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ABSTRACT: Charge-transfer (CT) excited states are crucial to A
organic light-emitting diodes (OLEDs), particularly to those based S,
on thermally activated delayed fluorescence (TADF). However,
accurately modeling CT states remains challenging, even with
modern implementations of (time-dependent) density functional
theory [(TD-)DFT], especially in a dielectric environment. To
identify shortcomings and improve the methodology, we previously
established the STGABS27 benchmark set with highly accurate
experimental references for the adiabatic energy gap between the So
lowest singlet and triplet excited states (AEgr). Here, we diversify
this set to the STGABS27-EMS benchmark by includin | ( : ) |
experimental emission energies (E,,) and use this new set to (re)g— sitesheciiciEnisaentigael
evaluate various DFT-based approaches. Surprisingly, these tests
demonstrate that a state-specific (un)restricted open-shell Kohn—Sham (U/ROKS) DFT coupled with a polarizable continuum
model for perturbative state-specific nonequilibrium solvation (ptSS-PCM) provides exceptional accuracy for predicting E,,, over a
wide range of density functionals. In contrast, the main workhorse of the field, Tamm—Dancoff-approximated TD-DFT (TDA-
DFT) paired with the same ptSS-PCM, is distinctly less accurate and strongly functional-dependent. More importantly, while TDA-
DFT requires the choice of two very different density functionals for good performance on either AEgy or E, the time-independent
U/ROKS/PCM approaches deliver excellent accuracy for both quantities with a wide variety of functionals.

frozen ¥ equil. X non-eq. ,/

relative energy

I. INTRODUCTION Our work demonstrated that state-specific restricted or
unrestricted open-shell Kohn—Sham density functional theory
10—13 . . . .
electronics and materials necessitates the robust and accurate (ROKS or UKS) combined with a polarizable continuum
I : (ag 278 ; solvation model (PCM)'*"® yields AEg; with a remarkabl
prediction of optoelectronic properties. Next-generation ¥ ) st W Y
organic light-emitting diodes (OLEDs) based on thermally small error of 0.5 kcal/mol, which we attributed to the full

The rise of computation-driven rational design in organic

activated delayed fluorescence (TADF) are a prominent inclusion of orbital relaxation and dielectric screening in the
example. TADF emitters harvest both singlet and triplet method. Note that by UKS, ROKS, and generally ADFT, we
excitons through the transfer of excitons via (reverse) refer to SCF-based nonaufbau methods applied to open-shell
intersystem crossing [(r)ISC]. Since the rate of population singlet excited states and (as is more common) triplet states. In
transfer depends exponentially on the adiabatic energy gap UKS for open-shell singlets, ground-state orbitals are manually
AEgr between the lowest singlet (S;) and triplet (T,) excited repopulated to form a nonaufbau determinant, and converged
states, it imposes a tight constraint on TADF emitter design. using the maximum overlap method (MOM) to avoid
One way to achieve small singlet—triplet gaps on the order of variational collapse.'” ROKS improves on UKS by correcting

the thermal energy (kzT = 0.025 eV) is by spatially separating
electron and hole in charge-transfer (CT) excited states.
Accordingly, the computational study of CT states and the
accurate prediction of their relative energies have attracted
great interest.

To assess the accuracy of commonly applied methods for the
CT state of TADF emitters, some of us previously introduced
the STGABS27 benchmark set,’ consisting of 27 emitters with
highly accurate experimental AEg; values obtained from
temperature-dependent measurements of the TADF rate.”

the spin-state of the open-shell singlet determinant through the
introduction of a second (triplet) determinant in the same
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orbitals.'® The spin-adapted open-shell singlet state is then
obtained as twice the open-shell singlet minus the triplet.
These methods provide result within chemical accuracy and
remain remarkably stable across various density functionals
from the classic PBE0-D4 (mean unsigned error, MUE: 0.029
eV) to the state-of-the-art optimally tuned (OT) range-
separated hybrid (RSH) functional OT-wB97M-V (MUE:
0.021 eV). In stark contrast, some of us showed in a recent
paper'” that the accuracy of time-dependent density functional
theory (TD-DFT) in the Tamm-Dancoff approximation
(TDA-DFT'*7*°) depends strongly on the chosen functional
and solvation model. For most method combinations, outliers
dominate the results, leading to deviations frequently exceed-
ing the absolute AEgy values. Only functionals with a small
fraction of Fock exchange (~10%), applied in vertical
approximation (i.e, using ground-state structures) and
evaluated without a proper solvent model, approach the
accuracy of ADFT/PCM (MUE: 0.042 eV), which we
attributed to strong error-cancellation effects. Accordingly,
the good performance of this approach comes at the expense of
overly stabilized CT states, sometimes by up to 1 eV,
reminiscent of the CT failure of pure (meta-)GGA func-
tionals.””** To better identify such unreliable error-compensa-
tion-based methods and improve the diversity of the
STGABS27 benchmark, we decided to include experimental
emission energies E ., which probe the energy difference
between the polar excited CT (S;) and the nonpolar ground
state (GS). As such, emission energies offer a complementary
challenge to the energy difference between two similar CT
states (S, and T,) in the original set, in which error-
cancellation effects are much less helpful.

Countless previous studies have explored theoretical
methods for calculating transition energies from and to CT
excited states. For the sake of conciseness, we limit the
following discussion to the most relevant ones. Shee and Head-
Gordon recently investigated TD-DFT with a perturbative
(pt)SS-PCM solvation model for the absorption and emission
energies of twisted intramolecular (TI)CT excited states,
including some TADF emitters.”> They found optimally tuned
RSH functionals such as OT-LC-wPBE perform particularly
well. Nonetheless, limitations of single-excitation-based TD-
DFT persist, especially for smaller systems, which they
attribute to missing orbital relaxation. Although they
demonstrated that state-specific AROKS mitigates these
errors, their approach lacked a proper account for solvation
(they were taken from the TD-DFT calculations). A series of
benchmarks by Jacquemin et al. on realistically sized organic
emitters underscores the advantages of (OT-)RSH func-
tionals.”*™>* Moreover, they emphasize the critical role of a
state-specific nonequilibrium solvation model for treating CT
states accurately. In another work, Jacquemin et al. explored
the influence of correlation within a set of theoretical reference
data for 30 intramolecular CT transitions.”” Unfortunately, the
prohibitive computational cost of high-level calculations
limited the system size to only the smallest CT systems, in
which orbital relaxation and dielectric stabilization are less
important. While an RSH functional (wB97X-D*°) is again the
most accurate with pure TD-DFT, more sophisticated wave
function-based methods such as second-order algebraic
diagrammatic construction ADC(2)*'?* or second-order
approximate coupled cluster CC2” provide some improve-
ments. These findings were recently corroborated by Mester
and Kallay,>* further suggesting a benefit from an accurate
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explicit description of orbital relaxation. In this work, we want
to systematically expand the benchmarking of CT emission
energies in solution to ADFT-based methods, including a
complete nonequilibrium solvation model. To this end, we
implemented nonequilibrium state-specific solvation for
ADFT in the Q-Chem program.®

This work adheres to the following structure: In section II,
we present the reference values for the expansion of the
STGABS27 set. Sections III and IV outline the theory and
technical details necessary for calculating vertical emission
energies with TDA-DFT and ADFT. Lastly, in section V, we
illustrate the specific emission energies and the statistical
performance of various density functionals on the expanded
STGABS27 set to derive general recommendations for treating
solvated CT states.

Il. BENCHMARK SET

To thoroughly judge the applicability of an excited-state
method for the CT states of TADF emitters, we extended the
STGABS27 benchmark set with experimental emission
energies E., for all included systems. This new benchmark
set shall be named STGABS27-EMS. Table 1 summarizes the
key data, including reference emission energies, experimental
measurement conditions, and corresponding literature refer-
ences.

In contrast to the singlet—triplet gaps in STGABS27, where
careful consideration of the experimental method was crucial
to ensure reliable data for the mostly tiny energy differences <
0.1 eV, the 10—20 times larger emission energies can be taken
from standard fluorescence spectra reported in the original
publications. We primarily rely on the peak maximum or
photoluminescence wavelength Ap;. Where Ap; was not
explicitly stated (molecules 4, 12, 20, 22, and 25), we extracted
the maximum position from the reported fluorescence spectra.
Since polar CT states present in all but the multiple resonance
(MR)-TADF emitters DABNA-1 (27) and DABNA-2 (26)
exhibit a large bandwidth for the fluorescence peaks, we
assume a statistical uncertainty in the emission energy of up to
10 nm (0.02—0.06 eV in the spectral region between 440—750
nm).

Further, we want to acknowledge that the fluorescence
maximum typically does not directly correspond to the vertical
emission energy at the optimized excited-state geometry.
Discrepancies arise from differences in zero-point vibrational
energy (ZPVE) between ground and excited state or
vibrational effects leading to deviations from strictly vertical
transitions.”*®" Unfortunately, the strong S, CT character
prevents a more well-founded comparison to 0—0 transitions,
as the required absorption peak is typically weak and broad.®”
Moreover, 0—0 transitions, i.e., equilibrium-to-equilibrium, are
not suitable for testing nonequilibrium solvation corrections
for state-specific ADFT, which is a side goal of this work.
Thus, we will compare E., to the fluorescence maximum,
arguing that this still provides valuable insights since most
donor—acceptor type TADF emitters are rather similar
regarding their electronic and chemical structure, which should
lead to rather systematic deviations. Facing the same issue,
other authors assume an uncertainty of absolute vertical
emission energies ranging between 0.1 and 0.2 eV, of which we
chose the latter as a conservative estimate.”**°"%>%*

https://doi.org/10.1021/acs.jpca.4c03273
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Table 1. Names, Measurement Conditions, Experimental
E,,, Value (in eV), and Literature References for All
Emitters of the STGABS27-EMS Set

no. name solvent” Eemh ref
1 MCz-XT 5 wt %: PPE” 2.59 36
2 TMCz-BO 10 pumol, tol.” 2.78 37
3 FAc-XT S wt %: PPF 2.54 36
4 PTZ-DBTO2 dilute tol. 2.12 38
5 ACRXTN 5 mol %: mCP* 2.59 39
6 PHOX-Mexr 20 umol, tol. 1.99 40
7 PXZ-Mes;B 10 pmol, tol. 2.44 41
8 TPA-PH2CN 10 pmol, tol. 2.52 42
9 oTE-DRZ 10 pumol, tol. 2.35 43
10 DACT-II 6 wt %: CBP° 2.40 44
11 XAc-XT S wt %: PPF 2.58 36
12 5Cz-TRZ dilute tol. 2.48 45
13 2DAC-MES;B 10 pumol, tol. 2.51 41
14 MFAc-OPS 10 pmol, tol. 2.80 46
15 MFAc-SPS 10 umol, tol. 2.73 46
16 p-AC-DBNA 10 gmol, DCM" 223 47
17 3ACR-TRZ 10 umol, tol. 243 48
18 m’-AC-DBNA 10 pmol, DCM 2.18 47
19 TPA-cNDI 10 pmol, tol. 1.65 49
20 4CzIPN 10 umol, tol. 245 NV
21 3DPA3CN tol. 245 S1
22 SCzBN 10 umol, tol. 2.64 S0
23 p-2Cz2BMe 10 umol, tol. 222 52
24 ACRFLCN 6 wt %: TPSi-F* 2.56 53
25 Spiro-CN 6 wt %: mCP 2.30 54
26 DABNA-2 20 pmol, DCM 2.64 SS
27 DABNA-1 20 pumol, DCM 2.68 56

“If no value for n* is known, 2.25 (toluene)”” is used. 2,8-
Bis(diphenylphosphoryl)dibenzo[b,d]furan: £ = 5.0.°® “Toluene: & =
2.37, n* = 2.25. “N,N'-Dicarbazolyl-3,5-benzene: ¢ = 2.84.% “4,4'-
Bis(carbazol-9-yl)biphenyl: & = 3.5 (see SI). Dicholoromethane: & =
8.93, n* = 2.03.”” &Triphenyl-(4-(9-phenyl-9H-fluoren-9-yl)phenyl)-
silane: £ = 2.5.°° "Estimated accuracy +0.02—0.06 eV in the given
spectral region.

lll. THEORY: SOLVATION FOR VERTICAL
TRANSITIONS

In the following, we briefly introduce the theoretical
background for calculating vertical transition energies in the
presence of a dielectric continuum. We omit a comprehensive
review of the underlying theory for polarizable continuum
models (PCM) and instead refer the reader to relevant
literature.'>¢>~"" Throughout, we follow the notation estab-
lished in ref 15, where a reaction field operator R, of state ['¥;)
polarizes the continuum and leads to the following state-
specific Schrodinger equation

(H™ + R)I¥) = EI¥) 1)

Since electronic transitions occur on a much shorter time
scale than the structural relaxation of the solute, the
polarization response to the transition can be split into two
parts, which can be regarded as the application of the Franck—
Condon principle to the solvent: On the one hand, there is a
fast electronic response from the solvent electronic degrees of
freedom (DOF) that can follow the changing charge
distribution of the solute, and on the other a slow orientational
and vibrational response of the solvent nuclear DOFs, which
remain unchanged. Therefore, we need to partition the total
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reaction field (ox €) into a fast part (x &, = n? with the
refractive index ), and a remaining slow part’>~"°

! 2)
Accordingly, during a vertical transition from the equilibrium
initial state fulfilling eq 1 (e.g., some excited state for emission)
to the nonequilibrium final state, only the fast component R/
relaxes. Consequently, the Hamiltonian of the final state
depends on both the fast component of its own and the slow
component of the initial reaction field

A A vac A f
Hgq =H 4+ Rgny

R=R"+R

+ R, 3)
The energy difference between the initial and final states
defines the vertical emission energy E..

However, the strict application of this scheme results in a
computationally demanding iterative approach and non-
orthogonal states. To sidestep such complications, we avoid
the interdependence between the initial and final states in the
Hamiltonian by approximating the relaxation of R for the final
state by perturbation theory (denoted ptSS-PCM,*’ closely
related to the corrected linear-response (cLR)-PCM’”), using
the usual perturbation expression

f ! f

Rﬁnal = Kinitial initial

initial

 + A(ﬁff;al -R 4)

The clear advantage of the perturbative approach is that the
first-order perturbative approximation of the fast response of
the final state (EL, compare Figure 1), can be obtained in a
single step once the excited-state density is known.

Excitation- and ASCF-Based Procedures. Below, we
detail the calculation of the initial excited and the final ground
state with excitation- and ASCF-based methods, now
integrated into the latest version of the Q-Chem program.*

In the state-specific (SS-)PCM formalism for excitation-
based methods,66’67’70’77_84 such as configuration interaction
(C1®), algebraic diagrammatic construction (ADC(n)*"*?),
equation-of-motion/linear-response coupled cluster (EOM/
LR-CC***"), or TD(A)-DFT, the reaction field enters the
calculation through the “solvated” ground-state orbitals.
Consequently, to equilibrate the initial excited state, its
reaction field has to be coupled back into the ground-state
SCF. This is done in a procedure known as PerTurbation of
Energy and Density (PTED) SS-PCM, illustrated on the left of
Figure 1.7° 1t begins with a ground-state SCF calculation,
usually including a PCM (A) to produce initial orbitals for the
excited-state TD-DFT calculation (B). From the TD-DFT
calculation, we obtain the excited-state density used sub-
sequently to polarize the continuum and yield the excited-state
reaction field (C). This reaction field enters unchanged (frozen
reaction field) into the next ground-state SCF (D), which
produces an updated set of orbitals to return to step (B).
Hence, at the high computational cost of repeated (iterative)
calculation of the excited states, the PTED approach prepares
both ground and excited states in the reaction field of the
targeted excited state. Combined with the perturbative
nonequilibrium approach described above (E), this allows
the direct calculation of vertical emission energies.

For ASCF-based methods, the procedure depicted on the
right of Figure 1 is more straightforward than for excitation-
based methods, which originates in the state-specific nature of
the ASCF approach: The inherent separation of the ground-
and excited-state calculations in two distinct SCFs enables the
concurrent optimization of the excited-state reaction field and

https://doi.org/10.1021/acs.jpca.4c03273
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Figure 1. Schematic overview for the calculation of emission energies
with either TD-DFT (left) or ADFT (right) in solution. White boxes
indicate intermediates (the dashed R(p®) is replaced after the first
iteration by the frozen excited-state reaction field of the excited state),
while green boxes indicate final results. Letters A—E in the TD-DFT
and letters a—c in the ADFT procedure mark steps that are referenced
in the text.

the excited-state density (a), i.e., without the need to repeat
the entire ground- and excited-state computation until
convergence. Since isolated calculations yield each state
under equilibrium conditions, the converged reaction field of
the initial excited state must enter the final ground state (b).
Ultimately, only a single SCF in this frozen reaction field is
necessary (c) for the final ground state and the ptSS-PCM
correction.

Let us finish with a few words about the nomenclature used
in the following:

o ptSS-PCM always refers to the first-order corrected
nonequilibrium transition energy. In the case of
absorption, this means the ground-state equilibrated
PCM and a ptSS-PCM term for relaxation in the excited
state, and, in the case of emission, it means the excited-
state equilibrated PCM and a ptSS-PCM term for
relaxation to the ground state (EL in Figure 1).
SS-PCM refers to fully equilibrated state energies, i.e.,
the lack of any ptSS nonequilibrium corrections (EZ).
For this, excitation-based methods require an iterative
solvent-field optimization for each state (left of Figure
1), whereas full equilibration is the “natural” result in
state-specific ADFT approaches. This would be the
physically correct model for 0—0 transitions.
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o Just “PCM” refers to calculations using the ground-state
reaction field, i.e., no excited states are considered for
solvation (correct for absorption at zeroth-order, ES).
This is the “natural” result of excitation-based
approaches (when using solvated orbitals), while it
does not naturally occur in ADFT approaches. Even
though such ground-state solvation is incorrect for
emission calculations (TDA-DFT calculation for the
excited-state structure), it is the default solvation
procedure in some quantum chemistry programs.

Finally, the linear-response (LR-)PCM®*® is the default
solvation model for TD-DFT in many programs also for
excited-state optimizations, since analytical gradients
may be available. As known for a long time, however,
LR-PCM fails to recover the strong polarization
response of CT states (see below).*”* ™!

Correct conditions for an emission calculation with the
reaction field fixed to the excited state (EX%) require an
SS-PCM calculation only for the initial state, termed
Ssif pCM. While excitation-based methods with SS-
PCM naturally yield the final ground state in the
reaction field of the initial excited state, ADFT requires

a specific frozen reaction field SCF.

IV. COMPUTATIONAL DETAILS

All calculations were performed with a development version of
the Q-Chem $5.4.2 program, containing the solvation model
developments for TD(A)-DFT and ADFT described in
section III. Emission energies were generally calculated in
the vertical approximation at the relaxed structure of the first
excited singlet state S;, optimized at the same level of the
theory. Since the state-specific PCM formalism for TDA-DFT
lacks analytical nuclear gradients, geometry optimizations were
carried out with TDA-DFT in the gas phase. Aside from
exploratory calculations, all emission energies were calculated
with state-specific PCM solvation with nonequilibrium effects
added perturbatively via the ptSS-PCM (vide supra). The
reaction field was divided into fast and slow components
according to the Marcus partition,9z’93 with the required
parameters € and n for each solvent taken from the Minnesota
Solvent Descriptor Database.””

Our selection of density functional approximations (DFAs)
covers a range of global and optimally tuned”*” range-
separated hybrid functionals mostly based on PBE.”® For the
global hybrids, the fraction a, of admixed exact exchange varies
between 10% for PBE10, 25% for PBE0,””*’ and 37.5% for
PBE38.”® By interpreting a, as a screening of electron—hole
attraction in TDA-DFT calculations (a, = 1/¢),”°7'%" these
admixtures equate to dielectric screening factors between & =
10 (10%) and 2.6 (37.5%). For the range-separated hybrid
functionals, we selected the optimally tuned LC-wPBE (OT-
LC-wPBE, with no short-range Fock exchange)lo2 and LRC-
@PBEh (OT-LRC-wPBEh, 20% short-range Fock ex-
change)'? as well as the best performer for singlet—triplet
gaps on the STGABS27 set, the optimally tuned wB97M-V
(OT-@B97M-V, 15% short-range Fock exchange)'®* func-
tional. We omit untuned RSH functionals, as extensive prior
studies found that the standard @ values, typically optimized
for ground-state thermochemistry, are too large for excited-
state applications."”**® The optimally tuned range-separation
parameters @ were taken from ref 1. All calculations employ
the DFT-D4 dispersion correction,'””'%° using the same

https://doi.org/10.1021/acs.jpca.4c03273
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Figure 2. Energy level diagram for the TDA-DFT (left) and AUKS (right) calculation of absorption (dashed arrows) and emission energies (solid
arrows) for the lowest charge-transfer (CT, green) and locally excited (LE, red) states of MCz-XT (molecule 1) solvated in a PPF matrix (& = 5.00,
n? = 2.25). All calculations employ the OT-wB97M-V functional. For each possible initial state [ground state (GS, blue), CT, and LE], geometries
indicated at the bottom are optimized (for TDA-DFT without solvation due to the lack of analytical nuclear gradients for SS-PCM). At each
geometry, all states are calculated under equilibrium solvation conditions (SS-PCM, solid levels), in the reaction field of the initial state (SS™%.-
PCM, dashed levels), and under first-order nonequilibrium conditions (ptSS-PCM, dotted levels). For comparison, the experimental emission

energies are drawn in black.

damping parameters for OT-RSHs as in the untuned
functional.*” Furthermore, all calculations employ the def2-
SVP basis set'”®'"” (see the Supporting Information for a
detailed basis set study).

V. RESULTS AND DISCUSSION

The Example of MCz-XT. Let us begin with an in-depth
comparison of solvation effects at either the TDA-DFT or
ADFT level, using 1,3,6,8-tetramethylcarbazole-xanthone
(MCz-XT, molecule 1) as an example. Figure 2 shows the
energy shifts caused by the dielectric environment for the
ground (GS, blue), as well as the lowest CT (green) and LE
(red) excited states of MCz-XT. Starting with MCz-XT in
vacuum at the ground-state geometry (middle), both TDA-
DFT and AUKS predict the CT and LE at around 3.7 eV, but
with different ordering. TDA-DFT favors the CT state, while
AUKS predicts a near degeneracy. For donor—acceptor TADF
emitters containing extended 7-systems, such as MCz-XT, near
degeneracies between low-lying CT and LE states are
common. Upon structural relaxation, either the CT or LE
state can become the lowest one.

If we now include the dielectric environment, three distinct
scenarios have to be considered, depending on the choice of
the state for geometry optimization: (i) vertical absorption at
the relaxed ground-state structure, as well as vertical emission
at either (ii) the CT or (iii) LE excited-state structure. Let us
begin with the optimized ground-state structure (i). Under
equilibrium solvation conditions for each state (SS-PCM, solid
levels), we find a consistent stabilization for all states with
respect to the vacuum. The effect is more pronounced for the
polar CT state (—0.69 or —0.86 eV) than in the less polar GS
and LE state (—0.26 to —0.35 eV). Consequently, the CT state
is invariably the lowest excited state. However, this is not as
unambiguous under nonequilibrium conditions appropriate for
modeling vertical absorption. Without any relaxation of the
final excited-state reaction field (zeroth-order neq., SS™
dashed levels), the relative excited-state levels remain almost
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unchanged compared to the vacuum. In particular, the CT
state experiences no special stabilization since the nonpolar GS
only weakly polarizes the dielectric environment. Only the
relaxation of the fast solvent DOFs to the specific excited state
via the ptSS-PCM (first-order neq., dotted levels) drives the
CT below the LE states and yields lower CT absorption
energies (EpeC"T < E}0MF). While the CT remains equal for
TDA-DFT and ADFT, the absorption energies to the LE still
reflect the initial gas phase energy discrepancy.

Moving on to the excited-state structures of CT (ii) and LE
(iii), we identify two main factors for the vertical emission
energies of either state at its optimal geometry, namely, (a) the
overall stabilization due to the dielectric environment, and (b)
the nonequilibrium effect on the ground state. For factor (a),
we begin again with equilibrium solvation conditions.
Compared to the ground-state structure, both states experience
an additional energy lowering after state-specific geometry
optimization. This seems to be dominated by the geometric
relaxation of the solute as both CT and LE states respond
similarly (~0.25—0.3 eV, with either TDA-DFT or AUKS).

As for vertical absorption, nonequilibrium solvation (b)
plays a crucial role for E,;,. Whereas nonequilibrium solvation
effects increase vertical absorption energies, vertical emission
energies are consistently decreased compared to treating all
states in their respective equilibrium conditions. The polarized
CT reaction field greatly destabilizes the nonpolar ground state
(+0.4—0.6 eV for zeroth-order and +0.2—0.3 eV first-order
solvation) while nonequilibrium effects for emission from the
LE state are negligible (below 0.1 eV). This destabilization is
mostly due to the polarization work, which amounts to half of
the interaction energy of the initial state (here CT) with its
self-induced polarization. Because the polar CT strongly
polarizes the environment, the polarization work is large
whereas the interaction with the nonpolar ground state is
small. Together, this results in a pronounced destabilization of
the GS.”
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Figure 3. Plots of the MUE (solid outer bar), MSE (hatched middle bar), and SD (dashed inner bar) for the calculated E,,, relative to the
experimental reference. Values are shown for different functionals at the (a) TDA-DFT/ptSS-PCM, (b) UKS/ptSS-PCM, and (c) ROKS/ptSS-
PCM levels of theory. All calculations employ the S; optimized structures at the same level of theory (for TDA-DFT without solvation due to the

lack of analytical nuclear gradients for SS-PCM).

Combined, the CT emission energy Erv“T is lower than

ESE by 0.62 and 0.79 eV for TDA-DFT and AUKS,
respectively, confirming the assignment of the experimental
emission to the CT state. Again, the nonequilibrium solvation
effects for TDA-DFT and AUKS occur largely in paralle],
yielding very similar emission energies for the CT state (EG, =
2.51 vs 248 eV). Both values agree excellently with the
experiment (2.59 €V), especially when compared with the
calculation in vacuum or the popular TDA-DFT/LR-PCM
scheme (3.19 eV). These findings confirm that state-specific
solvation, including appropriate nonequilibrium conditions for
vertical transitions, cannot be neglected for either absorption
or emission energies of competing low-energy CT and LE
states.

TDA-DFT. Following our detailed analysis of MCz-XT, we
continue with the statistical evaluation of the entire
STGABS27-EMS benchmark set, beginning with the results
for TDA-DFT. Figure 3a presents the statistical measures for
TDA-DFT/ptSS-PCM with various density functionals. These
statistics include the mean unsigned error (MUE), mean
signed error (MSE), and standard deviation (SD); see the SI
for definitions.

A striking initial observation is the strong functional
dependence of E,,, which ranges from the promising accuracy
of OT-LRC-wPBEh-D4 (green) to a substantial under-
estimation with PBE0-D4 (purple, MSE ~ — MUE = —0.73
eV). The crucial factor influencing performance is the fraction
of nonlocal Fock exchange within the functional incorporated
either globally (global hybrids) or in a distance-dependent way
(range-separated hybrids). Increasing the global admixture,
e.g, from 25% in PBE0-D4 to 37.5% in PBE38-D4 (blue),
reduces the MUE by more than a factor of 2, primarily due to a
decrease in the negative MSE accompanied by a minor
reduction in SD. Among the optimally tuned RSHs, OT-LC-
®PBE-D4 (yellow, 0% short-range Fock exchange and 100%
long-range Fock exchange) exhibits a similar error to PBE38-
D4, while OT-LRC-wPBEh-D4 (20% short-range and 100%
long-range Fock exchange) and OT-wB97M-V (red, 15%
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short-range and 100% long-range Fock exchange) are the most
accurate. Interestingly, further analysis reveals a correlation
between performance and Fock exchange fraction effective at
the relevant electron—hole distance, as we already reported in a
previous work.'” For OT-LRC-wPBEh, this fraction rises
already around 0.7 A above the 37.5% of PBE38-D4 compared
to 1 A for OT-LC-wPBE (see Figure 2 in ref 17). To
understand this curious trend of decreasing errors with
increasing Fock exchange, we revisit our previous interpreta-
tion of the Fock exchange fraction as an effective dielectric
screening between electron and hole (¢ & 1/a,, see ref 17 for
details). Since the SS-PCM already accounts for screening due
to the dielectric continuum, we suspect that only a limited
further screening (large a,) is required to mimic the effect of
orbital relaxation. Notably, the opposite is true for predicting
singlet—triplet gaps, where as little as 10% Fock exchange
combined with an incomplete solvation model achieved the
best performance with the help of a surprisingly stable error
compensation.'” This highlights the need for comprehensive
testing across different properties to avoid methods that work
primarily due to fortuitous error cancellation. In general, the
observed performance of TDA-DFT/ptSS-PCM is in line with
previous studies, which reported MUEs between 0.2 and 0.3
eV for the emission from CT states of similar emitters.””*”"'"
Notably, these studies also reported benefits from both system-
specifically optimally tuned RSHs and increased fractions of
Fock exchange.

ADFT. After exploring the accuracy of TDA-DFT, we now
turn to the ADFT-based methods. Figure 3b and c illustrate
the statistical analysis of the performance of AUKS/ptSS-PCM
and AROKS/ptSS-PCM, respectively. From the start, it is clear
that both are more consistent and provide much-improved
emission energies as compared to TDA-DFT. Across all tested
functionals, the MUE and the magnitude of the MSE are
consistently below 0.2 eV, with the best-performing AUKS/
OT-wB97M-V achieving exceptional accuracy. Notably, this
improved accuracy extends to the statistical error as measured
by the SD, which is nearly halved compared to even the best
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Figure 4. Experimental (black) and calculated emission energies E,,, for the emitters of the STGABS27 benchmark set. The calculated values are
given for the OT-wB97M-V functionals with TDA-DFT (red, dash-dotted), AUKS (green, solid), and AROKS (blue, dashed) at the consistently
optimized S, geometry. In addition to first-order nonequilibrium state-specific solvation conditions (ptSS-PCM, full colors), TDA-DFT/LR-PCM
(shaded red) and AUKS/SS-PCM under equilibrium conditions (shaded green) are plotted. The parameters & and n* were chosen for the
measurement-specific solvent (see Table 1). An estimated uncertainty of +0.2 eV for the experimental reference is marked by a gray band. MSE,

MUE, and SD values for the set are tabulated.

TDA-DFT/SS-PCM method. This improvement of both
systematic and statistical errors confirms that ADFT not
only removes a systematic bias between experimental and
calculated E,,, values but leads to an overall more accurate
description of the vertical emission process.

This improvement is clearly evident from the plot of the
absolute emission energies (E,,) against the experimental
references depicted in Figure 4 (see Supporting Information
for plots including all tested methods). For OT-wB97M-V,
inspection shows that ADFT/ptSS-PCM (UKS in solid green,
and ROKS in dashed blue lines) faithfully reproduces the
relative trends in emission energies with only a few cases
beyond the error range of 0.2 eV, whereas TDA-DFT/ptSS-
PCM (red, dash-dotted line) exhibits much larger deviations
and more than a third of the cases at or clearly outside the 0.2
eV range. Selected examples include systems 14 and 15, where
TDA-DFT underestimates the emission energies by over 0.5
eV, or 20, 21, and 22, which reverse their relative order, and all
of which are accurately described by the ADFT-based
methods. While seemingly acceptable in a benchmark
considering mostly statistical performance, it should be noted
that such severe deviations for several of the studied molecules
can critically deteriorate the performance of screening and
optimization tasks in material design.''""'” In this respect,
having no outliers >0.3 eV is more important than eliminating
small statistical deviations of ~0.1 eV.

Furthermore, we want to emphasize the remarkable
robustness of the ADFT approaches regarding functional
choice. In particular, the SD shows minimal variation across
different functionals, regardless of the amount of admixed Fock
exchange. Apart from a rather systematic shift toward smaller
emission energies (negative MSE), most functionals provide
almost identical, highly accurate values for E,. A remarkable
example is the simple PBE38-D4 functional with AUKS/ptSS-
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PCM, which shows the lowest SD (0.13 eV) among all tested
methods. This is particularly advantageous since it allows
screening workflows without a sophisticated RSH or the
computationally demanding system-specific optimal tuning
procedure.

Having established the generally superior performance of
time-independent ADFT/ptSS-PCM compared to the more
common TD-DFT approach, we now turn to the choice of
reference wave function for the open-shell singlet state. In
other words, is the formally correct ROKS approach so much
better than UKS that the additional computational cost is
justified? Comparing the emission energies for UKS (green)
and ROKS (blue) with OT-wB97M-V in Figure 4, both curves
run largely parallel to each other, with ROKS predicting
slightly higher E,,, values (between 0.07 and 0.17 eV increase
in MSE). This systematic positive shift of AROKS (less
negative MSE) holds for all tested functionals. We note that
the singlet—triplet gap AEg; displays a similar trend, where
ROKS vyields generally 1ar§er values than UKS due to a more
destabilized singlet state.''>''* The explanation lies in the
inherent difference between UKS and ROKS wave functions.
ROKS incorporates two determinants for proper spin-
adaptation, avoiding the unwanted admixture of the energeti-
cally close but lower triplet state known as spin-contamination.
Interestingly, the statistical measures suggest a slight benefit
from the spin-contamination in UKS. This even extends to the
statistical error (SD) indicating that UKS is more accurate
despite its formally incorrect handling of open-shell singlets, at
least for the CT states studied herein. Hence, since the
additional effort for ROKS offers no improvement in accuracy,
the more widely available AUKS should be used for generally
accurate emission energies of CT states.

Solvation Models. After a detailed discussion of aspects of
the electronic structure method applied to the solute, let us
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now examine the influence of the solvent model for the
dielectric environment. Figure 5 shows the statistical measures
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Figure S. Plots of the MUE (solid outer bar), MSE (hatched middle
bar), and SD (dashed inner bar) for the calculated E,,, relative to the
experimental reference. Values are shown for TDA-DFT and AUKS
with different solvation models. All calculations use the OT-LRC-
@PBEh-D4 functional and S, optimized structures (for TDA-DFT
without solvation).

for TDA-DFT and AUKS with the OT-LRC-wPBEh-D4
functional and different excited-state solvation models. For
TDA-DFT, there are several choices for the excited-state
solvation model: In addition to the physically complete LR-
PCM or (pt)SS-PCM models, one may use the ground-state
PCM or SS-PCM without first-order ptSS-corrections
(SS™!). Here, we begin with TDA-DFT/SS-PCM under
equilibrium conditions for ground and excited states (ES3,
yellow bar), which marginally overestimates the emission
energies. However, nonequilibrium effects must be considered
to account for the limited duration of the vertical emission
process (see scheme in Figure 1). In the zeroth-order gginitial

approach (Eeo,,t;1 , orange bar), which neglects any solvent
relaxation upon emission, E,, is systematically overestimated
(negative MSE), as we already saw in the exemplary case of
MCz-XT (vide supra). Balanced emission energies require the
relaxation of the fast electronic solvent DOFs at first-order via
the ptSS-PCM correction (EL., red bar). Notably, the ptSS-
PCM treatment also yields the lowest SD, which confirms the
advantage of nonequilibrium solvation for vertical transitions.
A similar trend emerges for the stepwise introduction of
nonequilibrium solvation in the AUKS calculations, albeit at a
substantially lower overall error (especially the SD). We can
again compare the explicit emission energies predicted in the
nonequilibrium (bright green) and equilibrium (shaded green)
regimes displayed in Figure 4. Accounting for nonequilibrium
solvation generally reduces the emission energies, though not
uniformly by the same amount. The differences arise from the
specific solvent used during measurement. Only polar solvents,
where the total (&) and infinite-frequency (e,,) dielectric
constants deviate substantially, such as DCM or PPF (systems
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1, 3, 11, 16, 18, 26, and 27), exhibit a significant
nonequilibrium effect. Meanwhile, for nonpolar solvents
dominated by fast polarization, such as toluene, equilibrium
and nonequilibrium conditions deviate only negligibly.
Knowing that sophisticated nonequilibrium solvation with
the SS-PCM model for TDA-DFT works well, we also
investigated the more widely available and popular LR-PCM
model. Benefits of LR-PCM compared to state-specific
approaches include that the solvent response is treated for all
states simultaneously, and analytical gradients are often
available. However, a straightforward application of LR-PCM
(blue bar) yields large errors stemming from a combined
increase in the statistical error (larger SD) and a systematic
overestimation of emission energies (positive MSE). This is
also apparent from the E,,, values plotted in Figure 4 (dash-
dotted shaded red line). The substantial error arises from the
near-zero contribution in the transition-density-based LR-
PCM model, which is clearly a result of the vanishing transition
density of polar CT states. Consequently, the simultaneous use
of LR- and nonequilibrium SS-PCM, as suggested in ref 69,
also changes the results only slightly. Therefore, we conclude
that any treatment of CT states with excitation-based models
should include SS-PCM solvation since LR-PCM fails to
recover the large dielectric stabilization of such states.

VI. CONCLUSIONS

We presented an extension of the STGABS27 benchmark set
for singlet—triplet gaps to experimental emission energies E,,
termed STGABS27-EMS. This new data complements the
existing singlet—triplet gaps AEgr for 27 TADF emitters,
allowing a more robust test of excited-state methods. The
combined benchmark data probes polar CT states not only
relative to each other”'” but also relative to the nonpolar
ground state, which allowed us to refine our recommendations
for treating charge transfer states in solution. In particular,
STGABS27-EMS enabled us to explore the nuances of
functional choice and excited-state solvation for vertical
transitions based on TDA-DFT and ADFT.

The primary result of this work is that ADFT/PCM-based
approaches can predict emission energies of CT states of
typical TADF emitters with higher accuracy and robustness
than TDA-based approaches, as evident from the excellent
mean unsigned errors of 0.10 eV and standard deviation of
0.13 eV for the best-performing OT-wB97M-V with AUKS/
ptSS-PCM. Such deviations fall within our assumed maximum
uncertainty for the reference E,, values, suggesting our initial
estimate of 0.2 eV might be too conservative. Moreover, the
ADFT accuracy shows at least a four times smaller sensitivity
to the functional choice than TDA-based approaches.
Accordingly, the largest shift of the MSE between the tested
functionals is 0.67 eV for TDA-DFT, whereas the respective
shift is just 0.17/0.16 eV for UKS/ROKS. TDA-DFT
introduces systematic shifts in the emission energies and the
accuracy depends more on the functional. This is evident from
the SD, which varies between 0.23 and 0.32 eV for TDA, while
it remains below 0.15/0.16 eV with UKS/ROKS. Hence,
TDA-DFT calculations for CT require state-of-art range-
separated hybrids in combination with optimal tuning and the
sophisticated ptSS-PCM solvation model, whereas a ADFT
calculation can employ any reasonable hybrid DFA, as evident
from the good performance UKS/PBE38-D4. Clearly, the
newly implemented nonequilibrium ptSS-PCM solvation for
ADFT further improves the vertical emission energies,
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highlighting the general need for proper state-specific
solvation.

In stark contrast, the most widely used excited-state method,
TD-DFT or TDA-DFT with SS-PCM solvation, exhibits much
larger deviations even with the best-performing OT-LRC-
@PBEh-D4 functional (MUE: 0.19 eV, SD: 0.23 V). Unlike in
our prior studies of singlet—triplet gaps, where a minimal
admixture of ~10% Fock exchange yields optimal error
cancelation, emission energies require a large fraction
(>38%). Furthermore, we again confirmed the benefit of
state-specific excited-state solvation, as the commonly
employed LR-PCM variant yields only a negligible stabilization
over the vacuum. Although the best TDA-DFT/ptSS-PCM
approach provides reasonable errors below 0.2 eV, it is not
generally reliable for CT states in TADF emitters.

In conclusion, the combined benchmarking of AEgr and E,,
strongly suggests that ADFT/PCM methods provide a
generally robust and accurate account of polar CT states in
solution. This success can be attributed to (i) the explicit
account for orbital relaxation, (ii) an inherently state-specific
treatment of solvation, and (iii) the avoidance of the long-
range CT failure of TD-DFT.
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