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Abstract: An efficient computational protocol suitable for both solutions and solid films
can accelerate the development of efficient thermally activated delayed fluorescence
(TADF) emitters aimed at practical application in organic light-emitting diodes (OLEDSs).
By employing the localized orbital locator (LOL), we establish an efficient descriptor-

tuning methodology for the range-separated (RS) and screened range-separated (SRS)
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functionals with only one single-point calculation. This scheme provides good

predictions for 28 charge transfer (CT)-type TADF emitters. Moreover, in comparison to

the experimental data, the scheme presents a mean absolute deviation of 0.09 eV for

the absorption energies of the lowest excited singlet state (Eya(S4)) in polarizable

continuum model (PCM) solution and 0.10 eV for the energy difference between the

lowest excited singlet and triplet states (AEst) under static solid-state polarization.

Importantly, our results indicate that a significantly polarized S, is key to realizing the

so-called solid-state solvation-enhanced (SSSE)-TADF, which is well captured through

the screened RS functionals combined with LOL-tuning (SLOL-tuning). Compared with

standard ionization potential (IP)-tuning, our scheme significantly reduces the

computational cost of the prediction of singlet- and triplet-transition energies for CT

molecules. It also provides a reliable approach to evaluate the practical TADF character

influenced by solid-state solvation in amorphous organic thin films.

1. Introduction
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According to the ratio of electric exciton generation (25% singlet vs. 75% triplet),’ the internal

efficiency of conventional fluorescence organic light-emitting diodes (OLEDs) is limited into
25% because of the spin-forbidden nature of the phosphorescent transitions in heavy atom-free

organic compounds. Thermally activated delayed fluorescence (TADF) molecules, also known

as the E-type delayed fluorescence emitters,? have attracted much attention in the past several

years because they have an efficient and unique ability to harvest nonemissive triplet excitons in

OLEDs approaching nearly 100% internal efficiency.® To realize efficient reverse

intersystem crossing (ISC) from the lowest excited triplet state (T4) to the lowest excited

singlet state (S4), the energy difference between these two states (AEst) must be

sufficiently small (< 0.2 eV).4° Constructing intramolecular charge transfer (CT) is the

main strategy used to minimize AEst because the energy of the CT excited singlet state

('CT) is lower than that of any locally excited singlet state and because the singlet-triplet

splitting of a CT transition can be rather small. In theoretical studies on TADF emitters,

time-dependent density functional theory (TDDFT) provides a method that strikes a

balance between accuracy and computational costs.® However, the conventional hybrid

generalized gradient approximation (hGGA) functionals, such as B3LYP and PBEO,

significantly underestimate the CT excitation energies.!-12
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Recently, it has been reported that tuning the range separation parameter w in

range-separated (RS) functional can address the CT excitation issue'3-'4. The so-called

IP-tuned RS functionals can provide an accurate prediction of the lowest excited singlet

state (Eva(S+4)) and energy difference between the lowest excited singlet and triplet

states (AEst) for TADF molecules.'®16 Despite this successful achievement, however,

standard IP-tuning requires several self-consistent field (SCF) calculations at the

anionic, neutral and cationic states to determine the optimal w («w*). The somewhat

time-consuming nature of this scheme may restrict its application, especially for

relatively large molecules such as TADF emitters. Alternatively, the RS functionals can

also take advantage of the descriptor-tuning methodology developed for the calculation

of TADF (CT) molecules.'”-1° In an RS functional, the amount of the exact exchange is

expressed as a function of the electronic interaction distance (r12). The optimally tuned

RS functional should afford an appropriate proportion of the Hartree-Fock (HF)

exchange in each bonding or nonbonding region (different ri2), which can be naturally

divided in the molecule according to the degree of localization (or delocalization) of the

electron density. Therefore, the system-dependent «w* can be directly determined when
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the measurement of the localization (or delocalization) of each divided region is

available, and the HF %-localization relationship has been pre-established.

To perform the descriptor-tuning methodology, a reasonable descriptor should be

chosen first. The conventional descriptors that measure the CT character of molecules

on the basis of the ground state density,'” transition density?°-22 and excitation energy'®

23 can hardly characterize the localization in the molecules. Intuitive wave-function

analysis tools, for example, the electron localization function (ELF)?* and localized

orbital locator (LOL),25 can be used to reveal qualitative chemical information, including

atomic shells, covalent bonds and noncovalent interactions.26-27 It is reported that

noncovalent interactions between the mental cations and protein can be intuitively

shown with different strength to explore the selectivity using the ELF tool.?® Therefore,

these kinetic-density-based tools can identify the localization and delocalization regions

in a molecule and thus can be used to construct the descriptor for determining the w*.?4

29 |t has been reported that the nonempirical ELF-tuned RS functional can reliably

reproduce the vertical IPs of various small organic molecules and achieve precision
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approaching that of the coupled cluster single, double and perturbative triple (CCSD(T))

method.3° Since only one single-point calculation is required to obtain the kinetic density

in the tuning procedure, we can establish efficient LOL-tuning methodology for large-

size TADF molecules in the gas phase and the solvation process. The approach is also

applied to the screened RS functional to understand the impact of static solid-state

polarization in thin films; this polarization is reported to enhance the TADF character.3'

33

In this paper, we study Eya(S1) and AEst of 8 representative red TADF emitters

(Figure 1), whose corresponding OLED devices reach about 12.5% external quantum

efficiency.3* An efficient descriptor-tuning methodology is established for the RS

functional (LOL-tuning) and screened RS functional (SLOL-tuning) with one single-point

calculation. The performance of LOL-tuning and IP-tuning on the description of the

Eya(S1) in polarizable continuum model (PCM) solution is compared. The results are

understood from the perspective of localization and delocalization errors. The influence

of the static solid-state polarization on AEst is also investigated using the screened
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LOL-tuned RS functional. The structure-property relationship for achieving static solid-

state solvation-enhanced (SSSE)-TADF35-3%7 is thus established. To examine the validity

oNOYTULT D WN =

11 of the tuning scheme, the E/a(S1) and AEst of another 20 typical TADF molecules

14 (Figure S1) are also benchmarked by their experimental data.
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39 Figure 1. The representative TADF emitters studied in this work.

2. Theory and Computational Details

48 In an RS functional, the electron repulsion operator 1/r, is separated into short-range

31 (SR) and long-range (LR) parts:38
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1 _I-(a+ferf(arn,))  a+perf(orn,)
" Ay (1)

r

12 12

Thus, the exchange energy (£x) of the RS functional is given by

E, = (1=@)E,, +ak +(a+ BEif +(-a-PEL, @

Ex is dominated by a density functional theory (DFT) component in the first two terms
for the SR part and a Hartree-Fock (HF) component in the next two terms for the LR
part. The parameters a (< 1) and a + G (£ 1) determine the proportion of the HF in the
SR and LR, respectively. The range-separation parameter 1/w controls the electronic
interaction distance (r12), where the delocalized DFT exchange potential switches to the

localized HF exchange.

In the solid state, the asymptotic behavior of the Coulomb potential is 1/er via the

dielectric screening effect3?-40. Equation 2 can then be rewritten as:

E =(1-a)E)

a+ a—
R L

DFTx
€
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where ¢ is the dielectric constant of the solid matrix. Because of the a~insensitive nature
of SLOL-tuning, the parameter (a+p)/c is directly applied as the proportion of the HF
component at the LR limit for describing the AEst under the influence of static solid-

state polarization.

In the IP-tuning scheme, according to Koopmans’ theorem, «* for an A-electron

system can be nonempirically determined by minimizing 41-42

J? = ZI: [€1omo (N +1) +IP(N +1)]
=0 (4)

where &iomo is the eigenvalue of the highest occupied molecular orbital (HOMO) and IP
denotes the vertical ionization potential. Since the lowest unoccupied molecular orbital
(LUMO) does not correspond to the vertical electron affinity (EA), the &giomo of the N+1

electron system is used instead of the LUMO.
The definition of the LOL function is as follows:?°

LOL(r) = ﬁ
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Toxact (6)

where et and 7 are the exact kinetic energy density ((1/2)> |ve,(+) ) of the molecule

and the kinetic energy density of the homogeneous spin-neutral electron gas (
(3/10)(37%)*” p(r)”* ), respectively. The LOL is a relative index in the range from 0 to 1. The
lower and upper criteria indicate the extremely delocalized and localized regions,

respectively.

The ground state (Sy) molecular geometries are optimized at the B3LYP/6-31G(d)
level. The Tamm-Dancoff approximation (TDA) is applied to all the excited-state
calculations to avoid triplet instabilities.*>** The lowest singlet (Eva(S1)) and triplet
(Eva(T4)) vertical absorption energies are calculated using the 6-311G(d) basis set
combined with the polarizable continuum model (PCM) in cyclohexane solution (¢ =
2.02). The vertical single-triplet splitting is defined as AEyst = Eva(S1) - Eva(Tq). The
lowest singlet (S¢) and triplet (T4) excited-state molecular geometries are optimized at

the TDA-CAM-B3LYP/6-31(d) and UCAM-B3LYP/6-31(d) levels in PCM toluene solution

ACS Paragon Plus Environment
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(¢ = 2.37). The adiabatic single-triplet splitting is defined as the energy difference

between the relaxed Sy and T¢ (AEast = E(S4) — E£(T4)). The LOL-, SLOL- and IP-tuned

LC-wPBE functionals refer to LC-wPBEOL, LC-wPBESLOL and LC-wPBE'P, respectively.

IP- and LOL-tuning are performed for both the Sy and S; geometries with a precision of

0.001 Bohr for w*. All the DFT calculations are performed with the ultrafine grid using

Gaussian 09.45 The LOL-related calculations, natural transition orbitals (NTOs) and

overlap between the hole and electron density (A = min[phol pelec]) are performed using

Multiwfn 3.4 .46

3. Results and Discussion

Herein, we show the establishment of the LOL-tuning scheme. To intuitively understand

the capability of the LOL to connect the localized and delocalized regions to the SR and

LR distances, respectively, the percentage of the HF exchange is expressed as a

function of the electronic interaction distance (ri2) in Figure 2a, and the electronic

structure of carbazole is plotted with a color-filled LOL map in the XY molecular plane in

Figure 2b. In the nonbonding region, where the LC-wPBEC! affords a small fraction of
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the HF exchange (< 25%) showing DFT-like behavior, the inner atomic shells of

hydrogen, carbon and nitrogen are characterized as the strongly localized core with

LOL > 0.7. At the lower limit of the bonding region, the LOL domain with edge LOL = 0.5

and core LOL = 1.0 is plotted around the hydrogen atom and shifted towards the carbon

atom because of the typical oy bond. At the upper limit of the bonding region, the -

conjugated carbon-carbon bond (1rc¢) is well characterized as a covalent double bond

showing a somewhat concave domain with edge LOL = 0.5 and core LOL = 0.75. In

these bonding regions, the LC-wPBEYL affords approximately 42% to 75% HF

exchange, showing mixed DFT and HF behavior. Dielectric screening in cyclohexane

solution is also reflected in the LC-wPBESOL. According to the definition of the LOL4”

and its formula in the section of theory and computational details, the localized region

(with large LOL) can be assigned to the area where the pure local DFT exchange can

reproduce the exact exchange energy, and the delocalized region (with small LOL)

refers to the area where the pure local DFT exchange substantially overestimates the

exact exchange energy.*” Thus, the switching between the DFT and HF components

(«*) can be managed with the help of the localized and delocalized regions marked by

ACS Paragon Plus Environment
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the LOL function. Our calculation indicates that the proportion of the HF exchange in the

bonding and nonbonding regions is related to the LOL values.
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Figure 2. Establishment of the LOL-tuning scheme. (a) The percentage of the HF

exchange as functions of r;, for the LC-wPBE, PBEO, LC-wPBECL (w* = 0.221) and

LC-wPBESLOL (in cyclohexane) obtained from the calculation of carbazole. The bonding

and nonbonding regions are filled with dark and light gray, respectively. (b) The color-
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filled LOL map of carbazole in the XY plane (molecular plane). Values of zero and utility

indicate significant delocalization and localization, respectively. (¢) The ro. as a

function of w for PXZ-TRZ, 2CzPN and CC2TA calculated at the LC-wPBE/6-31G(d)

level. (d) The linear fitting of w* as a function of 1/ o,.

Although the LOL is able to intuitively help the determination of the «w* for localized

regions, it is difficult to determine the distance in cases where the complete HF is

necessary (fully delocalized region). By summing each LOL domain over the entire

molecular space, the mean localization distance (70.) can be expressed as follows:3°

J.LOL(r)rzLOL(r)dr
"\ [LOL(-)LOL()dr

As displayed in Figure 2c, the ro_ inherits the noninteracting character of the LOL
function bearing the variation in the w in the LC-wPBE functional for different TADF
molecules. Thus, the 7o, can be regarded as an intrinsic molecular property for
establishing the starting point of the descriptor-tuning methodology.'” '® Importantly, to
correctly describe the CT excitation energy, the asymptotic behavior of the exchange-

ACS Paragon Plus Environment
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correlation potential (%c) is met at o, where the target electron is fully delocalized

because the LC-wPBEO affords approximately 90% HF exchange.

Although the amount of HF exchange can be expressed as a function of an inherent

molecular property, i.e., the LOL domain, the problem of how to directly gauge the

explicit amount of HF exchange remains unsolved. Recently, w* was reported to follow

a quasilinear relationship with the mean ELF distance.3® Because of the similarity

between the ELF and LOL, the following relationship can be adapted:

w* =

+C, (8)

LOL

where C; and C, are the numerical constants (0.588 and 0.115, respectively)

determined by the minimization of the calculated Eya(S1) of 10 typical TADF training

molecules (Table S1) using the experimental data of E/a(S1) in cyclohexane as

references (Figure 2d).'® These model molecules have been previously studied and

proven as good references in the descriptor-tuning methodology.'”- ' A flowchart of the

scheme is provided in Scheme S1. With Equation 8, we can estimate w* using only one

ACS Paragon Plus Environment
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single-point calculation of the ro.. In addition, high-throughput virtual screening (HTVS)

technology can take advantage of the determination procedure for w*, which is efficient

in comparison with the previous AOHF'® and IP-tuning methodologies, as shown in

Figure S2.

Now we compare the main difference between the IP-tuning and LOL-tuning. The IP-

tuning is based on the density of HOMO and LUMO, while the LOL-tuning based on the

total density. Therefore, the IP-tuning mainly responds to the geometric change that

contributes to the HOMO and LUMO, while the LOL-tuning always responds to the

geometric change. In both LC-wPBE'® and LC-wPBELCL for different molecules in their

ground states, the value of w* ranges from 0.143 to 0.192 Bohr', which is obviously

lower than w = 0.4 Bohr' in the default LC-wPBE, suggesting the importance of

functional tuning (Table S2). It seems tricky that the change of w* from Sy to S¢ in LC-

wPBE'P is generally larger than the LC-wPBECL. In fact, it is not surprising because the

lowest excitation usually occurs in the HOMO - LUMO transition. The ratio of the

change of density to the HOMO (A0 07°MO) is much larger than that to the total density

ACS Paragon Plus Environment

16

Page 16 of 47



Page 17 of 47

oNOYTULT D WN =

The Journal of Physical Chemistry

(Aplp™@). Such insensitivity of the LOL-tuning may result in the underestimation of

excitation energies. The IP-tuning scheme usually guarantees that in organic

conjugated donor-acceptor molecules, the value of «w" decreases with increasing

conjugation length and saturates at long conjugation lengths.48%0 |n Equation 8,

interestingly, such asymptotic behavior of the «w* is controlled by the measurement of

the total localization (1/r0.), and the lower limit of the w* is ensured by the coefficient

G,. Although both methodology is geometry-dependent, the control of such behavior is

quite different.

To examine the validity of Equation 8, the general performance of LOL- and IP-tuning

on the prediction of the £/a(S+) of 28 typical TADF molecules (Figure S1) is assessed.

As summarized in Table 1, IP-tuning exhibits reliable predictions of the £ya(S4) with a

mean absolute deviation (MAD) of 0.15 eV for 28 TADF emitters. Similar results are

also found by Penfold (MAD of 0.09 eV for 11 TADF molecules)'® and Sun et al. (MAD

of 0.13 eV for 13 TADF molecules).’® The MAD of 0.09 eV for the E/a(S+1) (0.12 eV

excluding the 10 training molecules) confirms the reliability of Equation 8.

ACS Paragon Plus Environment
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In Table 1, we notice a slight breakdown in the LC-wPBE'P, which overestimates the

Eya(S1) by an average of 0.25 eV (twice the MAD) for a series of three phenyl-

anthraquinone (AQ)-based molecules named DPA-Ph-AQ, DBPA-Ph-AQ and DTC-Ph-

AQ (Figure 1). In contrast, it performs relatively well on the analogues without a phenyl

bridge between the N-donor and AQ moiety. The CT issue of TDDFT closely

corresponds to the localization or delocalization error in the density functionals.5' In

particular, the total energy of a molecule should afford a linear variation bearing the

change in the fractional electron number between the integer electron numbers in the

exact Kohn—-Sham theory.52 Taking the case of DBPA-Ph-AQ as an example (Figure

3a), the convex behavior of the PBEO curve indicates excessive delocalization

(delocalization error), whereas the concave behavior of the LC-wPBE curve indicates

excessive localization (localization error). Both LC-wPBE® and LC-wPBECL afford

nearly straight lines, indicating a significant reduction in localization error compared with

that of the LC-wPBE. Since it is difficult to examine the linearity with the naked eye, the

deviations in the curves from straight lines are plotted in Figure 3b. Because of the

imbalanced description of the cationic and anionic state of DBPA-Ph-AQ, a small

ACS Paragon Plus Environment
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localization error is observed for the LC-wPBE'™ in the electron-deficient (AN < 0)

regime, and a slight delocalization error is observed for the LC-wPBE°" in the electron-

rich regime (AN > 0). Subsequently, the more tightly bounded excited-state density of S,

is obtained from the LC-wPBE'"®, showing hybrid locally excited (LE) and CT character

(A = 0.33) in comparison with the pure CT character predicted by the LC-wPBE"L (A =

0.20) in Figure 3c. This difference is more pronounced in the case of DTC-Ph-AQ,

where LC-wPBE'"® predicts pure LE excitation for the lowest absorption (Figure S3). In

Figure S4, a more balanced description is observed for DBPA-AQ. Thus, the successful

prediction of the CT £ya(S+) in the Donor-AQ series is related to the delocalization-error-

free LC-wPBEYOL and LC-wPBE'P. Our results suggest that the LC-wPBE'® and LC-

wPBELCL have slight localization and delocalization errors, respectively, which can be

ascribed to the slightly imbalanced description of the anionic and cationic states in the

Donor-Ph-AQ series.
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Table 1. Comparison of the Eya(Sq) (in eV) calculated at the TDA-LC-wPBE“C.Y/6-

311G(d) and TDA-LC-wPBE'P/6-311G(d) levels in PCM cyclohexane solution with

experimental data.

The Journal of Physical Chemistry

LC-wPBELOt LC-wPBEP Expt.b
Compound

fiol® w Eva(S1) w* Eva(S1) Eva(S1)
PIC-TRZ 10.695 0.170 3.42 0.144 3.19 3.35
CC2TA 13.302  0.159 3.66 0.165 3.70 3.64
PXZ-TRZ 10.748 0.170 2.81 0.189 2.98 2.93
DPAC-TRZ 11.882  0.164 3.19 0.173 3.28 3.26
Cz-TRZ 10.883 0.169 3.57 0.183 3.67 3.43
Cz-TRZ2 11.252 0.167 3.25 0.181 3.38 3.22
3Cz-TRZ 14.017 0.157 3.53 0.175 3.66 3.59
BCz-TRZ 15.010 0.154 3.37 0.173 3.52 3.34
2CzPN 7.899 0.189 3.34 0.182 3.29 3.33
4CzPNe 9.427 0177 2.89 0.149 2.60¢ 2.94
4CzIPN¢ 9.692 0.176 2.79 0.146 2.56¢ 2.85
4CzTPNe 9.827 0.175 2.56 0.151 2.38¢ 2.70
4CzTPNMe 11.010 0.168 2.52 0.146 2.34 2.67
DPA-DPS 11.122 0.168 3.66 0.171 3.68 3.61
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1

2

3

2 DTPA-DPS 14.023  0.157 3.57 0.156 3.56 3.58
5

j DTC-DPS 14.383  0.156 3.59 0.165 3.65 3.62
8

9 DMOC-DPS 12.657  0.161 3.40 0.175 3.50 3.38
10

]; PXZ-DPS 11.101  0.168 2.89 0.183 3.02 3.15
13

14 DMAC-DPS 11.909  0.164 3.12 0.176 3.22 3.39
15

o PPZ-DPS 13355 0159 247 0173 260 2.76
18

19 DPA-AQ 11597  0.166 2.84 0.181 2.95 2.81
20

21

% DBPA-AQ 15.739  0.152 2.65 0.161 2.72 2.72
23

;‘5‘ DTC-AQ 15.434  0.153 2.62 0.178 2.85 2.68
26

27 DMAC-AQ 12579  0.162 2.13 0.190 2.43 2.37
28

§§ DPA-Ph-AQ 16.614  0.150 2.77 0.181 3.08 2.78
31

32 DBPA-Ph-AQ 20.791  0.143 2.66 0.173 2.98 2.73
33

o DTC-Ph-AQ 20744 0143 294 0178  3.17 2.96
36

;73 DMAC-Ph-AQ 17.832  0.148 2.76 0.187 2.93 2.91
39

20 MAD 0.09 0.15

41

fé RMSD 0.08 0.11

44

45 Max Dev. 0.29 0.34

46

e aCalculated through Equation (5) at the LC-wPBE/6-311G(d) level; PAdapted from Ref.
;‘g 19; cWe find that these values are relatively lower than those found in Ref. 16 but agree
51 with those in Ref. 15
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Figure 3. The impact of the delocalization and localization error. (a) The energy

difference between the fractional charge number (£{AN)) and the neutral charge

number (£(0)) for DBPA-Ph-AQ. (b) The deviation of the curves (AE) from the straight

lines in (a). (c) The distribution of the hole and electron NTOs (isovalue =0.02) of the

lowest absorption with the largest weight calculated at the TDA-LC-wPBE'P/6-311G(d)

and TDA-LC-wPBE°L/6-311G(d) levels of theory in PCM cyclohexane solution.
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To better understand the delocalization and localization errors in the special TADF

emitters whose HOMO and LUMO significantly differ from each other, the dependence

of the molecular orbital energy on the variation in the fractional electron number is

investigated, as shown in Figure 4. As indicated in Janak’s theorem, %3 the HOMO

energy should remain constant between the integer electron numbers and be equal to

the negative IPs of the system with one more electron. IP-tuning ensures that the initial

slope of the total energy of the neutral system equals the negative IP.4" % However,

slight localization error of the HOMO is observed, leading to a slight overestimation of

the HOMO-LUMO gap (Figure 3a). The conjugated phenyl ring in DBPA-Ph-AQ plays

an important role because in comparison with the ring in DBPA-AQ (Figure S5), it has a

vanishing influence on the LUMO and the HOMO (w* does not increase in DBPA-Ph-

AQ.) In contrast, as shown in Figure S6, the LOL-tuning scheme ensures that the value

of w* grows as a function of the total conjugation of the molecule (occupied orbitals) but

neglects the unoccupied orbitals whose conjugation remains unchanged. As a result,

overestimation of the E£/a(S4) is observed for the LC-wPBE'P, whereas interestingly,

underestimation of the E£ya(S1) almost vanishes for the LC-wPBEOL. In general, the
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imbalanced description of the HOMO and LUMO, as in the case of DBPA-Ph-AQ, is

inevitable in some TADF emitters because two or more donors are usually combined

with only one acceptor core.® 5557 We also find that the LC-wPBE'P provides a reliable

calculation for the E£ya(S+) of 2CzPN but overestimates that of 4CzPN by approximately

0.3 eV (see also 4CzIPN, 4CzTPN and 4CzTPNMe) and that LC-wPBECt performs

well in both situations (Table 1). Here, we highlight that the LOL-tuned RS functional

can reliably describe the CT transition in TADF molecules, especially for those TADF

molecules whose HOMO is much widely distributed over the molecule than the LUMO.

(a)

s
S A SR vl BB S 0§

" RSP
|77 HOMO o
;

Eyio (V)

7

A
HOMO-1 v 7

|—d— LC-al’BE
—¥—I’BEQ

Figure 4. (a) The molecular orbital energy (Evo) as a function of the fractional charge

number (AN) in DBPA-Ph-AQ. (b) The corresponding distributions of the HOMO and

LUMO in the neutral state.
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The practical performance of TADF emitters in OLEDs depends on their AEst values.

For the Donor-AQ and Donor-Ph-AQ TADF emitters, the calculated AEst in PCM

solution is larger than the experimental one determined in 4,4’-bis(n-carbazolyl)-1,1’-

biphenyl (CBP)-doped films (Table 2).3* Especially for DMAC-Ph-AQ, the AEst values

predicted by both the LC-wPBE'® and LC-wPBEO! are substantially overestimated. The

impact of the external thin film environment can be divided into two parts: (i) the impact

of static solid-state polarization on the electronic structures;®® and (ii) the impact of

dynamic rearrangement and dispersion on the geometric structure, which can be

addressed by combining the molecular dynamics (MD) and TDDFT calculations.59-61

The introduction of the static dielectric screening in the LC-wPBESLOL results in an

obvious reduction in both AEyst and AEast compared to those in PCM solution,

indicating the obvious SSSE-TADF character. Importantly, the dynamic factor also

indirectly results in the enhancement in the TADF character of these emitters by

suppressing the triplet excited-state geometries with a large AEs7.52 Apart from the

dynamic factor in the solid state, which cannot be explicitly considered with one simple

calculation, we believe that static solid-state polarization is one of the main origins of the
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SSSE-TADF property. In other general cases, when the AEst is experimentally

determined from the 0-0 energy difference between Sy and T4 in a 77 K solvation matrix,

the impact of static solid-state polarization is comparable to or even stronger than that

of the dynamic factor®”- 63 because the geometric relaxation of S; and T is generally

suppressed within 0.1 eV.’™ 1 |n this regard, SLOL-tuning provides an efficient

approach that reflects the SSSE-TADF property. In Table S3, a more detailed

comparison of the performance of IP-, LOL- and SLOL-tuning on the prediction of the

AEst for 28 TADF molecules is explored. When LOL-tuning is employed, the MAD of

the AEyst and AEast is 0.13 eV and 0.10 eV, respectively. When SLOL-tuning is

employed, the MAD of ALyst is 0.10 eV in the CBP-doped film (¢ = 1.73) and in

cyclohexane (¢ = 2.02). Additionally, we should also mention that it is difficult to perform

IP-tuning or PCM-IP-tuning for a real system,%4 for example, a doped thin film, in a

hybrid quantum mechanics/molecular mechanics (QM/MM) study because of the large

computational demand. In contrast, the one-step SLOL-tuning scheme is capable of

considering large systems.
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1
2
3
4 Table 2. Comparison of the performance of LOL-, SLOL- and IP-tuning using the 6-
5
6
; 311G(d) basis set on the prediction of the experimental AEst (eV) and the overlap
9
1? between the hole and electron density (A).
12
13
14
15 Expt
16 LC-wPBELC- LC-wPBE'P LC-wPBESLOL
17
18
19
AE AE; AE;
20 Compound AEyst " AEyst he AEyst AEyst he
21 T T T A(Tol.)e  AEg
22 (Cyc.) (Cyc.) (Cyc.) (CBP)
23 ] (Tol.) . (Tol.) . . (Tol.) d T
24 b b c
25
26
;; DPA-AQ 053 056 056 056 047 047 0.38 0.26 0.29
29
30 DBPA-AQ 048 048 050 048 042 043 0.27 0.16 0.27
31
§§ DTC-AQ 032 031 037 031 025 025 015 009 0.17
34
35 DMAC-AQ 0.03 0.04 0.07 0.04 0.01 0.01 0.03 0.03 0.08
36
i DPA-Ph-AQ 037 041 043 045 017 023 025 011 024
39
40 DBPA-Ph-AQ 0.32 042 042 053 0.14 0.18 0.18 0.09 0.22
41
o DTC-Ph-AQ 039 030 043 025 007 0412 011 003
44
45 DMAC-Ph-
46 040 034 044 032 0.001 0.001 0.10 0.01 0.07
47 AQ
48
Pt MAD 017 016 020 019 009 009 0.3
51
52 RMSD 0.09 007 011 0.09 0.06 0.06 0.03
53
54
55 Max Dev. 0.33 027 037 031 0.18 0.18 0.09
56
57
58
59
60 ACS Paragon Plus Environment
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a Calculated in PCM cyclohexane solution (¢ = 2.02); * Calculated in PCM toluene
solution (¢ = 2.37); ¢ Using the static dielectric constant of cyclohexane (¢ = 2.02),
toluene (¢ = 2.37) and the CBP-doped thin film (¢ = 1.73) experimentally determined
from the relaxed Lorentz model 95,9 The overlap between the hole and electron density
is defined as min[p™le, rlec]46; e Determined in the CBP-doped films (1 wt%);

To achieve significant SSSE-TADF, the 'CT should be significantly stabilized by the

solid-state solvation to have sufficient small overlap between the hole and electron

density. As shown in Table 2 and Figure 5a, in the Donor-AQ series, the LC-wPBESO-

shows a more sensitive e-dependence of AExst than the LC-wPBELCL, especially in the

range from 1 to 3, because the CT state (S4) is more easily stabilized by the polarity of

the solid-state environment than the localized state (T4) (Figure S7a). The impact of

PCM solvation with increasing € on the AExst is less than 0.05 eV, suggesting that the

conventional solvation effect is negligible. In the Donor-Ph-AQ series (Figure 5b), the

SSSE-TADF character is significantly enhanced with the decrease in A. In this manner,

S1 is more easily stabilized with respect to the dielectric constant than the

corresponding Donor-AQ series (Figure S7b). Additionally, static solid-state polarization

will also result in the complete separation of the hole and electron wave functions

(Figure S8). Thus, the similar ™ character of Sy and T4 gives rise to vanishing spin-
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orbit coupling (SOC) between them because of the El-Sayed rule®6-67. This highlights

the importance of nonadiabatic coupling.68-70 Consequently, a small overlap between

oNOYTULT D WN =

11 the hole and electron density is beneficial for the SSSE-TADF property. We also
14 suggest using the SLOL-tuning scheme, which can reflect the impact of the dielectric
18 screening to estimate the AEst of the TADF emitters, especially for those emitters
21 showing significant SSSE-TADF character. Alternative approaches, e.g., the previous
25 K-OHF method (with a quasi-dielectric screening effect) '° and IP-PCM-tuning,3? are

28 capable of calculating the SSSE-TADF as well.
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Figure 5. The East as a function of the dielectric constant (€) calculated at the TDA-LC-

WPBELOL/6-311G(d) level

wPBESLOL/6-311G(d) (up) level for (a) the Donor-AQ series and (b) the Donor-Ph-AQ

series.

4. Conclusion

in PCM cyclohexane solution

ACS Paragon Plus Environment

Dielectric contsant (&)

(down) and TDA-LC-

Page 30 of 47



Page 31 of 47

oNOYTULT D WN =

The Journal of Physical Chemistry

In this work, we established an efficient tuning methodology using the localized

orbital locator (LOL) as the descriptor with only one single-point calculation for the

determination of the system-dependent optimal w in the range-separated (RS) and

screened range-separated (SRS) functionals. The £ya(S¢) in PCM solution and the AEst

under solid-state polarization are well calculated using LOL-tuned RS and SRS

functionals for 28 TADF emitters with MADs of 0.09 and 0.10 eV, respectively.

Importantly, our results highlight that the decrease in AEgy in organic thin films, namely,

solid-state solvation-enhanced (SSSE) thermally activated delayed fluorescence

(TADF), can be well reproduced by a static solid-state polarization model based on the

LOL-tuned SRS functional. The S; state with a higher dipole moment and a smaller

overlap between the hole and electron density is found to be conducive to SSSE-TADF.

To accurately estimate the practical performance of TADF emitters in OLED devices,

especially for those emitters with significant SSSE-TADF, we recommend using

methods that can capture the dielectric screening effect for theoretical investigations.
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Supporting Information.

The chemical structures of all TADF emitters calculated in this work, the comparison of

job time of A<OHF, LOL- and IP-tuning schemes, the distribution of hole and electron

wavefunctions of the lowest absorption of DTC-Ph-AQ using natural transition orbitals

(NTOs) with the largest weight, the total energy difference of the fractional charge

number (E£{AN)) to the neutral one (£(0)) for DBPA-AQ, the molecular orbital energy

(Emo) as a function of the fractional charge number (AN) in DBPA-AQ, «w" and the

absolute deviation of £,a(S4) (AD) as functions of donor fragments, 5£/a(S+1) and E/a(T+)

as functions of the dielectric constant (¢), NTOs of Sy and T, states with the

corresponding weight of DMAC-Ph-AQ, training TADF molecules for establishing the

o~ relationship and comparison of the LOL and SLOL- and IP-tuning on the

reproduction of the experimental AEsr.
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