both of predominant "MLCT character, but interestingly they involve different ligand-based
orbitals (see Figure 4). Specifically, T, involves the acac ligand while T, involves the ppy ligand.
Additionally, the geometrical parameters of the T, minimum, such as e.g., platinum-ligand bond
distances and planarity, resemble more those of the S, minimum than in the case of T,.
Furthermore, adiabatically T, is lower in energy than T, (see the relative adiabatic energy
differences in Table S2). Under all these circumstances we are quite confident that T, is the state
involved in emission for 10. Same conclusions are obtained for complexes 11 and 6; for which the
close-lying TDDFT-T, minima, but not the UB3LYP-T, optimized minima, are likely responsible
for their emissive features (see their computed phosphorescence energies and relative adiabatic
energetic differences in Table S2). Dual photoluminescence is not uncommon for these complexes;
likely arising from a thermal equilibrium between triplet excited states. For instance, related
complexes of the parent complex 10, have been reported to exhibit chameleonic emissive
properties, which are finely tuned by external stimuli such as solvent and temperature.”” All in all,
the prediction of the phosphorescence properties for Case III complexes is challenging. The results
for complexes 6, 10, 11 highlight that the lowest adiabatic triplet state is likely the one involved in
the emission processes (see their relative adiabatic energy differences in Table S2). However, one
cannot disregard that this is always the case for any given complex; as e.g., a significant activation

barrier between different triplet excited states might prevent the population of the lowest adiabatic
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triplet state at a given temperature. This situation has been described on related platinum-butterfly

complexes.*'
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Figure 5. Deviations of different DLPNO-CCSD(T) approaches (gas phase) for the

phosphorescence energies of complexes 1-12 with respect to the experimental values (in eV).**”*"

After reassigning the actual triplet excited state involved in the emission for complexes 6, 7, 10,
11 and 12; i.e., the T, state, we are now ready to discuss the statistical errors (i.e., mean absolute
deviation (MAD), the mean signed deviation (MSD) and the root-mean-square deviation (RMSD)
values) of the different DLPNO-CCSD(T) approaches for the phosphorescence energies of
complexes 1-12. The statistical errors are shown in Figure 5. The experimental value was used as
reference. Note that the experimental values are obtained as the maximum of the emission band
and in the presence of solvent. In this regard, implicit solvation models in combination with
DLPNO-CCSD(T) have not been implemented yet. Thus, in order to assess the effect of solvation
on the computed phosphorescence energies we extrapolated the solvent corrections from the SMD-

ASCEF calculations. As seen in Table S3 the solvent corrections are well below 0.06 eV for all the
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complexes, and thus they are neglected here in the calculation of the statistical errors. Among the
tested DLPNO-CCSD(T) schemes, the pseudopotential approach combined with the def2-TZVP
basis set provides the best statistical errors (MAD = 0.20; RMSD = 0.24 and MSD = +0.19). Note
that regardless of the used computational protocol, the DLPNO-CCSD(T) results are
systematically overestimated with respect to the experimental values (see positive MSD values in
Figure 5). The combination of two-component Hamiltonians with DKH-def2-TZVP and cc-
PVTZ-DK basis sets leads to slightly larger divergences with respect to the experimental values.
We recall that similar trends were observed for 1. All in all, regardless of the protocol used, these
errors are within the expected range of accuracy of the DLPNO-CCSD(T) method.” The DLPNO-
CSSD(T) values will serve us in the next section as best theoretical estimators to benchmark
several DFT-based approaches.

To finish the discussion, we propose in the following a computational protocol to assess whether
the lowest triplet excited state (T,) is involved in the emission of these type of complexes. Such a
protocol might help to computationally pre-screen the actual emitting state of an arbitrary Pt(II)
complex. TD-DFT optimizations of the three lowest triplet excited states should systematically be
performed followed by the calculation of the DLPNO-CCSD(T) phosphorescent energies at these
geometries. If T, remains the lowest excited state after relaxation and the T, states are adiabatically
located significantly higher in energy (>0.1 eV) one can safely conclude that the complex will
likely emit from T, (Case I complexes). Case Il complexes are easily recognizable, as the computed
DLPNO-CCSD(T) phosphorescent energies are typically very small (well below 1 eV), their
optimal geometries are fully distorted and a simple plot of the spin-density distribution
unambiguously displays *MC character, such as e.g., in complexes 7** and 12%. For Case II

complexes, the triplet state which is adiabatically the lowest excited state (excluding the *MC state)
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is likely the state involved in emission. Finally, for Case III complexes the assignment of the
emissive state is more cumbersome because they likely possess similar phosphorescence energies
from several triplet states and possibly small adiabatic energetic differences between these states.

For these complexes, as observed here for complexes 6*°, 10* and 11%

, the triplet state which is
adiabatically the lowest triplet excited state is likely the one involved in emission. As mentioned
above, the phosphorescence properties of Case III complexes are prone to be subtly modulated by
external stimuli. This is specially true in the case that the relative adiabatic energy difference is
small enough (<0.1 eV), so that thermal equilibrium between the triplet excited states is possible.
For complexes 6, 10 and 11; and in view of the computed relative adiabatic energy differences

between triplet states (see Table S2); these complexes are unlikely to possess chameleonic

emissive properties.

3.3 Performance of DFT-based approaches for the phosphorescent energies. Next, we assess
the performance of DFT-based approaches to calculate the phosphorescent energies. We have used
three different approaches: i) T,, (using ASCF-DFT): corresponding to the energy difference
between the singlet state and the lowest triplet state at the T.,, optimized geometry; ii) T, (using
TD-DFT): This is the vertical emission energy from the emissive triplet state of interest at its
optimized geometry to the ground state calculated using TD-DFT; and iii) T,, (using TDA-
TDDEFT): This is the vertical emission energy from the emissive triplet state of interest at its
optimized geometry to the ground state calculated using TDDFT with Tamm-Dancoff
approximation (TDA). In addition, the performance of different flavors of DFT, i.e., from pure,
hybrid, meta-hybrid to range-separated functionals, for the phosphorescence energies of 1-12 have

been assessed within the three different approaches.

19



As mentioned above, the DLPNO-CCSD(T)/def2-TZVP values are our best theoretical estimators
and are used herein as reference. The results for the different xc functionals are presented in Figure
6 and in Tables S5-S6. Overall, and regardless the chosen xc functional, the ASCF-DFT values
(black dots in Figure 6) are closer to the reference DLPNO-CCSD(T) values. TDA-TDDFT (red
dots) and TD-DFT (green dots) are generally less accurate than ASCF-DFT for the
phosphorescence energies of the studied Pt (II) complexes. Specially, in the case of range-
separated functionals (see e.g., CAM-B3LYP and LC-WPBE in Figure 6) the TD-DFT values are
significantly underestimated (by more than 1 eV in the most extreme cases). In the latter cases, the
use of TDA with TDDFT has a significant impact on the results. Specifically, by neglecting all the
deexcitation processes within the TDA formalism it corrects for the unphysicalities observed with
TDDEFT. This trend has been previously described for the triplet excited states of organic
molecules.”® Conversely, in the case of pure functionals (see e.g., BP86 in Figure 6), the impact of
the used DFT-based approach on the results is negligible. Finally, in case of hybrid functionals
(e.g., B3BLYP and PBEO in Figure 6), and meta-hybrid functionals it is less evident to extract
general conclusions about the performance of the different DFT-based approaches. For instance,
in the case of hybrid functionals, while the TDA-TDDFT approach outperforms the other two
approaches for 5, 6 and 11, ASCF-DFT appears superior for the rest of compounds. Different
functionals and approaches perform better in some specific situations and for some types of excited
states. For instance, for compounds emitting from a triplet excited state with predominant *MC
character (such as e.g., 1 and 2), the ASCF-DFT approach is always performing significantly better
than the other two approaches and the use of TDA within TD-DFT does not lead to a significant

improvement of the results as compared to the standard TDDFT approach.
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Overall, all the tested DFT-based approaches (with the caveat of the MO6HF functional)
underestimate the phosphorescent energies as compared with the reference DLPNO-CCSD(T)
values. Among the different DFT-based approaches, our results highlight that the ASCF-DFT
approach is suited to calculate the phosphorescent energies of Pt(II) complexes, and it is thus
recommended here. Among the different TDDFT approaches, TDA-TDDFT outperforms TDDFT.

The latter results are aligned with previous investigations.”>’
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Figure 6. Comparison of the phosphorescence energies values (in eV) calculated with various
DFT-based approaches i.e. ASCF-DFT (black dot), TDDFT (green dot) and TDA-TDDFT (red

dot) with respect to the reference DLPNO-CCSD(T) values.

As mentioned above, the ASCF-DFT approach is best suited for calculating the phosphorescence
energies of Pt(II) complexes. Now we test the performance of the various xc functionals in
combination with the ASCF-DFT approach. The statistical errors are presented in Figure 7. The
MOG6HEF functional, a meta GGA-hybrid functional is performing best, with a MAD value of 0.14
eV (reference values are the DLPNO-CCSD(T) ones) and a MSD value of +0.08 eV. Notably, this
is the only functional that slightly overestimates the phosphorescence energies; while the rest of
tested xc functionals tend to underestimate the phosphorescence energies (see negative MSD
values in Figure 7). In terms of performance, other Minnesota functionals, such as e.g., M062X
and MN15 with MAD value of 0.19 and 0.32 eV, respectively; come after MO6HF. The above
meta-hybrid functionals possess different amounts of HF exchange. Specifically, MO6HF, M062X
and MN15 possess 100%, 54% and 44% of HF exchange; respectively. The results highlight that
amount of %HF exchange has a great impact on the quality of the ASCF-DFT results for the
phosphorescent energies. Specifically, those functionals bearing a larger amount of %HF exchange
perform best, such as e.g., MO6HF (for a comparison of all Minnesota functionals see Figures S4-
S6). The statistical errors for the rest of functionals are also presented in Figure 7. The range-
separated functional LC-wPBE, with a MAD value of 0.37 eV, comes next in terms of
performance. Then, the double hybrid PW6B95 functional, with a MAD value of 0.40 eV, follows.
Similar performances are obtained with global hybrid functional, such as e.g., B3LYP (MAD =
0.46 eV) and other range-separated functionals, such as e.g., CAM-B3LYP (MAD = 0.44 eV).

Pure functionals, such as e.g., BP86 (MAD =0.58 eV) and B97 (MAD =0.59 eV) perform overall

22



worst for the calculations of the phosphorescence energy of these Pt(II) complexes. Therefore,

pure functionals are generally not recommended here.

m MSD Value ™ RMSD Value m MAD Value

-06 -05 -04 -03 -0.2 -012 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Deviations in eV

Figure 7. Statistical errors for the phosphorescence energies values (in eV) calculated with various

xc functionals in combination with the ASCF-DFT approach.
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Conclusion

We have presented a comprehensive benchmark study on the calculation of the phosphorescence
energies of square-planar Pt (II) complexes. First, we have assessed the performance of the golden-
standard DLPNO-CCSD(T) method to compute the phosphorescence energies using different
approaches to account for relativistic effects but also using different basis sets and settings within
the calculations. To calculate phosphorescence energies the common approach in the community
consists of obtaining the optimal geometry of the lowest triplet excited state (T,) and at this
geometry calculate the emission energy with ASCF and/or TD-DFT approaches. Here, with the
help of the accurate DLPNO-CCSD(T) calculations, we demonstrate that this approach does not
always remain valid for all the investigated complexes. For the outlier compounds it is necessary
to perform geometry optimizations of higher-lying triplet excited states (i.e., T,-T;) to obtain the
actual species involved in the emission. These investigations have helped us to classify the Pt(II)
complexes in three different classes of complexes, according to their complex photochemical
scenario at play. In addition, we provide a computational protocol to assess which is the triplet
excited state involved in the emission of any arbitrary Pt(II) complex, and importantly without a
prior knowledge of its emission properties. Our study contributes to understand the chameleonic
emissive properties often reported in the literature for these type of complexes including multiple
emissive scenarios and/or temperature and/or excitation wavelength-dependent emission switch.

Besides, we have also explored different DFT-based approaches to calculate the
phosphorescence energies. The ASCF-DFT approach is found superior to the TDA-TDDFT and
TD-DFT approaches. We have also assessed the performance of different flavors of DFT. Among

the various xc functionals tested, meta-hybrid functionals outperform the rest of functionals. The
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amount of %HF exchange within the xc functionals strongly impacts the results, being MO6HF the

best performing functional for the phosphorescence energies of these complexes.

Supporting Information.

The supporting information contains the following data: computed data and statistical error

analysis of the data, spin density plots, and xyz-coordinates of the optimized geometries.
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