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ABSTRACT: Charge separation and intersystem crossing play
critical roles in various applications of organic long persistent
luminescence materials, including light-emitting diodes, chemical
sensors, theranostics, and many biomedical and information
applications. Using first-principles calculations, we demonstrate
that an azobenzene acting as a photoswitch can be used for altering
the configuration of a donor-switch-acceptor (D—S—A) molecular
system to ensure charge separation and promote intersystem
crossing upon photoexcitation. The trans to cis photoisomerization
of an azobenzene switch creates an electron trap that stabilizes the
charge-separated state. The cis conformation further facilitates the
singlet to triplet intersystem crossing in the excited state. Our
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theoretical study of the D—S—A system may help the design of long persistent luminescent organic devices.

B INTRODUCTION

Long persistent luminescence (LPL) has drawn considerable
attention owing to its ability to store and slowly release
excited-state energy,' as well as widespread applications to data
encryption,”” solar photovoltaic devices,”> and in vivo
biological imaging.>” Inorganic long persistent luminescence
materials’ have emissions that can last for over 10 h.’
However, their practical applications are often restricted by the
high energy consumption in the fabrication and the require-
ment of expensive noble-metal dopants.”"”

Pure organic LPL (OLPL) materials have been recently
investigated due to their low cost, easy processability, and
design flexibility."”'" Huang and co-workers have reported a
OLPL material with up to 1.35 s lifetime, emitting from a
forbidden energy trap state (T,*) formed by H—aggregation.12
Its design principle was inspired by the inorganic LPL
mechanism, in which a slowly releasing charge carrier trap
controls the emission.”'” Liu and co-workers have developed a
solid-state host—guest complex offering phosphorescence with
2.62 s lifetime, in which the nonradiative relaxation was
suppressed by the tight capsulation of guest, thereby achieving
a high intersystem crossing (ISC) rate."’

Two crucial factors are required to achieve OLPL with
afterglow and high phosphorescence quantum yield: a triplet
exited state stabilized by an electron trap and a high
intersystem crossing rate.'* The common strategy to create
an electron trap is to form a stable charge-separated (CS)
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excited state.'>'® This task is challenging because of the fast
recominbation of photoexcited charges through the delocalized
molecular orbitals in organic molecules. Adachi and others
have reported an efficient LPL by ensuring photoinduced CS
states via a delicate energy-level engineering of the donor
HOMO and the acceptor LUMO."" ™" Very recently, Tang
has reported an excellent OLPL system with up to 7 h
afterglow, by an electron trap in a cationic quaternary
phosphonium core."

The ISC rate relies on the spin—orbit coupling (SOC) and
the singlet—triplet energy gap parameters, according to the
empirical formula based on the short-time approximation and
first-order perturbation theory:*’™*" ki o I(S,IH,IT, )/
(AEgr)*. Maximizing the SOC matrix element (S,|H,,|T,,) and
minimizing the energy gap AEgr between S, and T,, states help
the ISC process. The SOC parameters for organic
chromophores are generally subjected to EI-Sayed’s rules,
which rely on the transition orbital distributions.”* While AEgy
can be decreased by separating geometric centroids between
the HOMO and LUMO.”’
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Figure 1. (a) Chemical structures of the donor—acceptor (D—A) molecules la and 1b. (b) Photoisomerization of the azobenzene (azo)
photoswitch. (¢) D—S—A molecules trans-1a and trans-1b using the trans form of an azo switch to bridge the D—A molecules 1a and 1b. (d)

Chemical structures of the D—S—A system in the cis form.

Either electron trap formation or ISC rate enhancement
have been realized through different strategies, yet they have
rarely been jointly incorporated in the same material.

Here we propose a new strategy to achieve this goal by
manipulating structures of photoresponsive molecules created
by photoinduced conformational isomerization. We have built
a donor—switch—acceptor (D—S—A) architecture that inserted
an azo photoswitch into a D—A organic fluorescent molecule.
The D—S—A adopts the trans form in the ground state, whose
S, state is a “dark state” and S, state is a strong charge transfer
(CT) state. Upon excitation to S,, the electron undergoes
intramolecular CT from the donor to the acceptor,
accompanied by isomerization from trans (CT channel is
“ON”) to cis (CT channel is “OFF”). The resulting CS excited
state is kept in the cis form, forming a stable electron trap. At
the same time, the ISC rate may be promoted because the
excited energy levels are shifted by the transformation of the
switch bridge. The energy splitting between the first and
second excited states S; and S, (AEsg)) is often larger (>1 eV)

than that between S, and the adjacent triplet state T,, (AEgy)
(<0.1 eV). The balance between the internal conversion (S, —
S,) and ISC (S, — T,,) may thus shift toward the latter.”

B SIMULATION METHODS

We have designed two D—S—A model systems. When the
donor and acceptor in the conventional donor—acceptor (D—
A) organic fluorescent molecules are connected with a
photoisomerization azobenzene (azo) switch, the D—S—A
molecules can take trans — cis conformational transition upon
photoexcitation.””** A common cyanophenyl acceptor con-
nects a methoxyphenyl (naphthyl) donor, directly forming
parent organic fluorescent D—A molecules 1a and 1b adapted
from previous experlments, * as shown in Figure la. It is
manifested in Table S1 that la and 1b have fluorescence
luminescence at 352 and 386 nm in tetrahydrofuran,
respectively. The azo®” group (Figure 1b) in its stable trans
isomer can be switched to the cis form by ultraviolet (UV)
excitation and reversed by visible light (vis) irradiation or
heating.’"*> Using the trans-azo to bridge the D—A system, we
created two D—S—A molecules in their trans forms (Figure
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1c), namely, trans-1a and -1b. Their corresponding cis forms
(Figure 1d) are cis-1a and -1b, respectively. The synthesis of
these two D—S—A systems is feasible, since the D—A structure
in these compounds is similar to azo dyes, which are
commonly synthesized by electrophilic aromatic substitution.”

First-principles density functional theory (DFT) calculations
were carried out using Gaussian 09.* The ground-state
equilibrium structures of both D—A and D—S—A molecules
were optimized at the CAM-B3LYP/6-31G(d)*” level. Time-
dependent density functional theory (TDDFT)® simulations
with the same functional were used for modeling electronic
excited states and predicting UV—vis absorption, excited-state
energy levels, and photoexcited electron transition. We
conducted time-dependent ab initio nonadiabatic molecular
dynamic (AI-NAMD) simulation based on surface-hopping
method as implemented in Hefei-NAMD,”” to describe spatial
and temporal evolution of the photoexcited electron within the
systems. It allows us to qualitatively evaluate the impact of
molecular configurations on electron—hole combination. The
tetrahydrofuran solvent effect was simulated using the
polarizable continuum model (PCM).*® Computational details
are given in Supporting Information.

We found that the D—S—A system in its trans-azo form
(trans-1a and -1b) is thermodynamically more stable than its
cis isomer (cis-1a and -1b),*” by ~0.6 eV.

B RESULTS AND DISCUSSION

Panels a and b of Figure 2 show the computed normalized
UV—vis absorption spectra of trans and cis forms of the D—S—
A molecules given by Figure 1c,d, respectively. cis-1a and cis-1b
have the same ~454 nm absorption peaks, reflecting their
similar conjugated backbone. trans-1a and trans-1b also exhibit
similar absorption bands with peaks at 354 and 358 nm,
respectively. Both trans isomers have much stronger ultraviolet
absorption than their cis counterparts.

The UV absorption peak at 354 nm (Figure 2a) is ascribed
to the second excited state (S,) of trans-1a (Figure 2c), which
has both characters of CT excitation originated from the
HOMO to LUMO transition (78%) and of local excitation
rooting from the HOMO—1 to LUMO transition (13%). The
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Figure 2. (a, b) Simulated UV—vis absorbance spectra of two D—S—A system molecules. (c, d) Energy scheme presentations of the
photoexcitation to the second excited state (S,) of trans-1a and trans-1b, described by the iso-surface of frontier Kohn—Sham orbitals, including H
(HOMO), H-1 (HOMO-1), and L (LUMO), absorption wavelength 4,, excitation energy E,, and oscillator strength f. (e, f) Geometry
optimization of the second excited state (S,) of trans-1a and trans-1b finally leading to their corresponding cis-form cis-1a and cis-1b configurations.

absorption maximum of trans-1b has the same electronic
transition features as trans-la (Figure 2d). The spatial
separation of the HOMO and LUMO (Figure 2¢,d) should
help electron—hole separation.”® As the switch is “ON”, both
transitions show a strong CT character with electrons
migrating from the donor to the switch and acceptor moieties.
This CT state has stronger excitation as reflected by the
doubling of oscillator strength (f = 1.98 in trans-1a and f =
2.11 in trans-1b) relative to the original D—A molecules (f =
0.95 in 1a and f = 0.99 in 1b, shown in Table S1). At the same
time, the first excited states (S;) of trans-1a and trans-1b have
virtually no oscillator strength, as shown in Figure S2. S, is thus
a “dark state” with no fluorescence emission.”’

Interestingly, the modification of molecular structures
usually accompanies the charge transfer excitation, which
causes charge redistribution within whole systems."' The
anionic azo undergoes much more rapid isomerization than its
neutral form, because of the lower isomerization energy
barrier.*” Photoexcitation of the trans-1a and trans-1b to S,
will result in electron gain in the azo bridge (Table S3), which
is reminiscent of the anionic form azo. No doubt that the
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concerted inversion pathway after S, — S, de-excitation
proposed by Diau®™ is dominant in the isomerization of
azobenzene. Meanwhile, for the donor—azo—acceptor, chances
are that the isomerization could also take place in higher
excited states""> owing to the anionic character of the azo
moiety after photoexcitation that speeds up isomerization
substantially and the competitive time scale of isomerization
relative to the internal conversion from S, to S;. We therefore
investigated the isomerization of trans-1a and trans-1b (Figure
2e,f) in S,. The resulting cis isomers break the conjugation
between donor and acceptor, effectively turning off the CT
channel. Electrons trapped in the switch and the acceptor
moieties cannot recombine with holes localized on the donor,
thus forming the CS state. To verify this electron trapping
mechanism, we used the Hefei-NAMD program to simulate
the charge dynamics in the cis conformers using a time-
dependent surface hopping nonadiabatic molecular dynamics
protocol.g’7 As can be seen in Figure S4a,b, the electron in the
switch and the acceptor does not return to the donor in the cis
isomer within 1 ps, indicating that the electron and hole do not
recombine in the cis form of D—S—A system; the photoexcited
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Figure 3. Energy level diagrams of excited states and SOC coefficients (£) between different singlet—triplet ISC channels for 1a (a), trans-1a (b),
and cis-1a (c). Red lines represent singlet excited-state energy levels, and blue lines represent triplet excited-state energy levels.

CS is well preserved. The NAMD simulations thus support our
proposed isomerization-assisted electron trap mechanism in
the D—S—A system.

Vertical excitation energies and spin—orbit couplings are two
important descriptors of excited-state electronic structure.*®
Among 1a, trans-1a, and cis-1a, cis-1a has a larger S,—S, energy
gap (1.33 eV) than the other two (1a, 0.46 eV; trans-1a, 0.61
eV) (Figure 3). Since a larger S;—S, gap inhibits internal
conversion (IC), vibrational relaxation (VR), and fluorescence
emission (FE),” the cis-1a is likely to remain on S,.

As shown in Table 1, the fluorescence rate in cis-1a (1.60 X
10% s7!) is 4 times smaller than that in 1a (6.25 X 10% s71).

Table 1. S-S, (1a) or $,—S, (trans-1a and cis-1a) Energy
Gap AE and Oscillator Strength f at the §; Minimum (1a)
or S, Minimum (trans-1a and cis-1a) Structures and the
Fluorescence Rate (kg;) and Fluorescence Lifetime (7g;) of
Molecules 1a, trans-1a, and cis-1a

The ISC rate of cis-1a increases 26-fold relative to 1a (Table
2), which is the result of joining contributions from the
increase of SOC coefficient of the specific ISC channel (cis-1a,
1.62 cm™ for S,—Tg 1a, 028 cm™ for $;—T,) and the
decrease of corresponding singlet—triplet energy gap (cis-1a,
0.02 eV; 1a, 0.07 eV).

To verify that the electron trap formed in the singlet state
retains its triplet character, we conducted natural transition
orbital (NTO)" analysis for the T, state in cis forms. The
dominant NTOs indicate that electrons transferred from the
donor will be located at the switch and acceptor in T, (Figure
SS).

Likewise, the photophysical properties of 1b and its azo
derivatives (trans-1b and cis-1b) are similar to their counter-
parts of 1a, indicating that 1b fits the D—S—A model as well.
More detail is given in Supporting Information (Figure S6,
Table S4, Table SS).

B CONCLUSIONS

AE (eV kg, (10° 571 . .

(eV) f n (10°57) o (09) We have presented a practical strategy for creating a stable
1a (S)) =375 Lol 625 1.60 electron trap and enhancing the ISC rates in organic
trans-1a (S,) —2.92 1.98 7:37 1.36 complexes. We have examined a model D—S—A system,
cis-1a (S,) —2.80 0.47 1.60 625

This reduction is attributed to the smaller S,—S; gap and the
corresponding oscillator strength. Ma et al. proposed that the
phosphorescence can be effectively restrained if the T,—T,
energy gap (AEy,r,) is much larger than the T,—S, energy gap
(AEg;),” which is similar to that for cis-1a, as seen in Figure
3c. We therefore expect that the fluorescence of cis-1a will be
substantially inhibited.
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created by inserting an azo photoswitch into a D—A type
organic fluorescent molecule. The D—S—A favors the trans
form in its ground state, where the S; state is dark and S, has a
strong CT character from the donor to the switch and the
acceptor with strong absorption. Upon photoexcitation to S,,
this system undergoes intramolecular CT, accompanied by
trans (charge transport channel is “ON”) to cis (charge
transport channel is “OFF”) isomerization. The resulting CS
excited state is then kept in the cis form. At the same time, the
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Table 2. S,—T,, Energy Gap (AEg;), Reorganization Energy (1), and SOC Coefficients (Vgoc) at the S, Minimum Structures
and the ISC Rate (k;sc), ISC Rate Relative to D—A Molecule 1a (k,,) and ISC Lifetime (7;3c) of Molecules 1a, trans-1a, and cis-

la
AEgy (eV) A (eV) Vsoc (em™) kisc (s71) Ke Tisc (5)
la S,—T, —0.07 —-0.21 0.28 3.65 x 107 1 2.74 x 107%
trans-la $—T, —0.80 -0.72 0.66 242 x 10* 6.63 x 107* 4.14 x 1075
cis-1a ST, —-1.05 —-1.51 0.20 7.68 X 10° 2.10 X 107* 1.30 x 107*
S,—Ts —0.02 —0.49 1.62 9.57 x 10° 26.22 1.05 x 1077

shifting of energy levels of the excited state due to structural
changes leads to large energy splitting between S, and S,
(AEg;,) as well as a small energy gap between S, and T,

(AEgr) in cis-form molecules. These changes effectively
promote the ISC of photoexcited D—S—A while restraining
its fluorescent emission. Our theoretical results suggest a novel
strategy for combining stable electron trap and promoting
intersystem crossing toward molecular design of OLPL, which
may be applied in the fields of afterglow, biological sensors,
and optical recording devices.
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Computational method

All electronic structure calculations were performed using CAM-B3LYP
functional as implemented in Gaussian 09 program'. The calculation of SOC matrix
elements was done with PySOC program? which connects MolSOC? and Gaussian 09
software!. Multiwfn* (a multifunctional wavefunction analyzer) and VMD?® (a
molecular visualization program) were used for visualization of transition orbitals
based on unrelaxed excited-state densities from time-dependent density functional
theory (TDDFT)® calculations. Hefei-NAMD developed by Zhao et al. were used for
examining the dynamics of excited electrons’.

The ground state equilibrium structures of all molecules, including D-A systems
and their derivative D-S-A systems molecules were optimized at the level of CAM-
B3LYP/6-31G(d). TDDFT at the same level of theory were used for simulating
electronic excited states of interest®, from which we can get information on UV-vis
absorption, excited state energy levels and photoexcited electron transition. The long-
range corrected CAM-B3LYP functional® is known for better description of charge
transfer excited states than conventional hybrid functionals like B3LYP and PBEO. The
simulated luminescence properties of D-A system samples in agreement with
experiment, validating the choice of CAM-B3LYP. Based on the optimized structures
in excited states, we computed excitation energies at the level of CAM-B3LYP/6-
311+G(d,p). The solvent effect of tetrahydrofuran was simulated using the polarizable
continuum model (PCM)°.

The ab initio time dependent non-adiabatic molecular dynamics (NAMD)

S3



simulations are carried out using Hefei-NAMD code’, which augments the Vienna ab
initio simulation package (VASP)!? with the NAMD capabilities within time domain
Kohn Sham equation (TDKS)!!12, We performed the time-dependent ultrafast electron
evolution process, assisted by the surface hopping algorithm of Hefei-NAMD. With a
time step of 1 fs, a 1.0 ps microcanonical trajectory was generated under the tempecture
of 300 K.

-1 .
The fluorescence rate, Ky =75 , can be estimated as!3-14,

2
e

AE*f (1)

FL T 32
2re,mc’h

Here, e is the electron charge; &y is the vacuum permittivity; m, is the electron
mass; c is the speed of light; h is the reduced Planck constant; AE is the adiabatic
energy difference between Sn and SO states (i.e., E [So|S,] — E[S.|Su]) and fis the S,-
Sy oscillator strength calculated at the S, minimum.

Based on the Marcus theory, the qualitative ISC rate can be calculated using Eq.

(2)13, 15-17'

b \2
2 5 1 (a6r)
kisc = 5| Hsocl Jamak,TeXP | T Taak,T

(2)

Here, Hgpc is the SOC matrix element; A is the reorganization energy (i.e., E
[TwlSo] — E[Tw|Twml); AG;T is the vertical Gibbs free energy gap between Ty, and
S, (i.e., AGér = AEsy, E[Twm|So] — E[Sa| Sol); kB is the Boltzmann constant, and

T is the absolute temperature 300 K. Then we can estimate the lifetime of ISC using

: -l
the relation kg = Tjg.
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Absorption and emission of the D-A system
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Figure S1. (a) The computed steady state emission spectrum of typical D-A molecules
1a and 1b. (b) and (c) Radiative electron transitions from the first excited state (S1) to
the ground state (SO) in 1a and 1b, respectively. All calculations are based on cam-
B3LYP functional with 6-31G(d) basis set in tetrahydrofuran solvent.

Table S1. Experimental and theoretical optical properties of typical D-A molecules 1a
and 1b at room temperature in tetrahydrofuran solvent.

Absorbance Luminescence
D-A Experiment Simulation Experiment  Simulation
(nm) (nm) (nm) (nm)
la 296 271 0.95 352 330 1.01
1b 272 251 0.99 386 369 0.89

As shown in Figure S1 and Table S1, CAM-B3LYP give trends of fluorescent
spectra for typical D-A system molecules, the following information can be described:
First, the absorption band and the emission peak of D-A system molecules
simulated by CAM-B3LYP (absorption band: 1a located in 271 nm, 1b located in 251
nm; emission peak: 1a located in 330 nm, 1b located in 369 nm) approach to the
experiment values (absorption band: 1a located in 296 nm, 1b located in 272 nm;

emission peak: 1a located in 352 nm, 1b located in 386 nm) (Table S1).
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Second, the radiative electron transitions from S; to Sy is a local excited (LE)
transition with a transition intensity (oscillation strength) close to 1. In the meantime,
the donor and acceptor are conjugated in the same plane and iso-surface electron cloud
density is distributed over the entire molecule (Figure S1b-c).

From the above, CAM-B3LYP can give a reasonable description of absorption
and emission properties of D-A system molecules. Thus, we argue that CAM-B3LYP

is a reasonable choice for DFT simulations about the subsequent D-S-A systems.

Electron transition of the trans- isomer D-S-A molecules in the

excited state
(a) (b)

— ":’t"'f? oy Lz—T =8 4 ?’.zgﬂ

L+1 —
y [ 1 ¢
L i L o M}' <
e T IYe S iese
A; 452nm A 453nm
E, 2.74eV E. 2.74eV
f.0.00 s6%| | 7% f.0.00 85% | | 4%

Rt oo Reat. (2a0en

Figure S2. (a) and (b) Electron transition of the excitation to the first excited state (S;)
of trans-1a and trans-1b, respectively.

Table S2. The singlet excited state transition absorption information of D-S-A
according to TDDFT calculation.

Oscillator
Energy | Wavelength o .
Strength Transition Configuration
(eV) (nm)
%)
S1 2.74 452 0 100 —» 103 86%
102 — 103 78%
S2 3.50 354 1.98
la | D-trans-A 101 — 103 13%
101 - 103 73%
S3 4.92 276 0.07
102 —> 103 9%
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102 — 1 20
s1| 273 454 0.09 02— 103 32%
101 — 103 25%
_ 102 > 103 48%
D-cissA | S2 | 4.14 300 0.67
95103 11%
101 — 103 46%
S3 | 446 278 0.48
100 — 103 31%
S1 | 2.74 453 0 112 - 116 85%
115 — 116 60%
S2 | 347 358 211
D-trans-A 114 - 116 29%
S3| 422 294 0.17 15 =118 - 32%
' ' 114 — 116 30%
1b st | 27 154 010 114 — 116 42%
' ' 115 116 14%
, 115 — 116 49%
D-cissA | S2 | 4.02 308 0.70
115— 118 10%
115 — 118 50%
S3 | 429 289 0.11
115 — 119 6%

In trans- D-S-A system molecules, the main electron transitions of S; contain an

n-* transition on the Azo moiety and a little charge transfer transition from switches

to acceptors with a transition intensity /=0.00 (Figure S2). This means that the S, state

is a “dark state” with forbidden transition and non-fluorescent emission!$.

Potential energy surface scanning along the rotation pathway

Table S3. Natural Bond Orbitals (NBO) charge profiles of the whole Azo part and the
N=N moiety of trans-la and trans-1b in their ground states and the second singlet

excited states.

trans-1a

trans-1b

So

S>

So

S»

N=N
Azo
N=N
Azo
N=N
Azo
N=N
Azo

-0.39
-0.01
-0.59
-0.11
-0.39
-0.00
-0.58
-0.15
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Table S3 shows that the N=N moiety of Azo and the whole Azo part as well gain

electrons as trans-1a and trnas-1b are excited to their S, states.

204

Relative Energy (eV)

0.54

Relative Energy (eV)

trans-la

0.0+

004 [trans-1b]~

trans-1a)”
T T T T T T T T T T

0 2 4 6 8 10 12 0 2 4 6 8 10 12
Reaction Coordinate Reaction Coordinate

Figure S3. Potential energy surface scan of neutral and anion D-S-A along isomerized
rotation pathway

Relaxed potential energy surface scan of neutral and anion D-S-A along
isomerized rotation pathway, whose dihedral angles are 180°, 163°, 146°, 129°, 112°,
95°,78°, 61°,44°,27°, 9.8°, respectively. Compared with neutral molecules, the
anionic D-S-A has substantially lower isomerization energy barrier, meaning its

1somerization will be accelerated.

The Ultrafast electron evolution
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Figure S4. Time-dependent spatial electron distribution for electron at 300 K of cis-1a

(a) and cis-1b (b).

As shown in Figure S4(a), in cis-1a configuration (charge transport channel is

“OFF” state), electrons transferred to the part of switch and acceptor hardly transfer

back within 1 ps. It is manifested that transferred electron and remained hole

recombination hardly in the cis- form of D-S-A, which break the conjugated

configuration.

Cis-1b (Figure S4b) has the same regular as cis-1a.

NTO of cis- isomer in the first triplet excited state

(@)

hole

cis-1a

particle

hole

cis-1b

particle

Figure S5. The dominant natural transition orbital pairs for T, state of cis-1a and cis-

1b.
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We calculated the dominant natural transition orbital (NTO)! pairs for T1 state of

cis- forms to demonstrate that the electron trap exists in triplet states after ISC process.

In figure S5, the iso-surface of frontier Kohn-Sham orbitals retains in the part of switch

and acceptor both before and after transition. It indicates that the electrons transferred

from donor stay at the part of switch and acceptor in the triplet state.

The extendibility of the established D-S-A model
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Figure S6. Energy level diagrams of excited states and SOC coefficients (§) between
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different singlet-triplet ISC channels for 1b (a), trans-1b (b) and cis-1b (c). Red lines
represent singlet excited state energy levels and blue lines represent triplet excited state
energy levels.

Table S4. Si-Sy (1b) or S,-Sy (trans-1b and cis-1b) energy gap AE and oscillator
strength f at the S; minimum (1b) or S, minimum (trans-1b and cis-1b) structures.
Fluorescence rate (kz;) and fluorescence lifetime (zx;) of molecules 1b, trans-1b and
cis-1b.

O AE (eV) f ke (10871 71 (0S)

b (Sp -3.36 0.89 4.37 2.29
trans-1b (S,) -2.73 1.61 5.24 1.91
cis-1b (S,) -2.89 0.84 3.06 3.27

Table S5. Sn-Tm energy gap (4E sr), reorganization energy (A), and SOC coefficients
(Vsoc) at the Sy minimum structures. ISC rate (k;s¢), ISC rate relative to D-A system
molecule 1b (k,.;) and ISC lifetime (z;5c) of molecules 1b, trans-1b and cis-1b.

AEsr(eV) MeV) Vsoc (em™) kisc (s™) Kyer s (S)
1b S|-Ty -0.15 -0.21 0.47 4.55X107 1 2.20X103
trans-1b S|-Ts -0.30 -0.57 1.07 8.28 X107 1.82 1.21 X108
<.1b S|-T, -0.30 -0.10 0.95 1.20X10° 2.64*103 8.32X10°
cis-
S,-T, -0.05 -0.70 0.77 1.78 X108 391 5.61 X107

The structure of 1b donor contains a para-methoxy-naphthalene ring as shown in

Figure la. Like cis-1a, the value of AEg s, (1.21 eV) in cis-1b is much larger than its A
Es,r, (0.05 eV). Consequently, the associated competing processes to ISC in cis-1b,
including VR, IC and fluorescence emission, are all suppressed, thus such case is
beneficial to the ISC process from S,.2° This is supported by the comparison of changes
in fluorescent emission rates (1b: 4.37x108 s — cis-1b: 3.06x103 s!) and ISC rates

(1b: 4.55%107 s! — cis-1b: 1.78x10% s°! ) in Table S5. As Figure S6 and Table S5

present, the major ISC channels, their corresponding AEgy values and SOC
coefficients in 1b family is similar to the counterpart properties in 1a family, suggesting

our proposed D-S-A model can be applied to different D-A molecular systems for the
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enhancement of ISC.
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