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Abstract: Organic molecules with large triplet

gap between T1 and T2 (AET,1,) can be applied in Q---g
hot exciton mechanism and singlet fission to beat @-.-N C,"(") &
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the spin statistics limit in optoelectronic devices. =
Based on theoretical calculations, we propose a 0

molecule design strategy to achieve large AEt r, Baird Aromaticity

by manipulating the aromaticity and the transition S, 3 Xy o Wo—
properties of the low-lying excited states. For the HLC?Y LI

first time, partially conjugated five-membered T,

rings are found to naturally have low E(T1) owing E(T,)>E(S,)>2E(T,) u

to high aromaticity obeying Baird’s Rule. By S
applying such ring as a bridge and linking various ’
donor and acceptor moieties to control the S; and T states, we have designed numbers of
derivatives with tunable emission color, all possessing large AEr p, and satisfying
E(T2)>E(S1)>2E(T1). The ultrafast spectroscopy and sensitization measurements for one
designed molecule (TPA-DBPrz) confirm AEr r, to be 820 nm, in excellent agreement with
our calculations. This design strategy provides a novel route to develop high-efficiency
optoelectronic materials.

1. Introduction
Organic light-emitting diodes (OLEDs) have been successfully commercialized on displays and

solid-phase lighting due to their advantages.™ There has been a long-standing challenge to beat
25% statistical limit? in the electroluminescence devices. Recently, nearly 100% IQE has been
obtained in the thermally-activated delayed fluorescence (TADF) materials for
electrofluorescence.®! For TADF materials, efficient reverse intersystem crossing (RISC) is

essential to convert triplet states to singlet manifold for fluorescence, which usually requires a
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significantly small singlet-triplet energy gap (AEst).B¥ It is well known that such small AEst
can be generated by separating the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) in space, which concurrently leads to very weak
oscillator strength, quite small emissive cross section and considerably long fluorescence
lifetime.l® 4 The hybrid locally-excited charge transfer (HLCT) materials based on the hot
exciton mechanism put forth by Ma and Yang are expected to make up for the deficiency,
because more local excitation (LE) feature produces larger oscillator strength for fluorescence
and RISC between higher excited singlet and triplet manifolds is more efficient without serious
time delay.[® However, there is a very harsh condition for organic compounds to possess a large
AEr, 1, to suppress the nonradiative internal conversion from Tz to Ta.

Very recently, the singlet fission (SF) materials are promising candidates for organic
photovoltaics and electroluminescence because two low-energy triplet excited states (T1) are
generated from one high-energy singlet excited state (S1), leading to overcoming of the single
junction limit in solar cells® and the 25% statistical limit in OLEDU]. An efficient SF process
basically requires the excited energy of S: larger than twice the excited energy of T,
E(S1)>2E(T1).[®! In addition, the other energy condition of E(T2)>E(S1)>2E(T1) should also be
satisfied to avoid the intersystem crossing (ISC) from S; to T2 and the recombination of T
excitons.[¥! Overall, the SF and HLCT materials have similar energy requirements (see Figure
1), i.e., ultralow E(T2) level and large AEr 1,. However, it is a formidable challenge to design
molecules with either low E(T1) or large AE_ 1, let alone both.

In this work, we first demonstrate that some triplet-stabilized five-membered rings (i.e.,
pyrazoline) naturally have low E(T1) owing to high aromaticity in T1 obeying Baird’s Rule[*%
and large AEr, 1, due to different transition property. A series of donor-bridge-acceptor (D-B-
A) systems are then designed based on pyrazoline ring as a bridge via introducing different

donor or acceptor moieties (see Scheme 1). For the constructed pyrazoline derivatives, the low
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E(T,) is consistently maintained because the transition density of T is localized in pyrazoline
ring and the high E(T>) is generated via a transition over substituted donors or acceptors, which
results in a large AEr, 1,. With that, a novel series of full-color emitters with large AEr, 1, and
low E(Ty) are predicted through theoretical calculations and proved by transient absorption
spectroscopy spectra of TPA-DBPrz, which, to the best of our knowledge, has not been

previously reported.
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Scheme 1. Chemical structures of five-membered rings and constructed molecules in this

work (red: donor; blue: acceptor).
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Figure 1. Schematic diagram of energy levels for the SF and HLCT materials.

2. Results and Discussion

2.1. Five-membered rings with low E(Tz1) and large AEr,, .

The conjugated five-membered rings are frequently used as fundamental units in luminous
molecules, such as cyclopentene, 3-pyrroline, pyrazoline, pyrazole, imidazole and pyrrole as
shown in Scheme 1. The effects of molecular conjugation on the emissive spectra and
efficiencies from Si have been widely investigated in organic systems.[**] However, the roles
of molecular conjugation in triplet states have rarely been explored. We here systematically
investigate low-lying excited triplet and singlet states of five-membered rings with different
degree of conjugation, including olefinic rings (cyclopentene), antiaromatic rings (3-pyrroline
and pyrazoline) and aromatic rings (pyrazole, imidazole and pyrrole).

We optimize the geometrical structures via SA4-CASSCF/cc-PVTZ with active space (10e,
100) and calculate the electronic structures of the low-lying excited triplet and singlet states of
these five-numbered rings via MS4-CASPT2/cc-PVTZ, and the results are shown in Figure 2
and Table 1. It is seen in Figure 2a that cyclopentene, 3-pyrroline and pyrazoline are partially
conjugated with transition densities mainly localized on double bond and lone-pair electrons,
while pyrazole, imidazole and pyrrole are fully conjugated with transition density delocalized

over the whole rings. Furthermore, it is found from Table 1 that the partly conjugated
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cyclopentene, 3-pyrroline and pyrazoline rings have low E(T1), which naturally meet the energy
condition of E(T1)<<E(T>) as required for HLCT materials and 2E(T1)<E(S1)<E(T2) as needed
for SF materials; while the fully conjugated pyrazole, imidazole and pyrrole rings possess high
E(T1) and relatively small AE7 1,. Upon excitation, the double bonds are elongated to a greater
extent in cyclopentene (0.130 A), 3-pyrroline (0.158 A) and pyrazoline (0.184 A) than those
(ca. 0.100 A) in pyrazole, imidazole and pyrrole as shown in Figure 2b and S1, which largely
weaken the coupling between the two p orbitals of the former, leading to low E(T1). These
results are also consistent with Baird’s Rule, in which the aromaticity is always changed upon
triplet excitation and the aromatic triplet states are more stable with lower energy.[% 2 For
example, pyrazoline is a three-center four-electron (m3) five-membered ring which appear
aromaticity in T1. The anisotropy of the induced current density!*®! (AICD) which can character
the molecular aromaticity is calculated and plotted in Figure 2c. The clockwise ring currents
in Figure 2c of cyclopentene, 3-pyrroline and pyrazoline rings indicate them to be aromatic
while the anticlockwise ring currents in pyrazole, imidazole and pyrrole prove them to be
antiaromatic in T1. Thus, according to Baird’s Rule, cyclopentene, 3-pyrroline and pyrazoline
retain stabilized T states with ultralow energy. Furthermore, the orbitals are energetically well-
separated in these rings as shown in Figure 2d, especially, the energy gap between HOMO and
HOMO-1 is very large. The T states are dominated by the transition from HOMO to LUMO
while the T, states stem from the ones from deeper occupied orbitals to LUMO or higher
unoccupied orbitals, which results in large AEr 1,. All these results indicate cyclopentene, 3-
pyrroline and pyrazoline are expected to be good triplet-stabilized candidates for ultralow E(T1)

and ultra-large AE7 1,. The similar conclusion can be obtained by the TDA-DFT approach as

shown in supporting information (SI).
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Figure 2. (a) Nature transition orbitals (NTOs) of T1 at T:-geometry; (b) Optimized bond
lengths (Inside: SO-geometry; Outside: Ti-geometry); (c) AICD plots of six five-numbered
rings in Ty state in which the induced current density vectors denoted by the arrows; and (d)
frontier orbitals energies and transitions of T1 (black) and T2 (red) states.

Table 1. Vertical excitation energies (Unit: eV) of six five-numbered rings at T1-geometry.

Compound E(T) E(2) E(S.) 2E(T) AEqq,
cyclopentene 1.01 6.04 3.77 2.02 5.03
3-pyrroline 126 4.09 3.56 2.52 2.83
pyrazoline 154 468 355 3.08 3.14
pyrazole 284 443 497 5.68 1.59
imidazole 3.44 510 544 6.88 1.66
pyrrole 335 484 534 6.70 1.49

We further calculate the low-lying excited states of the extended rings based on pyrazoline at

TDA/LC-oPBE"/6-31G(d) level. They all exhibit ultralow E(T1) compared with E(S1) (Table
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S3) because the T1 mainly originates from the pyrazoline ring (Figure S3a), while E(T>) is
significantly changed by the introduced chemical groups. These results further demonstrate the
partly conjugated rings can serve as triplet-stabilized moieties for the HLCT and SF materials.
2.2. Construction of pyrazoline derivatives with low E(T1) and large AEx, , .

Pyrazoline derivatives have been investigated as hole-transport materialsi**l, fluorescent
sensor™! and medicinel*®! owing to high stability and wonderful photophysical properties.
Hence, in this work, pyrazoline ring is used as a bridge (B) to construct 25 compounds by
introducing different donor (D) and acceptor (A) groups, namely, D-B-A type (see Scheme 1).
The electron-withdrawing ability of the acceptors becomes stronger from FB, Py to BN owing
to lower LUMO energies, and the electron-donating ability of the donors becomes stronger
from TP, Cz, PTZ to PZ due to higher HOMO energies (Table S4).

Compounds 1-9 with different D or A at the same substituted 1- and 3-positions all possess with
nearly coplanar conformations with high rigidity. Upon excitation, significant modifications
occur on three bond lengths rather than angles and dihedral angles, as seen in Table S5. These
three bond lengths are C=N in pyrazoline ring (L1), the bond linking B and A (L) and the bond
linking B and D (Ls), respectively, as illustrated in Scheme 1. From Sp-geometry to T:-
geometry, L is considerably elongated by 0.081-0.136 A, which is similar to the change of
single pyrazoline ring, while L, and L are slightly shortened by 0.002-0.07 A as seen in Table
S5. The hole-electron analyses are carried out to unravel the transition nature of the low-lying
excited states, and the resultant hole-electron distribution heat maps and natural transition
orbitals (NTOs) are plotted in Figure 3 and Figure S4, respectively. The hole-electron
distribution heat map can intuitively characterize the contribution from each subgroup (i.e., B,
D and A) to the transition density of the molecule.[*”l Both of the hole-electron heat maps and
NTOs indicate that T1 of the molecules is a LE state originating from pyrazoline ring, which

results in the fact that their E(Ty) is very close to that of single pyrazoline ring, namely, ca. 1.50
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eV, as shown in Figure 4a. Differently, T» is a LE state mainly stemming from either acceptor
or donor of the molecules, which have much wider energy-gap transitions than that of
pyrazoline ring. Thus, E(T1) is much smaller than E(T2). By contrast, S1 acquires a slightly
delocalized transition with partial CT character. The resultant E(S1) is smaller than E(T2) as
seen in Figure 4a. Furthermore, the difference in the nature of electronic configuration between
T, and S; states can give rise to large spin-orbit coupling (SOC), which facilitates the mutual
conversion between them under the hot exciton mechanism. Overall, the nine compounds all
meet the energy conditions of E(T1)<<E(T2) and 2E(T1)<E(S1)<E(T2), indicating them to be
good candidates for HLCT or SF molecules. In addition, while retaining large AEr, 1,, the
emissive wavelengths vary in a wide visible region of 2.30~3.27eV owing to different D and A
in these nine molecules (Table S6), which enriches the HLCT or SF molecules with multicolor

light.
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Among the nine compounds, compound 1 has the largest AET, 1, (2.19 eV) with the substituents
BF and B. Hence, we change the substituted position of BF and B (compounds 10-18 in Scheme
1) to investigate position dependence of the substituents on the properties of the low-lying
excited states. It can be seen from Figure 4b that (i) the energy relationships of E(T1)<<E(T>2)
are still maintained with AEy r, larger than 1.91 eV, which is independent on the positions of
BF and B in the pyrazoline ring; (ii) the 2E(T1)<E(S1)<E(T2) is well held except for 11 and 14
with B at the 3- site and BF at the 4- or 5- sites of pyrazoline ring; (iii) relative to compound 1
and 10, the E(S1) and E(T>) are raised while the E(T1) fluctuates between 1.30 and 1.71 eV for
compounds 11-18. Thus, it can be predicted that among these systems, compounds 12, 15 and
18 would be excellent HLCT materials because of large AEy 1, that blocks the internal
conversion from T, to T1 and small AEs r, that facilitates the intersystem crossing from T to
S1; and Compounds 10, 16 and 17 would act as SF materials owing to not only 2E(T1)<E(S1)
but also large AEs_ 1,. The reason of the ultralow E(T1) and large AE7 1, in 10-18 is the same
with that in 1-9 (Figure 3 and Figure S4).

The effect of the number of substituents on the excited state property are further studied through
adding donor or acceptor at 4- or 5-site of pyrazoline ring when B and BF are fixed at 1- and 3-
site, respectively (compounds 19-24 in Scheme 1), and the resultant excitation energies and
NTOs are given in Table S6 and Figures 4c, S4. It can be seen that the E(S1), E(T1), E(T>) of
these compounds 19-24 are all similar to those of compound 1, which suggests the substituents
linked to the sp® hybridized carbon atom of the pyrazoline (Rs and Rs) have no effect on the
excited-state properties while the ones at the conjugated part of the pyrazoline ring play
important roles. Therefore, it can be declared that the low-lying excited-state properties and
emissive color can be tuned by changing R: and R at 1- and 3- sites of pyrazoline ring, and

other physical properties such as crystallization ability, glass-transition temperature etc. can be



controlled via adding Rz or R4 at 4- and 5-sites. Thus, excellent HLCT or SF materials can be

properly designed for optoelectronic devices.
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Figure 4. Excitation energies of the compounds at Ti-geometry at TDA/LC-oPBE*/6-31G(d)
I2e.\3/.EII.ExperimentaI validation of theoretically designed TPA-DBPrz molecule.

Keeping the above design strategy in mind, we build a compound named as TPA-DBPrz with
R1=B, R>=B, R3=H and R4=TPA, which has properly large molecular weight to meet the
requirement for the application in optoelectronic devices. The low-lying excited states are
calculated at MS4-CASPT2(8,8)/cc-PVDZ level and the results are given in Figure 5, including
energy levels, transition properties and involved frontier orbitals. The S; state has a hybrid
transition character with LE on pyrazoline and CT from 1-site phenyl to 3-site phenyl ring. The
T, state stems from LE on pyrazoline ring, as well as a marginal contribution from two phenyl
rings. The T2 state comes from the electron transition on TPA moiety. The resultant E(S1), E(T>)

and E(T1) are 2.68, 1.55, and 3.23 eV based on Ti-goemetry, respectively, leading to large

AEr, 1, of 1.68 eV.
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Figure 5. NTOs and energy levels of TPA-DBPrz based on Ti-goemetry.
To confirm our theoretical predictions, we synthesized TPA-DBPrz compound and measured
its photophysical properties. The synthetic route of TPA-DBPrz is shown in Scheme S1 and it
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is characterized and verified by 'H NMR, *C NMR, high resolution mass spectrometry and
elemental analysis as given in Sl. The ultraviolet-visible absorption and photoluminescence
(PL) spectra of TPA-DBPrz in chloromethane (DCM) solution are plotted in Figure 6a. The
PL shows a blue emission with a maximum peak at 453 nm, very close to the theoretical value.
The PL lifetime curve exhibits a single-exponential fluorescence decay process in DCM
solution with and without degassed (Figure 6b). However, the excited-state lifetime in the
former condition (5.58 ns) is slightly longer than that (4.61 ns) in the latter condition,
confirming the generation of triplet state. These are similar to the typical HLCT behaviors.[*]
The photoluminescence quantum yield is 90% in the DCM solution indicating the highly
efficient luminescence process. The femtosecond transient absorption spectroscopy (fs-TA)
spectra of TPA-DBPrz in dichloromethane (DCM) is performed with excitation wavelength of
400 nm (see Figure 6¢c-d, S5) and it is found that there appear two types of features: one peak
is near 577 nm in a short time, and the other is at 520 nm and 820 nm after ca. 1998.98
picoseconds (ps). Combining fs-TA spectra and the dynamic curve in Figure 6¢-d and Figure
S5, it is seen that (i) the excited state corresponding to 577 nm firstly appear and then quickly
disappear, which can be attributed to the absorption from S; state; (ii) the excited state
corresponding to 520 nm and 820 nm is transferred from the S; state, which is hypothetically
assigned to be the absorption from T1 to T, state. In order to confirm the absorption of Ty, we
further sensitize the T state of the TPA-DBPrz using a phosphorescence dye Ru(bpy)sClz with
a low E(T1) (2.1 eV),[**1 and measure the nanosecond transient absorption spectroscope (ns-
TA) of the sole Ru(bpy)sClz and TPA-DBPrz&Ru(bpy)sCl2 in DCM, as provided in Figure 6e-
f and S6. It is seen that the sole Ru(bpy)sCl> show no absorption band at 520nm and 820nm
while Ru(bpy)sCl.&TPA-DBPrz exhibit a long-lived (38us) absorption band (Figure S6) at
820nm (1.51eV) and a very strong and long-lived (> 2000 ps) absorption band (Figure 6f) at

520nm which is identified to the T1 to T and higher triplet state T, absorption of TPA-DBPrz,
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which fully proves the theoretically predicted AEr r, of 1.68eV. These results confirm that the
theoretically designed TPA-DBPrz possesses large AE, r,, potentially important for HLCT and
SF application.
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Figure 6. (a) Normalized UV-vis and PL spectra in DCM solution; (b) The PL decays of
degassed and not degassed TPA-DBPrz in dilute DCM solutions; (c) and (d) fs-TA spectra and
corresponding dynamics curves of TPA-DBPrz in the DCM solution (10 uM); (¢) ns-TA spectra
of Ru(bpy)sCl.&TPA-DBPrz solution at different time delays, Ru(bpy)sCl> (20 uM), TPA-
DBPrz (1 mM); (f) ns-TA measurement of Ru(bpy)sCl2 (20 uM) and Ru(bpy)sCl2 (20 uM)
&TPA-DBPrz (1 mM) in DCM monitored at 520 nm.

3. Conclusion

To conclude, we propose a molecular design strategy to obtain low T: and large AEr, T,

compounds which are of potential application in SF and hot exciton materials. We first

investigate the low-lying excited state structures for a typical five-membered rings with
12



different degree of conjugation using the state-of-the-art quantum chemistry approaches. It is
found that the partly conjugated five-membered rings are expected to be good triplet-stabilized
candidates because of elongated double bond (by 0.130~0.184 Angstrom) and high aromaticity
in Ti.

Then, we choose pyrazoline ring as a bridge and design 25 molecules of donor-bridge-acceptor
(D-B-A) type through substituting donors and acceptor at different site positions. The calculated
results indicate that Ty is a LE state originating from pyrazoline ring, which maintain the
ultralow E(T1) (very close to that of single pyrazoline ring, ca. 1.50 eV), while T is a LE state
that mainly stems from either acceptor or donor moiety, generating high E(T2). Thus, the wide
energy gap between T1 and T is produced in these molecules.

Finally, we synthesize a designed TPA-DBPrz molecule and investigate its photophysical
properties by theoretical calculations and experimental measurements. The measured PL of
TPA-DBPrz exhibits a blue emission and 90% PLQY in DCM solution. The fs-TA spectra of
TPA-DBPrz in DCM and the ns-TA spectra of TPA-DBPrz&Ru(bpy)sCl, in DCM both show
the absorption from T1 to T> at 820nm (1.51eV), which fully proves the theoretically predicted
AErt, 1, of 1.68eV.

In summary, using reliable quantum chemistry methods, we have successfully identified five-
membered rings which can naturally stabilize triplet state, based on which we have designed
25 compounds that all exhibit ultralow E(T1) and ultra-large AE 1, 1, and thus serve as promising
candidates for hot exciton and SF materials. This work will provide a new route and a number
of novel chemical moieties for designing high-performance hot exciton and SF materials in

practice.
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A Facile Strategy to Achieve Large Triplet Gap Based on Excited-State Aromaticity-
tunable Five-memebered Ring

Qi Sun, Yuanyuan Culi, Yishi Wu, Can Gao, Qi Ou, Deping Hu, Lu Wang, Yue Wang, Huanli
Dong, Qian Peng*, and Zhigang Shuai*

1. Computational Methods

Firstly, we performed high level calculations using OpenMolcas packagel!! to calculate the
excitation energies of the six five-membered rings at the T1 geometry in Scheme 1.
Considering accuracy and the cost of calculation, we chose SA4-CASSCF (10,10) to
optimized the T1-geometry and MS4-CASPT2 (10,10) to complete the excitation energies.
TDDFT with Tamm-Dancoff approximation (TDA) can improve the accuracy of the
calculated energy of triplet excited states.[?l Brélas et al. have been used these methods to
successfully calculated AEst and E(S1) of some typical TADF molecules.! We use the same
method to calculate the pyrazoline derivatives. The ground state and excited state geometries
were optimized at B3LYP/6-31G(d) and CAM-B3LYP/6-31G(d) level respectively. The
excitation energies were calculated via optimally turned LC-owPBE (LC-oPBE") with 6-
31G(d) basis set. The value of o for each molecule is in the Table S6. In order to consider
solvent effect, all the calculations were carrying out using the polarizable continuum model
(PCM)HI, the solvent is toluene in the whole calculations. Anisotropy of the induced current
density (AICD) calculations were carried out at the B3LYP/6-31+G(d) level. All of the above
calculations were conducted using the Gaussian 16 packagel®. Hole-electron analysis® and
NTOs were conducted utilizing Multiwfn.["

2. The synthesis of compound TPA-DBPrz

2.1 The synthesis of (E)-3-(4-(diphenylamino)phenyl)-1-phenylprop-2-en-1-one (m3): 4-
(N,N-diphenylamino)benzaldehyde (m1) 8.2 g (0.03 mol) and acetophenone 3.844 (m2)
(0.033 mol) were mixed into a 100 ml round bottom flask with absolute alcohol (30 mL). The
mixture was stirred at room temperature as well as PH=10 environment for 8 h and was
filtered directly. After washing by alcohol and drying, m3 was obtained as orange powder

(8.2 9).

2.2 The synthesis of TPA-DBPrz: Phenylhydrazine (m4) (10 ml) was added slowly to acetic
acid (30 ml) and stirred for ten minutes at room temperature, then m3 (0.022 mol) was added.
The mixture was refluxed under nitrogen for 12 h. Then it was cooled to room temperature
and poured into ice water. After filtering, the crude product was washed by alcohol and dried.
The solid was purified by column chromatography (silica gel, dichloromethane:petroleum
ether =3:1, volume ratio).
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Scheme S1. Synthetic route to compound TPA-DBPrz.

2.3 The 'H NMR and *C NMR spectra:

The 'H NMR and 3C NMR spectra were recorded using a Bruker ADVANCE 400 NMR
Spectrometer. All NMR spectra, if not otherwise specified, were measured at 25 °C and calibrated
using the residual solvent signals. Elemental analysis was carried out on Flash EA 1112 Elemental
Analyzer. The mass spectrum was acquired using a Bruker MOLDI-TOF instrument.

'H NMR (400 MHz, THF-d8) § 7.76 — 7.70 (m, 2H), 7.34 (dd, J = 8.3, 6.6 Hz, 2H), 7.30 —
7.25 (m, 1H), 7.19 (t, J = 8.0 Hz, 6H), 7.13 — 7.06 (m, 4H), 7.03 — 6.92 (m, 8H), 6.69 (tt, J =
6.5, 2.0 Hz, 1H), 5.29 (dd, J = 12.3, 7.0 Hz, 1H), 3.86 (dd, J = 17.1, 12.3 Hz, 1H), 3.13 (dd, J
=17.2, 7.0 Hz, 1H). MALDI: calculated 465.21999, found: 465.21994. Elemental analysis for
Cs3H27Ns: C, 85.13%; H, 5.85%; N, 9.03%. Found: C, 85.12%; H, 5.83%; N, 9.02%.

3. Spectral characterization

3.1 UV-vis spectra The absorption spectra in solution were recorded by a Jasco V-570
spectrometer. Photoluminescence spectra of solution were recorded on a Jasco FP-6600
spectrophotometer. Absolute photoluminescence quantum yield was measured on a Jasco FP-
6600 spectrophotometer equipped with an integrating sphere. Fluorescence decay
measurements of the emitters were acquired in DCM solutions on a time-correlated single
photon counting setup with excitation using a 390 nm laser. The degassed sample was
bubbled under nitrogen for 20 minutes before measurement.

3.2 Femtosecond Transient Absorption Spectroscopy. A femtosecond laser system
(Pharos, Light Conversion) delivered laser pulses at 1030 nm (180 fs, 6 kHz), which were
then divided into two components by using a 9:1 beam splitter. The major component was
sent to an optical parametric amplifier (Orpheus, Light Conversion) to generate the pump
pulses (420 nm, 6 kHz). The minor component was further attenuated and focused into a 3-
mm sapphire plate to generate the probe pulses. Both the pump and probe pulses were guided
into a Harppia spectrometer and time resolved spectral data were recorded. A short-pass filter
was inserted into the probe beam to cut off the fundamental light of 1030 nm. The time delay
between the pump and probe beams were regulated through a computer-controlled motorized
translation stage in the probe beam. The temporal resolution between the pump and the probe
pulses was determined to be ~200 fs (FWHM). The transmitted light was detected by a
CMOS linear image sensor. The excitation pulsed energy was ~ 60 nJ/pulse as measured at
the sample site. Analysis of the Kinetic traces derived from time-resolved spectra was
performed using nonlinear least-square fitting to a general sum-of-exponentials function after
deconvolution of instrument response function (IRF). All the spectroscopic measurements
were carried out at room temperature.
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3.3 Nanosecond-to-microsecond transient absorption Experiments were performed using a
commercial nanosecond laser flash photolysis spectrometer (LP980-KS, Edinburgh
Instruments Ltd., Livingston, UK) at ambient temperature. The pump laser pulse was obtained
from Optical Parametric Oscillator (PrimoScan ULD400, Spectra-Physics) at 450 nm, with
the FWHM of no more than 10 ns. The probe light was provided by a 150 W Pulsed xenon
arc lamp. Sample solution in 1>1cm optical quartz cuvette was excited by the pump laser,
afterwards the probe light from the xenon lamp passed through the sample in a right-angle
configuration. The transmission probe light was measured either by a single PMT detector
(Hamamatsu R928), using a Tektronix Model MDO3052 (100 MHz, 1.25 GSs-1) digital
oscilloscope, at a specified wavelength for kinetic analysis or by a ICCD camera (DH320T,
Andor) for spectral analysis. All the samples were bubbled under nitrogen for 20 minutes
before measurement.

Table S1. The transitions of S, T1 and T states for the five-membered rings at T:-geometry
at the level of MS4-CASPT2/cc-PVTZ and TDA-LC-oPBE*/6-31G(d) with optimally-tuned
o* values (Unit: Bohr?) .

Compound MS4-CASPT2/cc-PVTZ LC-oPBE*/6-31G(d) o
P Ty T2 S1 Ty T2 S1
H-2 -> L 46%
cyclopentene H->L 96% H-4 -> L 94% H->L79% H->L 98% Hed > L 380/2 H->L 90% 0.2762
. H->L+132% H-1->L78%
- - 0, -1 - 0, - 0, -1 - 0,
3-pyrroline H->L 88% H-1->L87% H -1-> L+1 42% H->L 8% H-1->L 90% H-> L 21% 0.2863
-1 - 0,
pyrazoline H -> L 90% R H-> L 82% H->L96%  H-1->L98%  H->L90% 0.3422
H-> L 38% H-> L 29% H-2 -> L 15% H-2 -> L 76%
pyrazole H1->L48%  H-1->L34% Hi->L2gs L% HLI->LOS% 17w 0-3400
- H -> L+4 46% H -> L+1 48%
imidazole H->L+179% H-1-> L+1 33% Ho1 -> L+1 14% H->L 98% H-1->L 92% H->L97% 0.3035
H->L+3 35% H->L+2 30% H-1->L 54%
pyrrole H->L+187% H-1 > L+1 47% H-1-> L+1 38% H->L 98% H-> L 46% H->L 98% 0.3020

Table S2. Vertical excitation energies (Unit: eV) of the five-membered rings at Ti-geometry at the
level of TDA-LC-oPBE*/6-31G(d).
Compound E(T1) E(T2) E(S1) 2E(T1) AEqr,
cyclopentene 0.41 532 3.88 0.82 4.91
3-pyrroline  0.74 3.46 349 148 2.72
pyrazoline 143 456 448 286 3.13
pyrazole 273 450 564 546 1.77
imidazole 3.02 516 593 6.04 2.14
pyrrole 294 518 596 5.88 2.24

Table S3. Optimally-tuned o* values for the LC-owPBE functional and vertical excitation energies at
T, geometry of compound pyrazolinea-pyrazolinec at the level of TDA-LC-oPBE"/6-31G(d) (Unit:
eV).

Compound o  E(T1) E(T2) E(S1)
pyrazolinea 0.2303 134 394 3.86
pyrazolineb 0.2386 1.70 3.82 4.03
pyrazolinec 0.2375 166 3.84 3.90

Table S4. Exomo and ELumo of the donors and acceptors investigated in this work calculated at the
level of B3LYP/6-31G* (Unit: eV).
Compound Enomo Erumo
TP -6.33 -0.21
Cz -5.44  -0.64
PTZ -4.76  -0.44
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PZ -4.14  -0.88

FB 6.62 -0.24
Py 678 -0.61
BN 726 -1.41

Table S5. Significantly changed bonds (Unit: A) of the investigated compounds in Scheme 1 (L4
means bond L, at A geometry)

S S T S S T S S T
Compound L} L* LY LY L Lt LY L} Ly

1 1295 1365 1.431 1461 1.406 1.389 1389 136 1.391
2 1296 136 1428 1462 1412 1391 1.382 1.332 1.367
3 1.298 1.349 1416 1458 1.415 1393 138 1.327 1.362
4 1.300 1.347 1.414 1455 1412 1392 1.398 1.348 1.389
5 1.301 1.341 1.403 1454 1.412 1384 1399 1.352 1.388
6 1353 1.348 142 1458 1.412 1392 1391 1.347 1.387
7 1.299 1.341 1409 1456 1410 1.383 1.392 135 1.387
8 1.297 1334 1418 1461 1.423 1391 1393 1.345 1.382
9 1.301 1.327 1.382 1454 1417 1391 1396 1341 1.364
10 1296 1364 1.431 1391 1.359 1.390 1462 1.407 1.389
11 1.293 1.380 1.447 1521 1512 1516 1.467 1403 1.386
12 1.293 1.380 1.446 1466 1.403 1.386 1.521 1512 1.516
13 1.293 1382 1.440 1471 1.403 1390 1517 1517 1521
14 1.294 1.382 1.440 1517 1517 1521 1471 1.403 1.390
15 1.283 1384 1.447 1398 1.362 1390 1518 1.514 1.513
16 1283 1.385 1.447 1518 1513 1512 1.397 1365 1.391
17 1282 1362 1.453 1520 1506 1.516 1.402 1.350 1.394
18 1.282 1360 1.452 1404 1.347 1393 1520 1.506 1.516
19 1296 1.366 1.430 1464 1409 1391 1.393 1.361 1.391
20 1296 1366 1.431 1465 1.408 1390 1.392 1.361 1.391
21 1296 1.365 1430 1464 1411 1391 1.395 1362 1.392
22 1.293 1367 1.431 1463 1408 1.390 1398 1.362 1.394
23 1294 1366 1431 1462 1408 1.390 1.396 1.362 1.393

24 1.293 1.367 1432 1400 1.410 1.390 1.463 1.364 1.395
TPA-DBPrz 1294 1.346 1431 1463 1.423 1390 1.397 1344 139

Table S6. Optimally-tuned w* values for the LC-wPBE functional with 6-31G(d) basis sets,
corresponding oscillator strengths (f) of S; state and vertical transition energies at Si:-geometry (Unit:
eV).

Compound o f  E(T) E(S1) E(Ty)
0.2032 1.067 1.86 3.27 3.66
0.2076 0.864 1.77 3.00 3.17
0.2084 0.789 1.70 2.87 3.20
0.1854 1.207 1.76 2.94 2.92
0.1904 1.460 1.67 2.78 2.93
0.1879 1.035 1.83 2.96 3.11
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7 0.1829 1248 173 280 3.03

8 0.1872 0.634 180 2.63 243
9 0.1871 0.822 153 230 242
10 0.2047 1041 186 324 343
11 0.2447 0.270 230 3.67 348
12 02385 0.279 231 367 381
13 0.1941 0.098 1.87 266 3.63
14 0.2216 0.109 186 2.65 3.63
15 0.2429 0.675 182 394 3.83
16 0.2417 0698 182 392 3.96
17 0.2398 0.658 1.82 3.83 3.98
18 0.2411 0682 182 380 3.82
19 0.2007 0.917 183 320 3.65
20 0.1960 0.957 185 321 3.64
21 0.2010 0.798 181 315 3.65
22 0.2023 0943 182 319 3.65
23 0.1977 0976 182 318 3.65
24 0.2036 0.838 182 315 3.65

TPA-DBPrz 0.1802 0.894 180 3.12 3.32

cyclopentene 3-pyrroline pyrazoline pyrazole  imidazole pyrrole

Figure S1. Bond lengths of cyclopentene-pyrrole at the level of B3LYP/6-31G* (Inside: So geometry;
Outside: T1 geometry).
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Figure S8. *C NMR (100 MHz, THF-d8) of compound TPA-DBPrz.
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pyrazole imidazole pyrrole

Figure S10. AICD plots of six five-numbered rings in the T, state. The induced current density vectors
are denoted by the arrows.
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