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Singlet fission (SF) could offset the thermalization loss of high-energy photons via multiexciton generations,
thus holding great potential in improving the power conversion efficiency of solar cells. However, the
development of SF-based devices has basically remained stagnant so far owing to the limited scope of
practical SF materials. Therefore, designing and developing practical SF material systems have been
imperative, yet challenging so far. In this work, we comprehensively investigated the effects of aromatic
substituents on excited-state properties and SF process of azaquinodimethane systems. Results indicated
that the aromatic substituents have a significant influence on molecular diradical characters, thereby
determining the excited-state energetics of the SF material system, including optical band gaps and
triplet energy. Moreover, the aromatic substituents influenced charge transfer coupling interactions by

adjusting molecular packing in the aggregate state to shunt the excited-state population to exert SF
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Accepted 14th February 2025 process or trap in excimer species. These results not only offer a deep insight into the multiple

regulatory effects of the aromatic substituents on excited-state properties and SF process but also

DOI: 10.1039/d4sc06494a provide a practical SF material system, which could lay the foundation for the discovery of new SF-active
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Introduction

Singlet fission (SF) is an ultrafast multiexciton (ME) generation
process in which organic semiconductors transform singlet
excitons into double triplet excitons by absorbing a single
photon.*® Such a process could effectively offset the thermali-
zation loss of high-energy photons via ME generations, thus
holding great potential for improving the power conversion
efficiency of solar cells.*® The successful fabrication of an SF-
based photovoltaic device with an external quantum efficiency
of over 100% sufficiently manifested such potential in the next-
generation light-harvesting applications.® However, develop-
ment of SF-based devices basically remains stagnant owing to
the limited scope of practical SF materials.**” For light-
harvesting applications, SF chromophores must possess
a high extinction coefficient, suitable excited-state energetics,
excellent SF properties and good stability.**”# According to the
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chromophores and practical applications of new-generation light-harvesting materials.

requirements of SF process and the complementary semi-
conductor (i.e. Si ~1.1 eV) sensitizers, the desirable optical
bandgap (E;) and triplet energy (Er) of a practical SF chromo-
phore should be greater than 2.0 and 1.1 eV, respectively. For
meeting these requirements, the most widely studied acene
derivatives have shown significant advances in SF mechanism
and exciton dynamics, yet these polycyclic compounds seem to
be less explored owing to their drawbacks, such as low optical
bandgap, triplet energy mismatch, slow SF process and poor
stability against air and light, which limits their practical
application in devices." Therefore, designing and developing
practical SF material systems are imperative, yet challenging so
far.®¢

Azaquinodimethane (AQ)-core compounds feature distinc-
tive optoelectronic properties, which have been successfully
applied in high-mobility semiconductor devices, poly-
electrolytes and photothermal therapy.”’° In the previous
work, we have proposed a donor-/acceptor-decorated quinoidal
structure design strategy, followed by the fabrication of a new SF
chromophore within an azaquinodimethane (AQ) skeleton,
which exhibited strong visible-light absorption, efficient SF
process and excellent stability.® For practical applications, the
AQ system still suffers from some drawbacks similar to the SF
model molecule, pentacene, such as the relatively low optical
bandgap and triplet energy.'-*”®* Moreover, the ambiguous SF
mechanism of the AQ system also impedes efficient triplet
exciton harvesting in practical device applications. Therefore, it
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is of great importance to carry out the fundamental structure-
property relationship studies to design and develop practical SF
material systems. In this work, we investigated the effects of
aromatic substituents on excited-state properties and SF
process in the AQ system in order to construct a practical SF
material system (Scheme 1). Based on the comprehensive
theoretical analysis and spectroscopic studies, we revealed that
the aromatic substituents have a significant influence on
molecular diradical characters and then determined the
excited-state energetics of the SF material system, including
optical bandgap and triplet energy. Moreover, the aromatic
substituents could exert influence on charge transfer coupling
interactions via adjusting molecular packing in the aggregate
state to shunt the excited-state population to exert SF process or
trap in excimer species. A practical SF material system based on
a phenylthienyl-substituted AQ molecule, AQTP, was success-
fully fabricated with a high extinction coefficient, suitable
energy levels, good SF property and excellent stability (Scheme
1). Deep insights into the multiple regulatory effects of the
aromatic substituents on excited-state properties and SF
process could promote the development of new SF-active
chromophores and practical applications of new-generation
light-harvesting materials.

Results and discussion
Theoretical molecular preliminary screening

We first focused on the theoretical calculations of the AQ system
to investigate the effects of aromatic substituents and perform
preliminary molecular screening of practical SF candidates
(Fig. 1). We selected a series of two-ring-based aromatic
substituents including biphenyl, phenylthienyl, phenylfuranyl,
bithienyl, bifuranyl and phenylfluorenyl groups and named the
corresponding AQ derivatives as AQPP, AQTP, AQFP, AQFF,
AQTT and AQWP, respectively. Then we investigated the dir-
adical characters (y,) and excited-state energetics of these AQ
derivatives. Based on the optimized ground-state (S,) molecular
geometries, the geometries and adiabatic excitation energies of
the triplet and singlet states (E(T;) and E(S,)) were evaluated
using density functional theory (DFT) and time-dependent
density functional theory (TD-DFT) methods, respectively (for
computation details, see the Experimental section and Section 2
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Scheme 1 Practical SF materials based on AQ molecular systems and
the multiple regulatory effects of the aromatic substituents.
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Fig.1 Theoretical analysis of the AQ molecular systems. The diradical
characters (yo) and excited-state energy distribution of the AQ deriv-
atives with different aromatic substituents.

of the ESIt). The results indicated that there is a significant
inverse relationship between the molecular diradical characters
and excited-state energetics. As the molecular diradical char-
acter gradually increases from 0.194, 0.303, 0.314, 0.320, 0.349
to 0.422, the E(S,) and E(T,) decrease from 2.60, 2.28, 2.31, 2.28,
2.15 to 1.99 eV, and 1.35, 1.17, 1.14, 1.10, 1.07 to 0.72 €V,
respectively. We could conclude that the aromatic substituents
have a significant influence on molecular diradical characters
and then determine the excited-state energetics including
optical bandgap and singlet/triplet energy in the studied AQ
system. Moreover, we found that all derivatives met the basic
requirements for SF energetics, E(S;) = 2E(T;). Among them,
AQPP, AQTP, AQFP and AQFF molecules turn out to be the
practical SF candidates, given that these AQ derivatives further
fulfill the requirements of the optical bandgap and triplet
energy. These results clearly suggest that via the systematic
aromatic substituent modification engineering, we could tune
the molecular diradical characters and then rationally adjust
the excited-state energetics to achieve the design and screen the
practical SF candidates. Then we selected AQPP and AQTP
molecules as model systems to further verify our molecular
design and study the SF mechanism of the current AQ system.

Molecular synthesis and steady-state characterizations

The molecular synthetic routes of two screened AQ derivatives,
AQPP and AQTP, were provided in Section 3 of the ESI.{ In order
to reveal the photophysical properties, steady-state character-
izations were performed for two AQ derivatives (Fig. 2). The
single-crystal X-ray diffraction data are shown in Fig. 2a. The
results indicated that both molecules hold an almost planar
molecular structure, and exhibit slip-stacked molecular
arrangements in the most closely associated dimer unit from
the crystal structure. Two molecules display a similar longitu-
dinal shift of ~4 A. The major differences lie in the transverse

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Steady-state characterizations. (a) Molecular packing maotifs in single crystals of AQPP and AQTP molecules. Steady-state absorption and
PL spectra of (b) AQPP and (c) AQTP in dilute DCM solutions (black lines, 107> M) and thin films (red lines). (d) Time-resolved PL decay curves for

AQPP (red line) and AQTP (blue line) films.

offsets and the w-m distances. AQPP molecules show a smaller
transverse shift of 1.22 A and a - distance of 3.48 A, while
AQTP molecules exhibit a relatively large transverse shift of 3.39
A and a closer -7 distance of 3.31 A. The UV/vis absorption
and photoluminescence (PL) spectra were then investigated for
AQPP and AQTP molecules in both dilute solutions and thin
films (Fig. 2b and c). In dilute solutions, AQPP and AQTP
molecules exhibit strong blue-green light absorption at 430 and
500 nm with molar extinction coefficients of 4.9 x 10* and 8.0 x
10* M~ ' em ™, respectively (Fig. S21), which are consistent with
the theoretical results. High molar extinction coefficients of SF
materials are known to effectively control and minimize the
active layer thickness conducive to practical device fabrica-
tion.»** Two molecules display strong fluorescence emission
peaks at 490 and 560 nm in dilute solutions with lifetimes of
1.16 and 1.43 ns, and quantum yields of 0.53 and 0.55,
respectively (Fig. S3 and S47).

The solid thin films of these AQ derivatives were prepared by
a vacuum deposition method. The results from X-ray diffraction
(XRD) measurements show that these thin films are poly-
crystalline in nature and adopt a molecular packing mode
similar to that in crystal structures (Fig. 3). In the thin films, the
absorption spectra display obvious broadening and red shift

a) b)
3 3
s s A
2 ] 2
2 — Simulated 2 — Simulated
2 2
£ £
1 15 20 25 30 10 15 20 30
20 (Degrees) 20 (Degrees)

Fig. 3 XRD diffractograms (blue) and simulated powder patterns
(black) of AQPP (a) and AQTP (b) thin films.

© 2025 The Author(s). Published by the Royal Society of Chemistry

compared to these in solutions due to the strong intermolecular
interaction in the aggregate state (Fig. 2b and c). The absorption
enhancement in the ultraviolet and deep-blue light regions is
conducive to the practical application of the SF process for
harvesting high-energy photons.™ The low-energy absorption
was then attributed to the strong mixing between the molecular
singlet localized excited (LE) and intermolecular CT states as
well as the corresponding vibronic coupling effect. Compared to
AQPP thin films, AQTP thin films show a more significantly red-
shifted absorption band tail due to the different molecular
packing motifs as discussed above (Fig. 2a). Such a solid
aggregation difference also leads to totally different PL behav-
iors in the thin films of two molecules. AQPP molecules feature
a broad and featureless excimer PL emission peak around
558 nm with biexponential fluorescence lifetimes of 7; = 1.0 ns
and 1, = 5.7 ns, and a quantum yield of 0.12 (Fig. 2b and d). By
contrast, AQTP molecules display a characteristic PL peak
around 608 nm with an obvious vibrational fine-structure
(Fig. 2c). However, the weak and short-lived fluorescence
emission appears within the instrument response function
(IRF) and has an extremely low quantum yield of 0.003, which
excludes the accurate characterization of its lifetime (Fig. 2d).
The results clearly indicate that an ultrafast photophysical
process induces the rapid excited-state deactivation in the AQTP
thin films.

Excited-state dynamics in dilute solutions

In order to reveal the excited-state photophysics of two AQ
derivatives, transient absorption (TA) measurements were then
performed in dilute solutions (Fig. 4). The TA data present
a similar spectral evolution featuring singlet-dominated
excited-state deactivation, namely radiative transition process,
for both molecules in monomer state, which are consistent with
the results from steady-state characterizations. Specifically,
upon 450 nm photo-excitation, the TA spectra of AQPP

Chem. Sci., 2025, 16, 5565-5572 | 5567
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Fig. 4 Excited-state dynamics of AQs in dilute solutions. TA spectra of (a) AQPP and (b) AQTP in dilute DCM solutions (excited at 450 nm). (c)
Selected kinetic curves and corresponding fitting decay constants for AQPP and AQTP solution measurements.

molecules display negative ground state bleaching (GSB)
around 470 nm, characteristic stimulated emission (SE) signals
around 506 nm and a positive excited-state absorption (ESA)
band around 600-800 nm (Fig. 4a). The TA spectra of AQTP
present the positive ESA band around 600-800 nm and the
negative GSB and SE signals around 500-600 nm (Fig. 4b). As
the time delay increases, the TA signals of both molecules start
to decay without any obvious spectral change, featuring the ESA
band gradually attenuating, concurrent with the GSB and SE
signals recovering. Then the TA data could be fit to biexpo-
nential decay with 7; = 115 ps (33%) and 1, = 1.5 ns (67%) for
AQPP and 1, = 212 ps (50%) and 1, = 1.4 ns (50%) for AQTP
molecules (Fig. 4c). These two lifetimes correspond to the
structural relaxation and radiative decay processes in the singlet
excited-state, respectively. Based on the steady-state and
transient-state characterizations, singlet radiative transition
dominates the excited-state deactivation process in the dilute
solution of two AQ derivatives.

Excited-state dynamics in solid aggregates

Subsequently, TA measurements were also carried out in the
thin films of two AQ derivatives to study their excited-state
dynamics in solid aggregates (Fig. 5). The TA data clearly

indicate that the excited-state populations trap in excimer in the
AQPP thin films, while they undergo the SF process to generate
long-lived triplet excitons in the AQTP thin films. After photo-
excitation, the TA spectra of AQPP thin films are similar to
those of dilute solutions at early times, which are composed of
the negative GSB around 490 nm, the SE signals around 500-
600 nm and the positive ESA band around 600-800 nm (Fig. 5a).
Within first few picoseconds, the ESA band decays and the GSB
signals decrease substantially. Concurrent with these spectral
changes, a new ESA band appears around 500-600 nm over-
lapping with the original GSB and SE signals, suggesting the
formation of a new species. The selected kinetic decay curves
clearly show this spectral evolution (Fig. 5b). At the later time
delay, the new ESA band decays to baseline without further
spectral changes. Then global analysis was performed and the
TA data were well fit to a two-state kinetic model with time
constants of 3.5 and 695 ps (Fig. 5¢). As characterized by the
steady-state PL spectra, AQPP molecules feature a broad and
featureless excimer PL emission peak around 450-750 nm in
thin films (Fig. 2b), which coincides with the new ESA band,
leading to the substantial cancellation of the two transient
signals. Therefore, the two transient species were then assigned
to the optically populated S; and the newly formed excimer

3)8 C) =11
AQPP film o 484nm {3
—0.2ps — 165ps O 525 nm (5%)
41 —1.2ps 10ns O 780 nm 44
8 — 14 ps 6.0 ns 82 S e
£ £°] 10° 10" 102 10°ps
Vol et 0 Dl e ___]
24 —S; 35ps
4 l —— Ex* 691ps
500 600 700 800 0 1 10 100 1000 500 600 700 800
v Wavelength (nm) )4 Time (ps) ) Wavelength (nm)
) 1% 4]
- 8§, 47ps
AT O 520 nm (*10) o P
24 —(TT) 635ps
a - T, >7.5ns
i A -
of e
£ -
<124 ] f ; ; ; i
44 O 674 nm (*2) X
. f O 745 nm 109 107 102 10%s
" 500 600 700 800 0o 1 10 100 1000 500 600 700 800
Wavelength (nm) Time (ps) Wavelength (nm)

Fig.5 Excited-state dynamics of AQs in solid aggregates. TA spectra and selected kinetic decay curves as well as global analysis results for (a—c)

AQPP and (d—f) AQTP thin films (excited at 450 nm).
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(Ex*) states, respectively. That is, the excited-state populations
rapidly trap in excimer in the AQPP thin films.

By contrast, the TA spectra of AQTP thin films present more
significant spectral evolution changes (Fig. 5d-f). Upon 450 nm
photo-excitation, the spectra present negative GSB signals
around 470-600 nm and a positive broad ESA band around 500-
800 nm (Fig. 5d). Subsequently, as the long-wavelength ESA
band gradually becomes weak, the amplitude of the GSB signals
shows a large cancellation concurrent with a new ESA band
appearing around 470-750 nm within tens of picoseconds,
indicating the emergence of a new species (Fig. 5d and e). After
that, the TA signals decay without further spectral changes
beyond the detection time window of our apparatus. In order to
track the decay dynamics of the end transient species in the TA
spectra, we performed nanosecond TA (ns-TA) measurements
for the same thin-film sample (Fig. 6). The results indicate that
the absorption line shape of the ns-TA spectra remains constant
and overlaps well with the end transient signals in the TA
spectra (Fig. 6a). Moreover, the species turns out to be a long-
lived transient population that could persist over several
microseconds. We assigned it to the long-lived triplet exciton in
the thin films based on triplet sensitization experiment (for
details, see Section 6.4 of the ESIf). The singlet depletion
method was applied to determine the triplet yield for the AQTP
thin films (for details, see Section 6.5 of the ESIt).>** A triplet
yield of 166% =+ 30% was then estimated. Considering the
ultrafast formation rate and high triplet yield, we conclude that
an efficient SF process dominates the excited-state deactivation,
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resulting in the long-lived triplet populations observed in the TA
spectra of AQTP thin films. Then the global analysis on TA data
was performed using a three-state sequential kinetic model
providing the transient species that the time constants of 4.7
and 63.5 ps, and >7.5 ns, respectively (Fig. 5f). That is, the
excited-state populations could undergo an ultrafast SF process
to generate long-lived triplet excitons in the AQTP thin films,
which is well consistent with the extremely short fluorescence
lifetime in the transient PL characterization. Then the SF-
generated triplet excitons decay with a biexponential kinetics
with lifetimes 7; = 32 ns (89.8%) and 1, = 563 ns (10.1%)
(Fig. 6b). We attribute these two different decay components to
the lifetimes of the triplet states that undergo triplet-triplet
annihilation in situ and the triplet states that diffuse into each
other until annihilation, respectively.*** In addition, the
stability tests show that the AQTP molecule has excellent
thermal stability and photostability (Fig. 7). The thermogravi-
metric analysis (TGA) results indicate that the molecule has
a high thermo-decomposing temperature of 362 °C (Fig. 7a).
The long-period storage tests exhibit that the film of the
conventional SF model molecule, tetracene (Tc), loses almost all
of its initial absorbance after 5 days, while the AQTP film
maintains over 90% of its original absorbance after 60 days and
exhibits excellent photostability (Fig. 7b and c). Thus, the AQTP
molecule turns out to be a practical SF material system, given its
high extinction coefficient, suitable energy levels, excellent SF
property and good stability."*#*

o 585nm
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1, =563 %22ns, 10.1%

0 1000 2000 3000 4000 5000
Time (ns)

Fig. 6 Triplet-state decay dynamics. (a) ns-TA spectra and (b) selected kinetic decay curves of AQTP films (excited at 532 nm).

10)0- fz) ¥

90 = M e
:\: 804 50-8-
‘E’ 70 3: 0.6- —— AQTP
D 60 < ——Tc
;" 501 § 0.4

401 2 0.2

30 0.0 o

100 200 300 400 500 600 350 400 450 500 550 600 650 700 012345 10 20 30 40 50 60
Temperature (°C) Wavelength (nm) Days

Fig. 7 Stability tests. (a) TGA curve of AQTP molecules. (b) Changes in the UV-vis absorption spectra of AQTP thin films over 60 days. (c)
Normalized decay profiles of the absorption maximum of AQTP compared to Tc films.
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Scheme 2 Schematic of the excimer formation and SF processes in the AQ systems.

Role of the CT state in the SF mechanism of the AQ system

The results from the steady-state and TA characterizations
clearly indicate that the excited-state populations undergo an
ultrafast SF process to generate long-lived triplet excitons in the
AQTP thin films, while they trap in excimer species in the AQPP
thin films. The crystal structure data indicate that two mole-
cules have similar slip-stacked molecular arrangements but
different transverse offsets and m-m distances in the most
closely associated dimer unit (Fig. 2a). The previous work
supposed that the CT state might be involved in the SF process
of the AQ system.®? In order to unravel the SF mechanism, we
performed theoretical calculations to the effect of molecular
arrangement on excited-state energy landscape and SF
process.”** The results show that the CT state was estimated to
be 2.85 eV and 0.37 eV above the singlet state (2.48 eV), and the
CT coupling was calculated to be —1147 cm ™ in the dimer unit
of the AQPP system. Thus, the high-lying CT state and weak CT
coupling interaction make the excited-state populations trap in
excimer species in the AQPP thin films (Scheme 2). By contrast,
the AQTP molecules holds a CT state at 2.10 eV close to the
singlet state of 2.07 eV, leading to a strong CT coupling of
—5746 cm™ "' in the dimer unit. The suitable energy level and
strong coupling interaction enable the CT state to mediate the
ultrafast SF process via superexchange mechanism in the AQTP
thin films.”® We conclude that the aromatic substituents could
exert influence on CT coupling interactions via adjusting
molecular packing in the aggregate state to shunt the excited-
state population to exert an SF process or trap in excimer
species in the AQ system.

Conclusions

Based on the comprehensive theoretical analysis and spectro-
scopic studies, we investigated the multiple effects of aromatic
substituents on excited-state properties and SF process in the
AQ system. The results indicate that the aromatic substituents
not only have a significant influence on molecular diradical
characters and then determine the excited-state energetics of
the SF material system but also exert influence on CT coupling
interactions to shunt the excited-state population to exert SF
process or trap in excimer species. Moreover, the results indi-
cated that the CT state-mediated superexchange mechanism is

5570 | Chem. Sci,, 2025, 16, 5565-5572

responsible for the ultrafast SF process in the studied AQ
system. More importantly, a practical SF material system based
on a phenylthienyl-substituted AQ molecule, AQTP, has been
successfully fabricated with a high extinction coefficient, suit-
able energy levels, excellent SF property and good stability. Deep
insights into the multiple regulatory effects of the aromatic
substituents on excited-state properties and SF process could
promote the development of new SF-active chromophores and
practical applications of new-generation light-harvesting
materials.

Experimental section
Computational details

All the calculations were performed in the gas phase using the
Gaussian 16 program package.>” The geometries of the ground
state (S,) were optimized at the PBE0/6-311G(d) level.?® The
geometries and the excitation energies of the singlet and triplet
states were optimized and calculated using TD-DFT and DFT
methods, respectively. The multiple diradical characters (y,) of
these molecules were based on the spin-projected UHF theory.*®
The symmetry breaking function of the molecular system was
calculated at the theoretical UHF/6-31G* guess = mix level, and
the double radical eigen overlap integral T based on the double
orthogonalization orbital was calculated using the Multiwfn
program,* with the UHF wavefunction diradical characters
expressed as y, = 1 — (2 x T)/(1 + T?).

Spectroscopic measurements

UV-vis absorption and PL spectra were recorded using Shi-
madzu UV-3600 and Hitachi F-4500 spectrometers, respectively.
Transient PL attenuation tests were performed using an Edin-
burgh FLS980 spectrometer equipped with an EPL-375 pico-
second pulsed diode laser. PL quantum yields (PLQY) of the
molecules in dilute solution and thin film were measured by the
relative method and integrating sphere, respectively. The test
was performed using an absolute PLQY measurement system,
C9920-02G (Hamamatsu photonics). Femtosecond and nano-
second transient absorption spectroscopy measurements were
all performed using previously described instruments and
experimental conditions.*~** The analysis of the kinetic traces
derived from time-resolved spectra was performed using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nonlinear least-square fitting to a general sum-of-exponentials
function after the deconvolution of IRF. All the spectroscopic
measurements were carried out at room temperature, unless
specified otherwise.

Computational details of electronic coupling

The calculation was performed using a theoretical method
previously demonstrated to be effective in modeling electronic
coupling in SF systems of perylenediimide, diketopyrrolo-
pyrrole and flavanthrene.***® The side chains are not expected
to substantially change the excited-state energies as well as the
electronic coupling values compared to the effect of slip-
stacking patterns, and thus butyl substituents are simplified
to methyl groups in molecular geometry for all calculations.*
The monomer molecular geometry was optimized and then
placed in the corresponding dimer unit of crystal structures.
The CT state energy, E(CT), was calculated using a Weller-like
equation,® E(CT) = IP + EA + Ego + Eelec, Where IP is the ioni-
zation potential, EA is the electron affinity, E,,, is the solvation
energy for the dimer unit in the crystal structure, and E.. is the
electrostatic energy between the ion pair formed in the CT state.
All calculations were performed using the Amsterdam Density
Functional (ADF) package (B3LYP/TZ2P).** The CT coupling
values were calculated by the theoretical methods.*™*
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data_request/cif.
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