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As the third-generation organic electroluminescent materials, thermally activated delayed fluorescence (TADF)
molecules have become the research focus recently. Significant solvent effect on TADFmolecules were found ex-
perimentally, while theoretical investigations are quite limited. In this work, the solvent effect on photophysical
properties of DCBPy andDTCBPy are investigatedwith first-principles calculations. The solvent polarity has slight
influence on themolecular geometries and orbitals, while it can decrease the energy gap between thefirst singlet
excited state (S1) and first triplet excited state (T1) significantly. Both the oscillator strength and the radiation
rates of S1 increase with larger solvent polarity. The large energy gap between S1 and T1 induce negligible inter-
system crossing (ISC) and reverse ISC rates between them, which also indicates higher triplet excited states are
involved in the up-conversion process. Our results provide valuable information about solvent influence on the
light-emitting properties of TADFmolecules, which could help one better understand the light-emitting mecha-
nism of them and favor the design of TADF molecules.
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1. Introduction

Extraordinary progress has been made in the development of or-
ganic light-emitting diodes (OLEDs) since the new-type high-efficient
thermally activated delayed fluorescence (TADF) molecules are re-
ported [1–5]. As the third-generation organic electroluminescent mo-
lecular materials, the exciton utilization efficiency of TADF materials
with small energy gap between the first singlet excited state (S1) and
the first triplet excited state (T1) can reach 100%, which break the
limit that the exciton utilization can't exceed 25% in traditional fluores-
centmaterials. A lot of remarkable works have been done on how to re-
alize small S1-T1 energy gap. For example, the general way to decrease
the S1-T1 energy gap is to connect electron-donating (D) groups and
electron-accepting (A) groups to form D–A molecules or D-A-D mole-
cules [6–8]. Besides, the small S1-T1 energy gap can be realized by
connecting D and A groups with a steric hindrance structure, such as
twist, bulky, or spirojunction. Some novel design strategies such as
combing through-bond and through-space transfer paths or by intro-
ducing intramolecular D-A or D-D interaction [9–12], have also been re-
ported. In most TADF systems, significant solvatochromism has been
found experimentally [13–15]. Theoretical investigations on the solvent
effect on the photophysical properties of TADF molecules are still quite
limited [16,18]. Theoretically, excited states with charge transfer (CT)
property could be stabilized in a polar solvent17. The energy gaps
linll@sdnu.edu.cn (L. Lin).
between CT states and localized excited (LE) statesmay vary in solvents
with different polarity [17,18].

In this paper, two donor-acceptor-donor (D-A-D)molecules, (2,5-di
(9H-carbazol-9-yl)phenyl)(pyridin-4-yl)methanone (DCBPy) and (3,5-
bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-phenyl) (pyridin-4-yl)
methanone (DTCBPy) (as shown in Fig. 1) are adopted as themodel sys-
tems to study the solvent effect on the photophysical properties based
on first-principles calculation. In both DCBPy and DTCBPy, two carba-
zole units and two the t-butyl carbazole groups are donors respectively,
and they are positioned at ortho andmeta to the pyridine carbonyl moi-
ety (acceptor group). The excited dynamics of these two molecules are
also investigated with thermal vibration correlation function (TVCF)
method [19–21]. Our theoretical study will provide more insights on
the solvent effect on the photophysical properties of TADF molecules,
which could help one better understand the light-emitting properties
of TADF molecules in solvent.

2. Theoretical methods and computational details

In this paper, the geometry optimization is performed for the ground
state (S0) by employing density functional theory (DFT), while the ge-
ometry optimization of S1 and T1 are carried out by using the time-
dependent density functional theory (TD-DFT). Since the excited states
of molecules with D and A units are usually typical CT states, the func-
tional should be chosen prudently. The conventional and popular func-
tional such as B3LYP and PBE0 usually underestimate the excitation
energy of CT states due to the low Hartree-Fork percentage (HF%) in
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Fig. 1. Geometries of DCBPy and DTCBPy molecules. Bonds and dihedral angles are labeled. Four stable configurations of DCBPy and DTCBPy molecules are shown at the bottom.
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them [22–24]. By contrast, the functionals with high HF% would induce
excess excitation energy [1,25]. Here we tested several functionals with
different HF% and also some functionals with separate shot-range and
long-range interaction. The absorption and emission spectra calculated
with different functionals are investigated (see Supplementary data
Table S1). We found that the absorption wavelengths and the emission
wavelengths in toluene are quite different when they are calculated
with different functionals. It is found that the absorption and emission
wavelengths calculated with the PBE0-1/3 functional are 391 nm and
490 nm, which agrees well with experimental values (400 nm and
490 nm). Consequently, the PBE0-1/3 functional is used first, and the
6-31G* basis set is adopted. Solvent polarity effects were taken into ac-
count by the polarizable continuum model (PCM) in which both the
linear-response (LR) method and the state-specific (SS) method were
tested [26–30]. Besides, the frequency calculation for S0 and S1 were
performed. Both the vertical excitation energy and the adiabatic excita-
tion energy were calculated respectively and all these calculations were
performed using GAUSSIAN 16 package [31].

The excited states dynamics are also studied. There are three decay
processes for S1: the radiation process (Fluorescence), the internal con-
version (IC) and the ISC. The decay rates are labeled as Kr, KIC and KISC re-
spectively. In this work, Kr is calculated based on the Einstein
spontaneous emission rate formula.

Kr ¼
fΔE2fi

1:499cm−2∙s
ð1Þ
here, f is oscillator strength andΔEfi is the energy gap between the initial
state and the final state with the unit of wave numbers (cm−1). Based
on the TVCF method, the non-radiative rate (or IC rate) can be calcu-
lated as follows:

KIC ¼ ∑kl
1
ℏ2Rkl
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i ρIC t; Tð Þ
h i

ð2Þ

here Rkl = 〈Φf|Pfk|Φi〉〈Φi|Pfi|Φf〉 is the nonadiabatic electronic coupling.
Zi is the partition function and ρIC(t,T) is the TVCF. One can see the detail
information about TVCFmethod in Refs. [19–21]. The ISC ratewas calcu-
lated based on classical Marcus rate equation.

KISC ¼ V2
ji

ℏ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π

ΚBTλ
∙ exp −

ΔGji þ λ
� �2

4λΚBT

" #
¼ V2

ji

ℏ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π

ΚBTλ
∙ exp −

ΔG⊥

ΚBT

" #vuut
vuuut ð3Þ

here, vji is the spin-orbit coupling between state i and j. It is calculated
with the quadratic response function method in Dalton program [32].
KB is the Boltzmann constant and T represents the temperature and is

set as 298 K. In the activation energy (ΔG⊥ ¼ ðΔGji þ λÞ2
4λ

), ΔGji and λ

are the energy gap and the reorganization energy between state i and
j involved. Here the reorganization energy is calculated using adiabatic
potential energy surface method (AP) [33,34]. For ISC rate, ΔGij = ES1
− ETn, andΔGij= ETn− ES1 for reverse ISC (RISC) process. Tn represents
the nth triplet excited state.

Image of Fig. 1


Table 1
Absorption and emission wavelengths as well as oscillator strength of S1 calculated with
ωB97XD for DCBPy-1, DCBPy-2, DTCBPy-1 and DTCBPy-2 in different solvent.

Configurations Solvent λab-LR

(nm)
λab-SS

(nm)
λem-LR

(nm)
λem-SS

(nm)
ƒ

DCBPy-1 n-hexane 334 362 401 446 0.022
Toluene 335 373 404 468 0.025
THF 335 373 408 581 0.032
DCM 335 375 409 599 0.032

DCBPy-2 n-hexane 338 362 405 445 0.030
Toluene 338 373 407 463 0.033
THF 339 373 413 569 0.043
DCM 339 375 414 582 0.044

DTCBPy-1 n-hexane 339 368 422 471 0.013
Toluene 340 378 424 492 0.015
THF 339 375 426 607 0.022
DCM 339 377 427 621 0.022

DTCBPy-2 n-hexane 343 369 422 467 0.019
Toluene 344 380 424 487 0.021
THF 346 383 430 604 0.022
DCM 347 385 429 612 0.029
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3. Results and discussion

3.1. Absorption and emission spectra

By performing geometry optimization, we can find that there are
four stable configurations for both DCBPy and DTCBPy (shown in
Fig. 1). One can see that the surfaces of acceptor groups in both
DCBPy-1 and DCBPy-2 are all parallel to the Z axis. The only difference
between them is the dihedral angles between two donors. For DCBPy-
1, two donors are almost perpendicular. For DCBPy-2, they tend to par-
allel with each other. For DCBPy-3 andDCBPy-4, the acceptor groups are
quite different from that in DCBPy-1 and DCBPy-2. The surfaces of the
acceptor groups in DCBPy-3 and DCBPy-4 tend to parallel to the XOY
surface. The four configurations for DTCBPy are similar to DCBPy.
Based on the energy calculation, the Boltzmann distribution formula is
adopted to calculate the population proportions for every configuration
(see Supplementary data Table S2). The detail of Boltzmanndistribution
formula is shown in the Supplementary data. The population propor-
tions for four configurations of DCBPy are 43%, 52%, 3% and 2% respec-
tively. For DTCBPy, they are 44%, 52%, 2% and 2% respectively. It
indicates that most DCBPy and DTCBPy molecules almost equally exist
in the former two configurations. Consequently, DCBPy-1 and DCBPy-
2 as well as DTCBPy-1 and DTCBPy-2 are studied in detail.

The absorption and emission wavelengths of DCBPy-1, DCBPy-2,
DTCBPy-1 and DTCBPy-2 in four different solvents (n-hexane, toluene,
dichloromethane and tetrahydrofuran) with different polarity are cal-
culatedwith the PBE0-1/3 functional using the LR-PCMmodel (see Sup-
plementary data Table S3). We found that both the absorption and
emission wavelengths for all the four configurations have little correla-
tion with the solvent polarity, which is quite different from the experi-
mental results. Although LR-PCM/TD-DFT calculation can agree with
experimental results well for most systems [35–38], some cautions
need to be noticed for some electronics processes characterized by
large electron density variation and by a very small oscillator strength,
or when a very accurate description of excited state geometry is sought
[30,39]. Studies indicated that SS-PCM could providemore balanced de-
scription of solvent effects on different excited electronic states than LR-
PCM, especially dealingwith transitions involving large changes of elec-
tron density. SS-PCM/TD-DFT can provide a more accurate treatment of
dynamical solvent effects on absorption and emission processes and a
more balanced treatment of electronic transitions with very different
oscillator strength or with substantial charge transfer (CT) character
with respect to traditional LR-PCM/TD-DFT [40,41], though it is more
time-consuming than the LR model and may induce some unphysical
values [42]. The absorption and emission wavelengths for all the sys-
tems calculated with the SS model are also listed in Table S3. It is
found that the absorption wavelengths for all the systems change
slightly when different solvents are used. Nevertheless, the emission
wavelengths of all the systems increase significantly with the polarity
increasing, which agree with the trends observed in experiment. One
should note that the emission wavelengths of all the systems in more
polar solvent are unreasonable, and we think that the SS model may
be functional dependent. Recent study indicated that it is necessary to
use both the range separate hybrid functional and the SS scheme to
study the excited states with large electron rearrangement [43]. The
charge density difference between S0 and S1 (T1) of DCBPy-1, DCBPy-
2, DTCBPy-1 and DTCBPy-2 in four different solvents can be found in
Figs. S1–S4. Large electron rearrangement can be found in all these sys-
tems. Then the ωB97XD functional is used, and the absorption and
emission wavelengths of all the systems are listed in Table 1. It is
found that the absorption wavelengths calculated with the SS-PCM
model are also little influenced by solvent polarity. Nevertheless, the
emission wavelengths calculated with the SS-PCM method agree with
the experimental values. With the polarity increasing, the emission
wavelengths show significant red-shift. For comparison, the absorption
and emission wavelengths calculated using the LR method are also
listed, which is in accordance with the results calculated with the
PBE0-1/3 functional. Our results indicate that the LR model is not suit-
able to describe the solvent effect of our systems. The solvent effect in-
vestigated with the SS model is more reasonable, while this method is
quite functional dependent. Based on the results above, the ωB97XD
functional will be adopted in following calculations.

3.2. Solvent effect on geometry structures and electronic structures

The geometry parameters of four configurations in S0 optimized in
four kinds of solvents are listed in Supplementary data Table S4. It can
be seen that little influence on bond lengths are found for themolecules
in different solvents. The dihedral angles change to some extent when
the solvents are different. Nevertheless, the changes are no larger than
2 degree, which should be the reason that the absorption wavelength
has little dependent on the solvent polarity. The geometry parameters
of four systems in S1 are also listed in Supplementary data Table S5. It
is found that the solvent polarity on the geometric parameters are still
limited. In view of the significant solvent effect on the emission wave-
lengths, we deduce that themain effect comes from energy not geome-
try variation.

The electron distribution and energy levels of the highest occupied
molecular orbitals (HOMOs) and the lowest unoccupied molecular or-
bitals (LUMOs) for four systems in different solvent are shown in
Fig. 2. It is found that solvent effect on the HOMO-LUMO energy gaps
is not quite significant. With the solvent polarity increasing, the
HOMO-LUMO energy gaps have a slight decrease. The energy levels
for HOMOs and LUMOs become a little lower when the solvent polarity
increases. For all the molecules, electrons in HOMOs are mainly located
at two donor groups, while most electrons in LUMOs are distributed on
the acceptor group. By analysis of the transition property of the S1 state,
we can see that HOMO-LUMO transition shows significant contribution
to it. In addition, theHOMO-1 to LUMO transitions also contribute to the
S1 states in all the systems (see Supplementary data Table S6). From the
electron distribution of HOMO-1, we can see that almost all the HOMO-
1s are similar to the HOMOs of the molecule. Consequently, charge
transfer property is expected for the S1 state in all the configurations.
In addition, solvent polarity has little effect on the energy and electron
distribution of molecular orbitals.

3.3. Excited-state properties and decay rates

The energy levels of several low-lying excited states are shown in
Fig. 3. All these energy values are calculated based on the S0 geometry.
It can be found that there are seven or six triplet excited states with en-
ergy lower than S1 for DCBPy-1 and DCBPy-2 in all the solvents. The



Fig. 2. Electron distribution and energy levels of HOMOs, HOMO-1 s and LUMOs for DCBPy-1 (a), DCBPy-2 (b), DTCBPy-1 (c) and DTCBPy-2 (d) molecules in n-hexane, Toluene, THF and
DCM.

Fig. 3. Energy levels of several low-lying excited states for DCBPy-1 (a), DCBPy-2 (b), DTCBPy-1 (c) and DTCBPy-2 (d) molecules in n-hexane, Toluene, THF and DCM.
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Image of Fig. 2
Image of Fig. 3


Table 2
Radiation rates and nonradiative rates for four conformers. Energy difference, spin-orbit coupling (SOC) and the ISC rates between S1 and T1. The SOC calculated based on the geometry of
triplet excited states and reverse ISC (RISC) rate are also listed.

Configurations Solvent Kr (s−1) ΔES1-T1 (eV) KIC (s−1) SOCa (cm−1) kISC (s−1) SOCb (cm−1) kRISC (s−1)

DCBPy-1 n-hexane 9.0 × 106 0.693 3.18 × 107 0.435 7.99 × 10−5 0.498 1.05 × 10−4

Toluene 1.0 × 107 0.683 5.43 × 107 0.431 1.22 × 10−4 0.490 1.58 × 10−4

THF 1.3 × 107 0.652 3.85 × 107 0.428 4.65 × 10−4 0.477 5.77 × 10−4

DCM 1.3 × 107 0.650 8.74 × 1010 0.446 5.74 × 10−4 0.481 6.68 × 10−4

DCBPy-2 n-hexane 1.2 × 107 0.703 2.74 × 1010 0.470 3.64 × 10−5 1.057 1.84 × 10−4

Toluene 1.3 × 107 0.695 2.87 × 1010 0.466 4.99 × 10−5 1.031 2.45 × 10−4

THF 1.7 × 107 0.669 3.72 × 107 0.461 1.95 × 10−4 1.161 1.24 × 10−3

DCM 1.7 × 107 0.666 3.82 × 1010 0.459 2.18 × 10−4 1.122 1.30 × 10−3

DTCBPy-1 n-hexane 4.9 × 106 0.612 6.93 × 108 0.334 1.65 × 10−3 0.357 1.89 × 10−3

Toluene 5.5 × 106 0.605 1.52 × 109 0.343 2.32 × 10−3 0.350 2.41 × 10−3

THF 8.0 × 106 0.577 – 0.349 7.28 × 10−3 0.344 7.07 × 10−3

DCM 8.2 × 106 0.575 2.40 × 109 0.349 7.87 × 10−3 0.341 7.50 × 10−3

DTCBPy-2 n-hexane 7.1 × 106 0.633 1.20 × 1011 0.383 8.65 × 10−4 0.790 3.68 × 10−3

Toluene 7.8 × 106 0.626 1.25 × 1011 0.387 1.17 × 10−3 0.799 4.98 × 10−3

THF 7.7 × 106 0.602 1.93 × 108 0.395 3.39 × 10−3 0.788 1.35 × 10−2

DCM 1.1 × 107 0.600 7.48 × 1010 0.391 3.48 × 10−3 0.793 1.43 × 10−2

a. SOC between S1 and T1 calculated based on the geometry of S1.
b. SOC between S1 and T1 calculated based on the geometry of T1.
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energy of S1 becomes lower when the solvent polarity is increased,
while the energy of T1 increases. The S1-T1 energy gap in all four config-
urations decreases with solvent polarity increasing (see Supplementary
data Table S7). The energy gaps between S1-T7 in DCBPy-1 and S1-T5 in
DTCBPy-2 are also decreased with the increase of the solvent polarity
(see Supplementary data Table S8). For DCBPy-2 and DTCBPy-1, the
S1-T6 energy gaps first decrease then becomes higher with solvent po-
larity increasing.

The S1-T1 energy gap is important value for TADF molecules. The
adiabatic S1-T1 energy gaps are also calculated (shown in Table 2),
and it is found that the energy gaps between them are all larger than
0.5 eV. So it is difficult for T1 to convert to S1. Nevertheless, triplet ex-
cited states lying between S1 and T1 may favor the up-conversion pro-
cess. The adiabatic S1-T1 energy gaps are a little different from the
values calculated with the vertical excitation energy (see Supplemen-
tary data Table S7).

The transition properties of S1 and T1 for DCBPy-1 and other config-
urations are shown in Fig. 4 and Figs. S5–S7 (see Supplementary data). It
Fig. 4. NTOs for S1 and T1 of DCBPy-1 in n-hexane, Toluene, THF and
is found that all the S1 andT1 states are hybrid local-excited and charge-
transfer (HLCT) states. The local excitation (LE) portions of S1 for all sys-
tems in all the four solvents are smaller than that for T1. The LE propor-
tion calculated is based on the overlap of two NTOs for the excited
states. For the calculation detail, one can referee to Ref. [44]. For all the
configurations, the transition for S1 and T1 involves the ortho-donor
and the acceptor. The meta-donor has no contribution to the transition
of S1 and T1. For all the configurations, the LE component for S1 de-
creases slightly with increasing solvent polarity, while it increases for
T1 to some extent. This slight variation of the transition properties
may induce the change of oscillator strengths for S1 and also the
photophysical properties.

The oscillator strengths of S1 for all the configurations in different
solvents are shown in Table 1. It is found that the oscillator strengths be-
come a little larger when the solvent polarity increases. The values of
the oscillator strength of the two conformers for DCBPy and DTCBPy
are a little different. The radiation rates of S1 have also slight increase
with the polarity increasing, which also have close relationship with
DCM. The LE proportion for every excited state is also shown.

Image of Fig. 4


Table 3
Reorganization energy between S0 and S1 of DCBPy-1, DCBPy-2, DTCBPy-1 and DTCBPy-2
in different solvents. (unit: eV).

Configurations Solvent λgs λes λall

DCBPy-1 n-hexane 0.32 0.31 0.62
Toluene 0.32 0.32 0.64
THF 0.35 0.31 0.66
DCM 0.35 0.31 0.66

DCBPy-2 n-hexane 0.31 0.30 0.61
Toluene 0.31 0.30 0.62
THF 0.34 0.32 0.66
DCM 0.35 0.32 0.66

DTCBPy-1 n-hexane 0.37 0.35 0.72
Toluene 0.37 0.35 0.72
THF 0.41 0.33 0.75
DCM 0.42 0.33 0.75

DTCBPy-2 n-hexane 0.35 0.33 0.68
Toluene 0.35 0.33 0.68
THF 0.36 0.34 0.70
DCM 0.36 0.33 0.69
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the oscillator strength. In addition, the non-radiative rates calculated
with TVCF methods are shown in Table 2. It is found that the non-
radiative rates for all the molecules are quite large, with the similar or-
ders of magnitude as our former results [45–48]. However, their varia-
tion in different solvents seems to have no relationship with the
solvent polarity. To check the reasons, the reorganization energy be-
tween S1 and S0 is calculated (as listed in Table 3). It is clear that the re-
organization energy values between two states of four configurations in
four solvents are all larger than 0.6 eV. However, the reorganization en-
ergy calculated in our former work is usually smaller than 0.4 eV. Con-
sequently, we think that the TVCF method which based on normal
modes analysis may not be appropriate to describe the non-radiative
process. That is also why the variation of the non-radiative rates in dif-
ferent solvents are in disorder.

For TADF molecules, the spin orbit coupling (SOC) between S1 and
T1 is another important parameter. The S1-T1 SOC values are calculated
based on the geometry of S1 and T1 respectively using Dalton program
(shown as SOCa and SOCb in Table 2). It is found that the values calcu-
lated based on S1 are a little smaller than that calculated based on T1.
The SOCa values decreases with increasing solvent polarity in DCBPy,
while the SOCa values increases with increasing solvent polarity for
DTCBPy. For all the twomolecules, the SOCb havemore complicated var-
iation.With the SOC values and the S1-T1 energy gaps, the ISC rates and
the RISC rates can be calculated using the Marcus rates equation (as
shown in Table 2). However, the ISC rates and the RISC rates are so
small that it indicates that the ISC and RISC processes could not happen
between S1 and T1. From the energy structure of several low-lying ex-
cited states in Fig. 3, one can deduce that the ISC and RISC processes
should happen between S1 and the triplet states close to it.

4. Conclusions

In Summary, the solvent effect on the photophysical properties of
the DCBPy and DTCBPy molecules are investigated based on first-
principles calculations. Our calculation indicates that the solvent effect
cannot be described using the LR-PCM model and the SS-PCM model
is more suitable. Nevertheless, the SS-PCMmodel is quite functional de-
pendent andmay induce someunreasonable results at some calculation
levels. Our calculation indicates that there are four stable conformers for
both DCBPy and DTCBPymolecule. However, the DCBPy-1 and DCBpy-2
as well as DTCBPy-1 and DTCBPy-2 are more stable than other con-
formers. Based on the results of DCBPy and DTCBPy, we found that the
solvent polarity has slight influence on the geometry of S0 and S1 for
all the configurations investigated and also the molecular orbitals. Nev-
ertheless, its influence on the excited states and their decay rates are
significant. With the solvent polarity increasing, the S1-T1 energy gaps
become smaller. The LE component in S1 for all the configurations
decreases slightly, while it increases for T1. The oscillator strength for
S1 becomes stronger, which also the main reasons that the radiation
gets faster in solvents with larger polarity. The non-radiative rates cal-
culated with the TVCF methods are only reasonable when reorganiza-
tion energy involved in two states are small enough. The broad S1-T1
energy gaps induce negligible ISC and RISC rates, which also indicates
that the up-conversion should happen between S1 and higher triplet
excited states.
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