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ABSTRACT: Phosphorescence of organic molecules has drawn extensive e o @ GRS itucnt
attention due to its potential applications in energy and life science. However, = =g o @ SR =S lituont

typically intersystem crossing (ISC) in organic molecules is slow due to the small

spin—orbit couplings (SOC) and large energy gaps (AEg.r) between different S
multiplicities. Molecular aggregation offers a practical strategy to manipulate ——
phosphorescent characteristics. In this work, the impact of aggregation on the — —\
luminescence properties of z-conjugated benzophenone luminophore 1-
dibenzo[b,d]thiophen-2-yl(phenyl)methanone (BDBT) are investigated theo-

S

ISC AI-ISC T“

retically using density functional theory (DFT) and time-dependent DFT. F P F P
Molecular aggregation results in substantial energy splitting and variation of

SOC, eventually changing the ISC rate. This is known as the “aggregation- So So

induced intersystem crossing” (AI-ISC) mechanism. Different types of electron Monomer Aggregate

donating and withdrawing functional groups are further introduced into BDBT

molecular system to tailor the phosphorescent efficiency. We find that functional groups can influence the SOC and energy gaps and
further manipulate the phosphorescence efficiency. Molecular systems with donating functional groups have faster ISC rates, and
dimers exhibit the best electronic luminescence due to the relatively large SOC and small AEg . The AI-ISC mechanism
accompanied by group functionalization provides a practical platform for phosphorescence enhancement.

1. INTRODUCTION alternative approach to an exhaustive search for molecular
candidates with small singlet—triplet gaps is to reduce AEg 1 by
aggregation. Aggregation is common in Jr-conjugated systems.
However, most planar n-extended aggregates suffer from

Luminescence (fluorescence and phosphorescence) is a useful
tool for molecular material applications, including organic
light-emitting diodes (OLEDs), sensors, bioimaging, and

organic photovoltaic cells.' " Conventional fluorescent devices emissior;oquenching, known as “aggregation caused quenching”
possess inevitable drawbacks stemming from a limited 25% (ACQ)."" Tang et al. coined the term “aggregation induce
quantum yield due to the singlet—triplet branching ratio and emission” (AIE) in 2001, and various types of AIE materials
short nanosecond lifetime.” Phosphorescent materials have an have been identified since then’' The enhancement of
advantage, because their quantum yield can reach 75%, and phosphorescence by molecular packing in z-conjugated
lifetimes are much longer.® Pure organic phosphorescent systems has been reported as well.”*~>*

materials have witnessed significant breakthroughs due to their According to Kasha’s rules (Figure 1a), excited energy levels
low cost, environmental friendliness, inherent feasible undergo an energy splitting due to excitonic coupling upon
versatility, and good processability compared with inorganics aggregation.26 This will cause the emergence of new energy
and organometallics.””"* However, achieving sufficient inter- levels, eventually creating a band structure. As a result, new
system crossing (ISC) remains a major challenge for designing channels for the transitions between singlet and triplet excited

highly efficient phosphorescence.' >

This work focuses on the design of pure organic molecules
with high ISC yield. Two strategies are commonly used to
facilitate ISC. The ISC rate, ke o I{T;/HgsolS,)I?/
(AEg.1)%'""® can be enhanced either by a large (THgolS,) Rec.eived: January 23, 2020
or by a small AEg . Here (T;|HolS;) and AEg 1 are the spin— Rev‘?ed: February 24, 2020
orbit couplings (SOC) and energy gap between the lowest Published: February 25, 2020
singlet excited state and the adjacent triplet excited state,
respectively. In pure organic systems ISC has been usually
increased by lowering AEg 1 even when the SOC is weak.'” An

states become available, and energy gaps will be narrowed,
eventually enhancing the intersystem crossing rate. Recent
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Figure 1. (a) Schematic diagram of AI-ISC. F and P denote

fluorescence and phosphorescence, respectively. ISC represents the
intersystem crossing from singlet to triplet excited states. The
thickness of arrows reflects the strength of promoted ISC or emission.
(b) Structures of the organic molecules studied in this work. The top
and the bottom rows are the molecular derivatives obtained by
incorporating electron donating and withdrawing functional groups
into the BDBT molecule, respectively.

advances reveal that high-lying excited states can contribute to
phosphorescence.'”””*® We anticipate the “aggregation
induced intersystem crossing” (AI-ISC) mechanism to open
new avenues in the search for candidates with eflicient
phosphorescence. Molecular aggregation of certain molecules
can modulate SOCs and energy gaps and further manipulate
ISC rates. Dimers and aggregates with donating functional
groups exhibit faster ISC compared with other molecules due
to their relatively large SOC and small AEq 1.

Benzophenone and its derivatives (Figure 1b) are short-lived
luminophores widely investigated for decades due to their
efficient ISC.**" The enhanced ISC in these compounds can
be ascribed to their hybrid singlet—triplet transition electronic
configuration contammg both n and 7 orbitals, according to El-
Sayed’s rules.’’ Dibenzo[b,d]thiophen-2-yl(4-fluorophenyl)-
methadone (FBDBT) a derivative of benzophenone, shows
phosphorescence.”” Molecular aggregation strongly affects the
luminescent properties, while the aggregation behavior and the
inherent mechanism in FBDBT remain unknown. The
incorporation of a functional group is another favorable
strategy to modulate the phosphorescence. In this paper we
manipulate molecular aggregation and the functional groups of
FBDBT to tune the ISC efficiencies.

With the FBDBT prototype, 1-dibenzo[b,d]thiophen-2-
yl(phenyl)methanone (BDBT, 1), we performed density
functional theory (DFT) and time-dependent (TD) DFT
calculations on its isolated and aggregated forms to explore
how aggregation influences its luminescence properties.
Functional groups are incorporated as well to modulate SOC
and AEg 1. By introducing different electron donating (NH,—,
CH;0-) and withdrawing (F—, CN—) functional groups into
BDBT, we obtained four types of phosphors, namely,
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dibenzo[b,d]thiophen-2-yl(4-aminophenyl)methadone
(ABDBT, 2), dibenzo[b,d]thiophen-2-yl(4-methoxyphenyl)-
methadone (MBDBT, 3), FBDBT (4), and dibenzo[b,d]-
thiophen-2-yl(4-cyanidephenyl)methadone (CBDBT, S) as
shown in Figure 1b. Our simulated results support the AI-
ISC mechanism.

2. COMPUTATIONAL DETAILS

All calculations including geometry optimizations of ground
states and excited-state TD-DFT progertles were performed
with the ADF 2017 program package. We employed the
B3LYP hybrid exchange-correlation functional, Grimme” D3
dispersion correction term with Becke-Johnson damping
parameters (DFT-D3-BJ), and a Slater-type DZP basis set to
describe all the molecular structures.”® DFT-D3-BJ is able to
describe the van der Waals interaction, which is crucial in a
molecular aggregation process. Statistical average of orbital
potentials (SAOP) that can reproduce excitation energies was
adopted in the TD-DFT calculations.”” * To model the
phosphorescence, it is necessary to consider SOC between
different multiplicities. Taking the scalar relativistic effect as a
perturbation is a reasonable approximation for weak SOC.*"**
An SAOP model and pSOC-TD-DFT were employed to
achieve better excitation properties. Solvent effects of cyclo-
hexane were incorporated by the COSMO continuum model
in all the calculations described below.

3. RESULTS AND DISCUSSION

BDBT is a n-conjugated derivative consisting of an electron-
donating dibenzothiophene and electron-withdrawing benzo-
phenone moieties. As can be seen in Figure 2a, both optimized
BDBT monomer and aggregates have twisted donor-accept
(D—A) structures with similar dihedral angles, and the
aggregates exhibit slipped z—n stacking structures with
intermolecular distances of 3.3—3.5 A due to the van der
Waals interaction. We first performed a highest occupied
molecular orbital (HOMO)/lowest unoccupied molecular
orbital (LUMO) simulation to investigate the nature of the
excitations in BDBT. All the HOMOs of BDBT systems are
located at the dibenzothiophene moieties, while the LUMOs
are centered on the benzophenone moieties, indicating a
charge-transfer (CT) character as a result of the D—A model
and steric hindrance. The spatial separation of the HOMO and
LUMO increases the electron exchange energy and further
reduces AEg 1 according to its exponential dependence on the
HOMO-LOMO distance. From Figure S5 we see that the
system undergoes a sharp decrease of the HOMO—-LUMO
gap from 2.70 eV in the monomer to 2.40 eV in the tetramer.
This will be more favorable for light absorption, since Sy — S;
excitations in all the molecules are dominated by the HOMO
— LUMO transition. Additionally, the photoabsorption
spectra extend to longer wavelengths in the process of
aggregation triggered by the reduction of singlet excited
energies (Figure S6a). The oscillator strength and the
transition dipole moment of the lowest singlet excited state
are the cause of fluorescence emission upon aggregation,
resulting in the suppression of fluorescence as illustrated in
Figure 2b.

The energy gaps and SOCs are the two dominating factors
of the ISC rates. In the course of aggregation, the excited
energy levels split, and eventually a band is created as
illustrated in Figure 2¢c. The energy splitting provides new ISC
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Figure 2. (a) The calculated HOMO and LUMO of model compounds. (b) The calculated oscillator strength and the transition dipole moment of
the lowest singlet excited state. (c) The simulated band like excited electronic energy levels. (d) The energy gaps between the lowest singlet and the
lowest triplet excited states. (e) The SOCs of BDBT monomer and aggregates. 1, 2, 3, and 4 denote monomer, dimer, trimer, and tetramer,

respectively.

channels between the singlet and triplet excited states and
narrows the corresponding energy gaps. However, the SOCs of
ISC channels show a maximum instead of a monotonic
increase with aggregation. Table 1 lists the ISC rates of the
channels below the reference red dashed line in Figure 2c. The
channel between the lowest singlet and the lowest triplet
excited state (S; — T;) dominates the ISC in BDBT. AEg 1,
exhibits a sharp decline with aggregation, while the
corresponding SOC shows a rise-fall feature. Moreover, high-
lying excited states in aggregates also have nontrivial ISC rates,
which further promotes the overall ISC rate. Consequently, the
overall ISC rates in aggregates increases compared to the
monomer, and the dimer has the highest overall ISC rate. The
energy gaps, SOCs, and ISC rates of the dominating ISC
channels in BDBT molecular system are also calculated with a
more sophisticated functional (M06-2X) as shown in Table SS.
The ISC rates calculated with M06-2X undergo a rise-fall
routine, and dimer holds the fastest ISC rate, which are
consistent with our SAOP results. The AI-ISC mechanism can
be used to manipulate ISC by balancing the energy gaps and
SOCs and further show strong phosphorescence.

To improve the phosphorescent efficiency of BDBT, we
investigated a series of derivatives that incorporate electron
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Table 1. ISC Rates of BDBT Molecular Systems”

kISC Sl SZ S3 S4 SS
(BDBT), T, 683
T, 3954 2001 3147
(BDBT), T, 2566 6023
T, 6634 2874
T, 17.73 1144 018 142 1.00
T, 8404 0.3 9.69 2225
(BDBT);, T, 2391 2711 1.60
T, 4.00 2.48 37.94
T, 2436 170
T, 1540 091 6.37 0.50 4.05
T, 5391 1.90 0.29 2.10
(BDBT), T, 1097 015 22.00
T, 3.0 6.48
T, 114.2

“From top to bottom: the calculated ISC rates of the channels below
the reference red dashed line in Figure 2¢ of monomer, dimer, trimer,
and tetramer of BDBT. The ISC rates of major channels of isolated/
aggregated molecules are in the S; column. Note that ISC rates of
those channels higher than S; — T in (BDBT), can be found in
Table S4.
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Figure 3. (a) The simulated HOMOs and LUMOs of isolated molecules studied in this work. The HOMOs and LUMOs of aggregates can be
found in Figures S1—S4. (b) The calculated emission oscillator strengths and (c) the transition dipole moments from the S, to S, transition, which
produces fluorescence. (d) The calculated singlet and triplet excited energy levels of ABDBT, MBDBT, FBDBT, and CBDBT.

donating (—OCH;, —NH,) and withdrawing (—F, —CN)
functional groups into BDBT denoted ABDBT, MBDBT,
FBDBT, and CBDBT, respectively (Figure 1b). We then
studied the AI-ISC mechanism and the relationship between
the cooperating functional groups and electronic structures. All
the optimized molecules display distorted D—A conformations,
and the optimized aggregates share similar off-plane 7—x
stacking structures with intermolecular distances of 3.3—3.5 A
as shown in Figures S1—S4. All molecules exhibit a separation
of HOMO and LUMO, reflecting a typical charge transfer
character. The HOMO-LUMO overlaps in ABDBT and
MBDBT are larger compared to those of FBDBT and CBDBT,
which can be ascribed to the electron-donating feature of the
—NH, and —OCHj substituents. Figure S5 reveals that the
HOMO-LUMO gaps are reduced during the aggregation
process in all five systems. Additionally, the photoabsorption
spectra displayed in Figure S6 generally show red shift during
the process of aggregation, which will increase the light
utilization. The oscillator strengths and transition dipole
moments are examined to further understand the optical
properties. Both decrease with aggregation in all the systems as
revealed in Figure 3b,c. This should suppress singlet emission
and populate the triplet manifold.

Similarly, in the excited energy levels from Figure 3d, all
molecules show the emergence of many energy levels between
different multiplicities during the aggregation process.
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Consequently, the singlet—triplet energy gaps decrease, and
additional ISC channels become available. The energy gaps
between the lowest singlet and the lowest triplet excited states
are lowered upon aggregation, as depicted in Figure 4a. We
also analyze the energy gaps of the foremost ISC channels in
Figure 4b, since S; — T is not always the dominant channel
due to the energy splitting. The energy gaps of the dominating
ISC channels do not always decrease with aggregation,
especially for electron-donating molecular systems. Figure 4c
shows the lower-lying ISC channels of the four molecular
systems. To sharpen the contrast, we only list the S; — T,
channels in monomers and channels not higher than S, — T,
in aggregates. Additional information on excited energies,
SOCs, and ISC rates is given in Tables S2—S19. Molecular
systems with electron-donating substituents usually have larger
SOCs, and dimers typically show relatively large SOCs. We
also compared the foremost ISC channels of the five molecular
systems. The dominating ISC channels of ABDBT and
MBDBT possess larger SOCs and relatively small energy
gaps, which promotes the ISC rates as displayed in Figure 4d
and Table S19. Dimers show the fastest ISC rates in all five
systems. It is worth noting that the phosphorescence lifetimes
become longer with aggregation (Table 2). Donating func-
tional groups including amino and methyl moieties combined
with molecular aggregation can facilitate the overall ISC rate
and promote the photoluminescence. The AI-ISC mechanism

https://dx.doi.org/10.1021/acs.jpcb.0c00654
J. Phys. Chem. B 2020, 124, 2238—2244
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Figure 4. (a) Calculated energy gaps of the lowest singlet and triplet excited states. (b) The calculated energy gaps of the lowest singlet and the
adjacent triplet excited states. (c) The SOCs of the important lower-lying ISC channels of the four molecular systems. 1, 2, 3, and 4 denote
monomer, dimer, trimer, and tetramer, respectively. For monomer, we only list S, — T, channels. For aggregates, we only list the channels not
higher than their own S, — T, channels and S; — T, channels of their corresponding monomers. More details can be found in Tables S2—S19.
(d) ISC rates of the dominated channels in monomer and aggregates. The ISC values are plotted in log;, format, and the absolute ISC values can

be attained in Table S19.

Table 2. Phosphorescent Lifetimes of the Five Molecular
Systems

lifetime/s BDBT ABDBT MBDBT FBDBT CBDBT
monomer 0.014 0.003 0.002 0.019 0.068
dimer 0.025 0.014 0.010 0.063 0.131
trimer 0.118 0.036 0.425 0.164 0.417
tetramer 0.336 0.092 0.118 1.402 1.621

in combination with substituent modulations can be a feasible
approach for us to manipulate phosphorescence and hence
increase the energy utilization.

4. CONCLUSIONS

The aggregation-induced intersystem crossing mechanism was
studied, and substituent effects were employed to manipulate
the ISC efficiency to pursue highly efficient phosphorescence
by a series of DFT/TD-DFT calculations. BDBT was first
chosen to design aggregates, which exhibited slipped 7—x
stacking structures. Appropriate molecular distances in
aggregates reduce the oscillator strength and the transition
dipole moment of the lowest singlet excited state, which
resulted in the suppression of fluorescence and enhancement
of the conversion possibility from singlet to triplet manifold. At
the same time, the strong intermolecular interactions cause the
excited energy splitting and achieve a band like section during
the process of aggregation. The new energy levels provide
additional ISC channels and narrow the energy gaps between
the singlet excited and the adjacent triplet excited states.
However, the SOC generally show a rise-fall feature during the
process of aggregation. Consequently, BDBT dimer shows
faster ISC rate compared with monomer and other aggregates.
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Four functional groups were introduced into BDBT to tune
phosphorescence properties. Molecules with electron-donating
substitutes showed larger SOC, and the AE 1 values were not
very large, which eventually led to a superior ISC rate
compared with that of withdrawing functional groups. Notably,
dimers displayed the best phosphorescence efficiency in all the
molecular aggregated systems, since they typically have large
SOCs. Therefore, we need to find a balance between SOC and
AE; 1 to achieve optimized ISC rates. Aggregation induced by
van der Waals interaction possesses a remarkable versatility in
molecular design, and therefore it is conceivable that AI-ISC
can serve as a complement for AIE. Our results provide a
promising platform for developing highly efficient phosphor-
escence materials.
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