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Abstract: Controlling of the electronic coupling between electron donor and acceptor subunits in a dyad is
pivotal for the development of novel organic materials, for instance, thermally-activated delayed
fluorescence (TADF) materials and triplet photosensitizers. Herein we prepared two compact electron
donor/acceptor dyads based on phenothiazine (PTZ) and naphthalimide (NI) with different conformation
restrictions induced by the C—N (NI-N-PTZ) or C—C (NI-C-PTZ) linkers. The effect of electronic coupling
(matrix elements, Vpa) on the photophysical properties, especially the intersystem crossing (ISC) and the
TADF were investigated. NI-C-PTZ shows stronger ground state electronic coupling (Vpa= 2548 cm™) as
compared to NI-N-PTZ (Vpa = 870 cm™"). TADF was observed only for NI-N-PTZ due to its smaller
electronic coupling. Time-resolved electron paramagnetic resonance (TREPR) spectroscopy indicated the
presence two triplet excited states and three ISC mechanisms in NI-N-PTZ with different electron spin
polarizations (ESP): radical pair ISC (RP-ISC) and spin-orbital charge transfer ISC (SOCT-ISC) for one
triplet state, and spin orbital coupling ISC (SO-ISC) for another. Moreover, for the second one, an inversion
of the electron spin polarization (ESP) was observed at 0.5 — 1.1 us delay time. NI-N-PTZ represents a rare

example for compact electron donor/acceptor dyad showing TADF emission in the red spectral region.
1. INTRODUCTION

Tuning the excited states properties of organic chromophores is crucial for the development of various
functional organic materials.'~!! The photochemical properties of a molecular system, such as the absorption
and emission wavelengths, intersystem crossing (ISC) and response to an external stimuli, can be controlled
by controlling the excited states.! For instance, being able to control the emission of a molecule through the

interaction with a specific analyte, allows for the development of fluorescent molecular probes, for which

2,12

the fluorescence can be switched on by the selective interaction with specific compounds.='“ Likewise,

controlling the triplet state of a chromophore, in terms of quantum yield and lifetimes, allows for the

13-16

development of targeted (or activatable) photodynamic therapy (PDT) reagents, phosphorescent

17,18

molecular probes, imaging reagents,!” and more recently external stimuli-responsive triplet-triplet



annihilation (TTA) upconversion materials.!?* Enhancing the light absorption by maximizing the
donor/acceptor interaction through a m-conjugation, is useful to develop photosensitizers for organic
photovoltaics (OPV).?>2¢ Charge separated states (CSS) may occur in such multi-chromophore molecular
systems upon photoexcitation, as a storage of excitation energy, for which the electron transfer dynamics
largely depend on the magnitude of the electronic coupling between the electron donor and acceptor, and
the interplay of the different excited states of the system.?’

There are two typical strategies for tuning the photophysical properties of organic chromophores:
extension of the m-conjugation framework, or introduction of electron donating or accepting substituents on
the m-conjugation framework.?%?%2° Both methods induce significant modifications on the electronic
properties of a chromophore, which reflected in changes of wavelength and band shapes in the UV—-Vis
absorption and luminescence spectra. Extended n-conjugation leads to a fully electronically coupled system,
in which the individual properties of the different units are no longer distinguishable, the whole system
becoming a single m-conjugation framework. On the other hand, connecting two different chromophores
through saturated covalent bands yields a supramolecular system in which he chromophores retain their
respective photophysical properties at the ground state.’?3! In both cases energy and electron transfers
between the components may occur upon photoexcitation. Besides the two approaches mentioned above, in
which the electronic coupling between the components is either strong or negligible, another intermediate
regime is much less investigated, in which a weak electronic coupling between the two components exists,
and the molecular system is neither fully coupled, nor fully decoupled. A few examples of functional organic
material which can be described in terms of weak electronic coupling between the two components have
been reported.3>33 The magnitude of the electronic coupling between two chromophores can be quantified
through the electronic coupling matrix element, Vpa.34-36
The development of molecular systems with moderate electronic coupling between the chromophores can

provide notable advances in the field of thermally-activated decay fluorescence (TADF) materials for



organic light emitting diodes (OLEDs). The production of such third generation OLEDs materials appears
very promising since in these systems no precious metal atoms such as Ir(IIl) or Pt(II) are required to
enhance the phosphorescence.”?’*! In most TADF systems, the electronic coupling between an electron
donor and an electron acceptor is neither too strong nor too weak, such that charge separation is efficient
and both forward and reverse ISC (RISC) are efficient because of the small Si/T1 energy gap.*®

A precise understanding of the role played by the electronic coupling between the units in multi-
chromophore compounds is also important to bring fundamental knowledge of the underlying
photochemistry, notably by elucidating the interplay between Fpa and absorption, emission, and ISC

properties of the system,*>~44

as well as the role played by photo-induced charge separation (CS) and of
charge transfer (CT) states. To enhance the ISC, the typical method is attaching heavy atoms to chromophore,
which leads to strong spin-orbital coupling effect, this method belongs to the so-called spin-orbital coupling
ISC (SO ISC).! However, this approach suffers from some drawbacks, for instance the toxicity and high
cost. Heavy atom-free triplet photosensitizers have been developed, based on the ISC mechanisms of n-

49-33 etc. Moreover, it has been known

n*¢> n-n* transitions,*~*7 exciton coupling,*® electron spin converter,
for decades that charge recombination (CR) can induce ISC.?’>*3 However, these conventional electron
donor/acceptor systems are usually with large separation between donor and acceptor with long distance,
which makes the synthesis difficult.>* The ISC in the electron donor/acceptor dyads may occur via different
mechanisms, such as radical pair ISC (RP-ISC), i.e. Si/To or Si/T+; states mixing given the electron
exchange energy is extremely small (J «1 cm™), or the recently proposed spin orbit charge transfer ISC
(SOCT-ISC).>¢ In donor/acceptor dyads with a short linker between the electron donor and acceptors, the
RP-ISC is unlikely, due to the large electron exchange energy (J), which follows the 2JocVpa? relationship,
leading to large Si/T; energy gaps. Concerning the TADF materials,”’ very rarely the magnitude of the

electronic coupling (¥ba) was used as a guideline for tuning the interaction of the electron donor/acceptor

in the molecules. TADF molecules are typically based on carbazole and phenothiazine or phenoxazine



(PXZ), while the typical visible light organic chromophores, such as naphthalimide, were rarely used for
TADF materials.?” This is likely because arenes with large planar n-conjugation frameworks usually present
a much lower T state energy level than the CT state, which makes the RISC and TADF processes
impossible.”

Herein we designed new compact electron donor/acceptor dyads based on phenothiazine (electron donor)
and naphthalimide (electron acceptor and visible light-harvesting unit), with the aim to finely tune the
electronic coupling and investigate its effect on the photophysical properties, especially the ISC of the dyads
(Scheme 1). The conformation of the dyads is constrained by controlling the steric hindrance of the rotation
around the linkers (C—C or C—N bonds). The geometrical conformation of the dyad can influence its
electronic properties, e.g., in case of orthogonal geometry of the electron donor and the acceptor units, upon
the occurrence of charge separation and recombination, SOCT-ISC can become very efficient.3343-5859
Using steady state and time-resolved transient spectroscopies, we quantified the different electronic
couplings between PTZ and NI moieties in the dyads, and we show that the photophysical properties are
largely influenced by magnitude of Vpa. Interestingly, we observed TADF with one of the dyads, and
rational its origin in terms of electronic coupling and the molecular geometry. With time-resolved electron
paramagnetic resonance (TREPR) spectroscopy we confirmed the significant difference in the
photophysical properties of the two dyads. The dyad showing TADF presents two triplet states, and the RP-
ISC mechanism contribute to the electron spin polarization (ESP) pattern for one of the triplets. Furthermore,
different ESP patterns are observed for the two triplet states, and an inversion of the ESP with increasing
delay time was also observed for one of the two triplet states. The formation of two different triplet states
in NI-N-PTZ dyad was confirmed by the calculation of two stable configurations of triplet states in this
dyad. Therefore, the NI-N-PTZ dyad is a rare example of compact electron donor/acceptor dyad showing
RP-ISC mechanism. For the analogue dyad showing no TADF property, RP-ISC was not observed with

TREPR spectroscopy. These results are useful for fundamental photochemistry studies of the CS and charge



recombination (CR), the dynamics of CT state, intersystem crossing, as well as for development of red

TADF materials.

2. EXPERIMENTAL SECTION

2.1. General Method. All the chemicals used in synthesis are analytically pure and were used as received.
Solvents were dried and distilled prior to use. Fluorescence lifetimes were measured on an OB920
luminescence lifetime spectrometer (Edinburgh Instruments, UK). Optistat DN cryostat (Oxford
Instruments, UK) was used for temperature-dependent absorption/fluorescence spectra measurements.

2.2, Compound NI-N-PTZ. NI-Br (100 mg, 0.258 mmol), phenothiazine (61.8 mg, 0.31 mmol),
Pd(OAc): (11.2 mg, 0.05 mmol) and sodium zert-butoxide (192.2 mg, 2 mmol) were mixed in dry toluene
(5 mL). Then tri-tert-butylphosphine (0.23 mL, 0.10 mmol. 10% toluene solution) was added under N>
atmosphere. The mixture was stirred for 8 h at 120 °C. After cooling, water (5 mL) was added, and the
mixture was extracted with ethyl acetate (20 mL). The organic layer was separated and washed with water
and brine solution (3 x 20 mL), respectively. The organic layer was dried over anhydrous Na>SO4 and the
solvent was evaporated under reduced pressure. The crude product was purified by column chromatography
(silica gel, DCM:PE = 2:1, v:v). Compound NI-N-PTZ was obtained as dark red solid. Yield: 98 mg (75%).
'"H NMR (400 MHz, CDCl3): 6= 8.82 (d, 1H, J= 7.7 Hz), 8.65 (d, 1H, J= 7.3 Hz), 8.52 (d, I1H, J= 8.5
Hz), 7.94 (d, 1H, J= 7.7 Hz), 7.77-7.70 (m, 1H), 7.09 (d, 2H, J = 7.6 Hz), 6.88—6.75 (m, 4H), 6.06 (d, 2H,
J=28.3Hz),4.22-4.11 (m, 2H), 2.01-1.95 (m, 1H), 1.45-1.29 (m, 8H), 0.98—0.89 (m, 6H). 3C NMR (125
MHz, CDCl3): 6=164.24, 163.89, 143.39, 143.23, 132.09, 131.85, 131.25, 130.32, 130.29, 129.93, 128.20,
127.08, 126.99, 123.66, 123.19, 123.14, 120.51, 115.80, 44.30, 38.02, 30.77, 28.69, 24.04, 23.13, 14.14,
10.66. MALDI-TOF-HRMS (C32H30N202S"): calcd m/z = 506.2028; found m/z = 506.2034.

2.3. Compound NI-DPA. NI-DPA was synthesized with a method similar to that of NI-N-PTZ. The
product was obtained as orange red solid. Yield: 78 mg (63 %). '"H NMR (400 MHz, DMSO-d¢): 5= 8.47

(d, 1H,J= 8.1 Hz), 8.44 (d, 1H, J= 7.2 Hz), 8.16 (d, 1H, J= 8.4 Hz), 7.71-7.63 (m, 1H), 7.43 (d, 1H, J=



8.0 Hz), 7.35-7.27 (m, 4H), 7.13-7.04 (m, 2H), 7.00 (d, 4H, J = 7.8 Hz), 4.04-3.93 (m, 2H), 1.32—-1.22 (m,
8H), 0.89—0.83 (m, 6H). HRMS (C32H3:N202 + H"): caled m/z = 477.2464; found m/z = 477.2542.

2.4. Compound NI-C-PTZ. NI-Br (60 mg, 0.155 mmol), 3 (60 mg, 0.16 mmol) and K>CO3 (65 mg, 0.47
mmol) was mixed in DMF (5 mL) and water (0.52 mL). The mixture was purged with N> for 15 min, then
Pd(PPhs)4 (10 mg, 0.009 mmol, 6 mol%) was added. The resulted mixture was stirred for 4 h at 80 °C. After
cooling, water (5 mL) was added and the mixture was extracted with DCM (3 x 25 mL). The organic layers
were combined and washed with brine solution (3 x 25 mL). The organic layer was dried over anhydrous
NazS04 and the solvent was evaporated under reduced pressure. The crude product was purified by column
chromatography (silica gel, DCM:PE = 2:3, v:v). NI-C-PTZ was obtained as orange solid. Yield: 35 mg
(40%). '"H NMR (400 MHz, CDCl3): §=8.63-8.60 (m, 2H), 8.31 (d, 1H, J = 8.53 Hz), 7.72-7.64 (m, 2H),
7.30-7.27 (m, 2H), 7.22-7.15 (m, 2H), 7.02-6.92 (m, 3H), 4.20-3.89 (m, 4H), 2.00-1.94 (m, 1H),
1.91-1.83 (m, 2H), 1.56—1.49 (m, 3H), 1.43—1.30 (m, 8H), 1.01-0.87 (m, 8H). 3C NMR (125 MHz, CDCl5):
0=164.70, 164.49, 145.80, 145.70, 144.76, 133.75, 132.85, 132.52, 131.21, 130.89, 129.98, 128.95, 128.80,
128.54,127.56,127.49, 126.78, 125.38, 124.25,122.95, 122.81, 121.56, 115.61, 115.24, 47.30, 44.19, 37.96,
30.81,29.04, 28.75, 24.12, 23.09, 20.24, 14.10, 13.85, 10.69. MALDI-TOF-HRMS (C3¢H33sN20,S"): caled
m/z = 562.2654; found m/z = 562.2636.

2.5. Nanosecond Transient Absorption Spectroscopy. The nanosecond transient absorption spectra
were studied with LP980 laser flash-photolysis spectrometer (Edinburgh Instruments, UK).The samples
were purged 15 min with N2 before measurement, and excited with a nanosecond pulsed laser (Opolette™
355I1+UV nanosecond pulsed laser, OPOTEK, USA. the wavelength is tunable in the range of 200—2200
nm). The signal was digitized with a Tektronix TDS 3012B oscilloscope and the data was analyzed with
LP900 software.

2.6. DFT Calculations. The geometries of the compounds in their ground state were optimized using

density functional theory (DFT) with B3LYP functional and 6-31G(d) basis set. There are no imaginary



frequencies for all optimized structures. All these calculations were performed with Gaussian 09W. A
smaller molecular model replacing the alkyl chains by hydrogens in NI-N-PTZ and NI-C-PTZ was used
for the second-order algebraic diagrammatic construction (ADC(2)) calculations. Single-point ADC(2)
calculations were done on top of the So, S1 and T optimized geometries (the excited state ones optimized
at the TD-PBEO0/6-31+g(d) level of theory) with the TURBOMOLE V7.1 programme package. The def2-
TZVP was chosen for the ADC(2) calculations. SOCs were computed using the quadratic-response (QR)-
TD-DFT approach, as implemented in the Dalton program at their S| optimized geometries. For the latter

calculations the B3LYP functional in combination to the 6-31G(d) basis set was used.®

3.RESULTS AND DISCUSSION

3.1. Molecular Structure Design and Synthesis. One of the critical methods to tune the magnitude of
the electronic coupling (¥pa) between the components is to control the molecular geometry, for instance by
tuning the dihedral angle between the electron donor and acceptor.33¢! PTZ was selected as electron donor,
as this moiety is known to form a stable radical cation,?*%2-6* whereas NI, which has extensively been used
as a fluorophore for its robust photophysical properties.®=%® To the best of our knowledge, the electronic
coupling between NI and donor moieties was not studied before and the TADF of NI chromophore was

never reported previously.”-16:69-71

Different linkages are used in the dyads NI-N-PTZ and NI-C-PTZ to connect the NI and the PTZ moieties,
which lead to different rotation constrains (Scheme 1). Buchwald-Hartwig coupling reaction was used for
the preparation of NI-PTZ dyad with C—N connection (NI-N-PTZ in Scheme 1). For this dyad, we
anticipate an orthogonal orientation of the acceptor and donor units. Suzuki-Miyaura cross coupling reaction
was used for the preparation of NI-C-PTZ, in which a C—C bond was used as linker. More rotational
freedom is expected for NI-C-PTZ due to the smaller steric hindrance experienced by the two units. NI-

DPA, NI-Pip and NI-BA were prepared as reference compounds (Scheme 1). The yields were satisfactory



and the molecular structures of the compounds were fully characterized by 'H NMR, *C NMR and HR MS
(see Experimental Section).

Scheme 1. Synthesis Procedures of the Compounds *
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@ Key: (a) 2-ethylhexylamine, ethanol, reflux, 6 h, yield: 74%. (b)Diphenylamine or phenothiazine,
Pd(OAc),, tri-tert-butyl phosphine, -BuONa, toluene, reflux, 9 h, yield: 63% and 75% for NI-DPA and NI-
N-PTZ, respectively. (c) Compound 3, Pd(PPhs)s, K2CO3, DMF, H>0, 80 °C, 4 h, yield: 40%. (d) Piperidine
or n-butylamine,2-methoxyethanol, reflux, 8 h, yield: 28% and 42%, respectively.

3.2.UV-Vis Absorption Spectroscopy. The UV-Vis absorption spectra of the compounds were studied
(Figure 1). For NI-Br, the absorption maxima is at 330 nm, and the absorption band shows a clear vibrational
progression. In NI-N-PTZ, an orthogonal orientation of the NI and the PTZ moieties is expected for the
ground state geometry (see Section 3.6) and thus only a weak electronic coupling can occur between the
electron donor and acceptor.?3®! A weak, broad, and structureless absorption band in the 400 — 600 nm was
observed (Figure 1a), which is interpreted as a CT transition (see Section 3.6).>%6172 In NI-C-PTZ, the

rotational restriction is expected to be smaller than that in NI-N-PTZ, so that the two moieties adopt a more

coplanar conformation, in turn yielding a significant electronic coupling between the NI and PTZ moieties.>



Indeed, a strong broad absorption band centered at 405 nm, assigned to a CT transition, was observed for
NI-C-PTZ (Figure 1a). Note that this band is much more intense (&= 9200 M~! cm™!) than that in NI-N-
PTZ (¢= 600 M~! cm™!), hinting at a much stronger electronic coupling (¥ba) between the donor and the
acceptor in NI-C-PTZ. For both NI-N-PTZ and NI-C-PTZ, the structured absorption band at 330 nm has

almost the same topology as in NI-Br.
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Figure 1. UV—Vis absorption spectra of (a) NI-N-PTZ, NI-C-PTZ and NI-Br, (b) NI-DPA, NI-Pip, NI-
BA and NI-Br, ¢ = 1.0 x 107> M in hexane, 20°C; (c) NI-N-PTZ at different temperature in mixed solvent

of methanol/ethanol (1:4, v:v), c = 4.0 x 107 M.

The UV—-Vis absorption spectra of the derivatives containing other amino substituents (NI-BA, NI-Pip
and NI-DPA) are displayed in Figure 1b. Interestingly, the structured absorption band at 330 nm disappears
in these compounds, and a broad absorption band in the 300 — 500 nm range was found. These compounds
represent fully coupled systems, for which a new n-conjugation framework is established, contrasting with
the above-discussed for weakly coupled systems. These analyses are supported by the shape of the molecular

orbitals (vide infra).

Based on the absorption features, the transition dipole moments of the CT bands, as well as the electronic

coupling between the electron donor and the acceptor can be calculated with Egs. 1 and 2, respectively.346!
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where &(V¢r) is the molar absorption coefficient of CT band (in M~ ecm™); V¢ is the maximum of the
So—CT band (in cm™); n, Na, ¢ and & are the refractive index of the solvent, the Avogadro constant (in
mol™), the speed of light (cm s7!) and the Planck constant (erg s), respectively; R is the distance between
the center of donor and acceptor moiety (in A); &1, is the molar absorption coefficient at the maximum of
CT band (in M~! em™); 7T is absorption maximum of the CT absorption band (in cm™); A%} is the full
width of CT band at the half maximum (in cm™).

Table 1. Absorption Properties and Electronic Coupling Matrix Elements (V'pa) of the Compounds in

Hexane
Aabs(So—>LE)  Aabs(So—>CT)  Maps(So—>CT)  Auni - Vpa[eV]Y  Voa' [eV]/
[nm/eV]? [nm/eV]¢ [D]? [D] ¢
NI-N-PTZ 330/3.757 450/2.755 0.93 1.90 0.11 1.29
NI-C-PTZ 330/3.757 405 /3.061 2.86 6.41 0.32 1.92
NI-DPA  289/4.290 440/2.818 3.67 735  0.48 1.29

¢ These maxima of the So—LE band and the So—CT band were obtained from the experiments. °
Transition dipole moments of So—CT transitions. In hexane solution. ¢ Dipole-moment changes between
ground and excited electronic states from TD-DFT calculations. ¢ Electronic coupling matrix element
between Sy state and LE state./ Electronic coupling matrix element between LE state and CT state.

The estimated CT band transition dipole moments are listed in Table 1. It is clear that the transition dipole
moment of NI-C-PTZ is much larger than that of NI-N-PTZ, and the same trend holds for the V'pa. For the
compounds with significant m-conjugation between the electron donor and the NI moiety, for instance NI-
DPA, the Vpa is much larger (0.48 eV). According to the Fermi golden rule, the rate of non-adiabatic

electron transfer is proportional to the square of the electronic coupling matrix element between the initial

11



and the final states. Then, the interaction-matrix element between D*—A~ and (DA)"(Vpa") can obtained by

LE absorption band and CT emission band,”® using Eq. 3:

64r7'n’ « %\2 v
ko =7 -
RAD 3, ( DA ) (AEI—V)Z 3)

where krap and v are the radiative rate constant (in s!') and the maximal emission wavenumber of CT
fluorescence (in cm™), respectively, AE) is the energy gap between the locally excited (LE) state and the
ground state (in cm™"), z* is the transition dipole moment of the local transition So—LE (in D), which can

be calculated using:

W00
87°N, nv Jband 4)

|

where &(7g) is the molar absorption coefficient of LE band (in M~! cm™); 74 is the maximum of the

So—LE band (in cm™"). As it can be seen in Table 1, the electronic coupling matrix element between the LE
and CT states is larger than that between Sy state and LE state.

Furthermore, the solvent effect on the UV—Vis absorption spectra of NI-N-PTZ and NI-C-PTZ was
investigated (Supporting Information, Figure S16). The results show that the CT band of NI-C-PTZ is
sensitive to solvent polarity, the absorbance decreases and the band is red-shifted by 831 cm™! when going
from apolar to polar media (Supporting Information, Figure S16b).

Varying the temperature tunes the average conformation of the dyads, as such the electronic coupling
between the two units. For both NI-N-PTZ and NI-C-PTZ, their LE absorption bands (at 300 nm) show an
increasing intensity when decreasing temperature (Figures 1¢ and S17). For the CT bands, more diverse
trends can be observed. For NI-N-PTZ, the CT band is both red-shifted and decreased with decreasing

temperatures (from 300 K to 100 K). For NI-C-PTZ, however, the CT band undergoes a hyperchromic

12



variation at lower temperature (Supporting Information, Figure S17). We tentatively attribute these changes

to a variation of the molecular conformation as a function of the temperature (vide infra).

3.3. Fluorescence Emission: Thermally-Activated Delayed Fluorescence (TADF) in the Red
Spectral Range. The fluorescence emission spectra of the compounds are shown in Figure 2. The general
trend is that the dyads with strong electronic coupling between the donor and acceptor give stronger
emission than those with weaker electronic coupling. For instance, NI-Pip, NI-BA and NI-DPA show
brighter emissions in hexane than NI-N-PTZ. This result is in line with the electronic coupling magnitude

in the dyads, and the coupling is much stronger in NI-Pip, NI-BA and NI-DPA than in the weakly coupled

system, i.e., NI-C-PTZ and NI-N-PTZ.
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Figure 2. (a) Comparison of the fluorescence spectra of the compounds. Optically matched solutions were
used, 4 = 0.020 at Aex = 350 nm (¢ = ca. 1.0 x 107> M). In hexane, 20 °C. Fluorescence emission spectra of

(b) NI-N-PTZ and (c) NI-C-PTZ in different solvents. In (b) and (c) optically matched solutions were used

(4=0.166 at 330 nm, ¢ = ca. 1.0 x 1075 M). 20 °C.

The emission of NI-N-PTZ and NI-C-PTZ in different solvents were studied (Figures 2b and 2c).
Interestingly, NI-N-PTZ shows an emission band centered at 600 nm in hexane. This broad, structureless
emission band is assigned to the emissive !CT" state, supported by TD-DFT and ADC(2) calculations (see

Section 3.6).°! No such emission band can be observed in other solvents and the fluorescence is quenched
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in polar solvents. For NI-C-PTZ, similar emission bands were observed in hexane and toluene (Figure 2c¢).
NI-N-PTZ is a weaker coupled system than NI-C-PTZ. As a result in solvents more polar than hexane (&
=1.88, E1(30) = 31.0), e.g., in toluene (&= 2.38, E1(30) = 33.0), the 'CT" will be more stabilized, and the
radiative decay will be outcompeted with the non-radiative decay. In NI-C-PTZ, the coupling is stronger,
and thus 'CT" is located higher energy than in NI-N-PTZ. The emission of the isolated NI moiety is very
weak.

Table 2. Photophysical Properties of the Compounds

Jabs[nm]? &7 Adem[nm]  z[ns]¢  zr[pus] D¢ D¢

22.6 (97%);
NI-N-PTZ 330  0.182 600 26 003 0.16
2581 (3%)

NI-C-PTZ 330 0.172 522 3.9 146.1 0.36 0.10
NI-DPA 440 0.122 494 13.8 -/ 0.70 0.00
NI-Pip 383 0.107 467 8.9 -/ 0.67 0.00
NI-BA 408 0.111 463 10.3 -/ 0.60 0.00

¢ Maximal UV-Vis absorption wavelength in hexane (1.0 x 10 M). ®* Molar absorption coefficient
absorption maxima. &: 10° M cm™!. ¢ Fluorescence lifetime under N, atmosphere in hexane (1.0 x 107 M).
4 Absolute fluorescence quantum yield (@) (dex = 310 nm, 4 = ca. 0.100) in hexane, measured with optical
integration sphere. ¢ Singlet oxygen ('02) quantum yield (@a) (dex =310 nm, 4 = 0.219) with Ru(bpy)3[PFs]>
as standard (@ = 0.57 in DCM) in hexane. / Not observed.

The photophysical properties of the compounds are summarized in Table 2. The fluorescence emission of
NI-N-PTZ (600 nm in hexane, 2.07 eV) and NI-C-PTZ (522 nm in toluene, 2.38 ¢V) indicate that the 'CT

),67,74,75 and

energy level is very close to that of the triplet state (T: state) of the NI chromophore (2.09 eV
thus one can envisage that the triplet state manifold can be involved in the excited state relaxation pathway.
One of the typical manifestations of the interaction of emissive singlet states with triplet excited states is the

occurrence of TADF, which appears following ISC from S; to Ti, and the subsequent thermally-activated

RISC towards the S; state.16-37:38.40.76
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The effect of different atmospheres on the luminescence of NI-N-PTZ and NI-C-PTZ is analyzed in
Figure 3. The rationale for this kind of measurement is that the triplet state can be significantly quenched
by dioxygen, O..”7 In contrast, the quenching of normal fluorescence by O, is limited, due to the spin
multiplicity and the short lifetime of the singlet excited state.”” Indeed, we found that the fluorescence of
NI-N-PTZ is greatly quenched in aerated solution as compared to the deaerated solution. The quenching is
more significant in Oy saturated solution (Figure 3c). For NI-C-PTZ, however, the quenching is much
weaker (Figure 3d). These results clearly suggest that the triplet excited state is involved in the fluorescence
of NI-N-PTZ more significantly than that in NI-C-PTZ, hinting that the fluorescence of NI-N-PTZ is
indeed TADF.

Next, in order to unveil the possible TADF emission of NI-N-PTZ, we present in Figure 3 the
luminescence lifetimes under different atmospheres. Interestingly, the luminescence decay of NI-N-PTZ in
hexane has a distinct biexponential feature, showing a fast decaying phase with a lifetime of 22.6 ns (96.6%
in population) and a much longer component with a lifetime of 2.6 ps (3.4% in total population). The prompt
decay component is attributed to the prompt fluorescence which is due to the direct decay from the singlet
excited state. The appearance of a slow decaying component and the sensitivity of the emission intensity to
Oz unambiguously indicate the involvement of the triplet state in the luminescence of NI-N-PTZ, which is
consistent with TADF emission.”®8! Moreover, we assume that ISC is facilitated in NI-N-PTZ, due to the
SOCT by the orthogonal molecular geometry.33>*32.86 The relative ratio of the prompt luminescence and
the delayed fluorescence indicates that few triplet state crossed back to the emissive singlet excited states.
The luminescence lifetimes of NI-N-PTZ under different atmospheres are summarized in Table S1. It is
clear that upon deaeration, a long-lived component appeared, which is assigned to the delayed fluorescence.

For NI-C-PTZ we observed minor changes of the emission lifetime under different atmosphere and a
single exponential decay component in deaerated solution (zr = 3.4 ns. Figure 3b). We thus propose that no

TADEF is involved in the emission of NI-C-PTZ. The lack of TADF in NI-C-PTZ is likely due to the strong
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coupling between the NI and the PTZ moiety, and thus large electron exchange (J. JocVpa?) which leads to
a larger S1/T energy gap (AEsit1 = 2J), see the computed values in Section 3.6. Indeed, large S1/T| energy
gap is detrimental to RISC, which is crucial to TADF.74%%%.72 [n case of NI-C-PTZ and other compounds,

we found that the luminescence lifetimes hardly change upon deaeration, all the lifetimes are in the range

of 3 — 11 ns (Supporting Information, Table S2), implying that no TADF occurs.
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Figure 3. Fluorescence decay traces of (a) NI-N-PTZ (Aex = 445 nm) at 600 nm, (b) NI-C-PTZ (Aex = 405
nm) at 530 nm; fluorescence emission spectra of (¢) NI-N-PTZ (Aex = 445 nm), (d) NI-C-PTZ (Aex = 405

nm). Under different atmospheres (N, air, O2), ¢ = 1.0 x 107> M in hexane, 20°C.

The delayed fluorescence was also observed using the laser-induced-fluorescence (LIF) mode of the
LP980 laser flash photolysis spectrometer (Supporting Information, Figure S20). The luminescence lifetime
(n1 = 22.2 ns, 79.8 % in population of the total luminescence, »» = 2.4 ps, 20.2 %) is similar to that

determined with the fluorescence lifetime measurements. The long-lived laser-induced fluorescence lifetime

16



was reduced to 71 = 10.1 ns (76.3 %)/ 2 =264.9 ns (23.7 %) under air atmosphere, indicating the involvement
of triplet state in the emission of NI-N-PTZ.

Delayed fluorescence can be rationalized by two mechanisms: thermally-activated delayed fluorescence
(E-type delayed fluorescence), or triplet-triplet annihilation (P-type delayed fluorescence).'”” In order to
discriminate between these two different mechanisms for NI-N-PTZ, the effect of concentration was studied
(Supporting Information, Figures S22¢ and S22d). By increasing the concentration, the expected quadratic
relation between emission intensity and concentration for the TTA mechanism was not observed. In contrast,
a trend with downward curvature is observed (Supporting Information, Figure S22d). This result indicates
that the delayed fluorescence emission is not due to TTA, but to TADF.”” It should be noted that the triplet
state lifetime of NI-N-PTZ is not long (2.6 s, see later section).”*87

Recently, NI derivatives with carbazole moiety as electron donor were reported.®® However, those
derivatives show no TADF, although charge transfer emission was observed. The reason can be attributed
to the larger Si/T1 energy gap for those compounds.®® To the best of our knowledge, red emitting TADF
materials, which are useful for time-resolved luminescence bioimaging, were rarely reported.37-8%-90

The temperature-dependent luminescence spectra of NI-N-PTZ and NI-C-PTZ are shown in Figure 4.
The luminescence intensity of NI-N-PTZ decreases upon cooling the solution from 298 K to 178 K due to
the reduced thermal energy available for the reverse Ti—S; ISC. The normal fluorescence would intensify
upon decreasing the temperature, due to the suppressed non-radiative decay processes,'”” which is found in
NI-C-PTZ.

The emission of NI-N-PTZ is redshifted at lower temperature, which is not common in TADF materials,’!
and therefore these data were not used to derive the S1/T; energy gap.3” This phenomenon can be rationalized
in terms of molecular conformation change at decreasing temperature: we expect that when lowering the

temperature, the mutual orientation of the electron donor/acceptor will become more orthogonal, which
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reduces the coupling between NI and PTZ moieties. As a result, a CS state will be more stabilized,’>** and

the emission will be redshifted.
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Figure 4. Temperature-dependent fluorescence emission spectra of the compounds. (a) NI-N-PTZ, Aex =
445 nm, (b) NI-C-PTZ, Aex = 405 nm, (c) NI-DPA, Aex = 405 nm and (d) NI-Pip, Aex = 405 nm. The

temperature varied from 298 K to 178 K. ¢ = 1.0 x 107 M in deaerated hexane.

3.4. Nanosecond Transient Absorption: Direct Observation of the Triplet Excited State. In order
to directly confirm the population of the triplet excited state upon photoexcitation, nanosecond transient
absorption spectra were recorded (Figure 5). Upon pulsed laser excitation, an excited state absorption (ESA)
band centered at 420 nm was observed for NI-N-PTZ (Figure 5a), which is the typical feature of the triplet
state absorption of NI moiety (see the ns TA of NI-Br, Supporting Information, Figure S27).°* However,

this band can also be assigned to the absorption of the NI radical anion, which absorbs at 420 nm (NI~*) and

491 nm.” These bands may also overlap with the absorption of the PTZ** cation, identified previously at
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437 nm, 519 nm and 664 nm.’*~%8 Therefore, we propose that the lowest triplet state T; state has LE character
(®NI state), but mixed with the 3CT state. The determined triplet state lifetime is 2.6 us, in agreement with

the lifetime determined with the luminescence method (Table 2 and Figure 3a). This result indicates the

emissive S state and the dark T; state of NI-N-PTZ are in a good equilibrium, and
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Figure 5. Nanosecond transient absorption spectra of the dyads. (a) Transient absorption spectra of NI-N-
PTZ excited at 330 nm and (b) decay curves at 420 nm, ¢ = 1.0 x 107> M in deaerated hexane. (¢) Transient

absorption spectra of NI-C-PTZ excited at 330 nm and (d) decay curves at 500 nm. ¢ = 1.0x 10~ M in

deaerated hexane. 20°C.

that the energy gap between the S; and T state is very small.”!6! In NI-C-PTZ, the triplet state lifetime
(146.1 ps) is much longer than of NI-N-PTZ. However, the AO.D. values of NI-C-PTZ are only half of
those of NI-N-PTZ, indicating that the triplet state quantum yield is only half that of NI-N-PTZ. No ns TA
signal is observed for NI-DPA, indicating no significant production of long-lived triplet state for this

compound. For both NI-N-PTZ and NI-C-PTZ, no triplet state formation was observed in polar solvents
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such as dichloromethane and acetonitrile. This may be due to the faster charge recombination to give the
ground state (So).

Spectroelectrochemistry was also used to confirm the absorption of the NI™* and PTZ" in NI-N-PTZ.
After applying negative potential (—1.70 V, vs Ag/AgNO3) to NI-N-PTZ, we observed the generation of
absorption bands centered at 430 nm, 503 nm, 698 nm, and 770 nm (Supporting Information, Figure S23a).
According to literature reports,’>?° these are the typical NI™* absorption. It is similar to that obtained from
nanosecond transient absorption spectra (426 nm and shoulder peak at 510 nm), which indicates that the
triplet signal has a CT character. When a positive potential (0.63 V, vs Ag/AgNO3) was applied to the same
compound, peaks at 515 nm, 716 nm, 794 nm, and 894 nm are observed (Supporting Information, Figure
S23b). It is a typical phenothiazine radical cation signal.”®’ The peak centered at 515 nm is overlapped
with NI™* signal in the nanosecond transient absorption spectra. The above radical cation and anion signals
indicate that we observed CSS in nanosecond transient absorption experiment, rather than a typical NI local
triplet state. Although the single value decomposition (SVD) of NI-N-PTZ ns TA data gives only one
species, it is not easy to clarify different triplet species by this ns TA result alone because the significant
overlap of bands. Therefore, the TREPR technical was used to identify triplet species in these dyads (vide
infra).

3.5. TREPR Study: Observation of Both SO-ISC and RP-ISC Mechanisms, and ESP Inversion of NI-
N-PTZ. TREPR spectroscopy is useful for revealing the ISC mechanisms.>%!% The width and the phase of
the TREPR spectrum reflect the zero field splitting (ZFS) and the ESP of the T state, respectively. The ZFS
parameter D indicates the spatial confinement of the triplet state wave function, whereas the ESP pattern
provides information regarding the ISC mechanisms. For instance, the typical ESP patterns of the triplet
state accessed with SO-ISC are (e, a, e, a, e, a) or (e, e, e, a, a, a) at the six canonical orientations of the

randomly oriented molecules, whereas a ESP pattern of the triplet state formed with the RP-ISC mechanism
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(S/Ty state mixing, for instance), is (a, e, e, a, a, e), where a stands for enhanced absorption transition and
e stands for emissive transition in the TREPR spectra.

For electron donor/acceptor dyads, a few ISC mechanisms are possible, including the hyperfine coupling
interaction (HFI) induced RP-ISC, via the S/Ty states mixing, or S/T= states mixing. In these cases, the
electron spin-spin exchange should be smaller than the Zeeman splitting, |2J] < gfB, and |2J] = gfB,
respectively, where g is the electronic Land¢ factor, £ is the Bohr magneton, and B is the applied magnetic
field. Moreover, in order to have efficient RP-ISC in the electron donor-bridge-acceptor systems, the

distance between the electron donor and acceptor should usually be large to reduce the J magnitude. In
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Figure 6. TREPR spectra of (a) NI-Br, (b) NI-C-PTZ, (c) NI-N-PTZ. Determined with X-band EPR
spectrometer, at 85 K. The delay time is 0.6 — 0.7 us following a 355 nm laser pulse, ¢ = 1.0 x 107 M in
mixed solvent hexane:toluene (1:2, v:v). Red lines are computer simulations of the triplet state spectra with
parameters supplied in Table 3 for NI-Br and NI-C-PTZ. (c) The spectrum of NI-N-PTZ is presented as

the sum of the two spectra. Details are described in the text.

molecular systems with short linkers, i.e., compact donor/acceptor dyads, |2J] » gf/B and the RP-ISC channel
is inhibited. Previously both RP-ISC and SO-ISC mechanisms were observed in perylenebisimide-Phn,-PTZ

(Ph = phenyl) systems with n >1, where n is the number of intervening phenyl linkers.>® For systems with n
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=1, the ISC is exclusively via SO-ISC mechanism, no RP-ISC was observed. Compact donor/acceptor
systems showing RP-ISC mechanism were rarely reported.'®

For NI-N-PTZ and NI-C-PTZ, we observed the triplet state formation with time-resolved transient
absorption spectroscopies, thus the ISC mechanisms of these dyads were studied with TREPR spectroscopy
(Figure 6). The TREPR spectra of NI-Br and NI-C-PTZ are typical for randomly oriented triplet states with
the (e, a, e, a, e, a) ESP pattern (Figure 6a and 6b). The ZFS parameters (D and E) which characterize the
splitting of the triplet into three sublevels in zero magnetic field, have been determined by computer
simulation (Table 3). The sign of the D parameter (D > 0) for NI-Br is determined from an experiment using
measurements in a liquid crystal. In the remaining examples, the positive sign of the parameter is chosen by

analogy.

Table 3. Zero Field Splitting Parameters (|D| and E) and Relative Population Rates px, py, p. of the

Zero Field Spin States Obtained from Simulations of the Triplet State TREPR Spectra of the

Compounds
|D| [MHz] E [MHz] Dz Dy Px
NI-Br 2590 150 0 0.67 0.33
NI-C-PTZ 1800 140 0 0.3 0.7
NI-N-PTZ 900 ¢ 0¢ 1.0 0 0
1380 % 260° 0¢ 1 0¢

¢ Component 2 (spectrum 2 in Figure 6¢) of the TREPR spectrum of NI-N-PTZ, recorded with delay time
of 0.6 — 0.7 ps after laser excitation. ® Component 1 (spectrum 1 in Figure 6¢) of the TREPR spectrum of
NI-N-PTZ, recorded with delay time of 0.6 — 0.7 pus after laser excitation. © The population rate due to SO-
ISC or SOCT-ISC mechanism contribution, main contribution from RP-ISC not shown.
The observed ESP pattern may be formed via a SO-ISC process. For NI-Br, the ISC is facilitated by the

heavy atom effect of Br atom, and the triplet state is localized on NI. For the electron donor/acceptor dyads,

it was shown that if the orientation between the electron donor and acceptor is orthogonal, and the charge
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transfer between them is accompanied by a significant change in orbital angular momentum, charge
recombination of the 'CT state may be accompanied by an electron spin flip to directly yield triplet state.>
Therefore the observed (e, a, e, a, e, a) ESP pattern and the change of population rate of the sublevels of
NI-C-PTZ are attributed to SOCT-ISC mechanism. Although the D parameter and the population rate of
the sublevels of NI-C-PTZ are different from that of NI-Br (Table 3), the ordinary SO-ISC mechanism
cannot be also excluded for the formation of (e, a, e, a, e, a) ESP pattern.

The D parameter of NI-C-PTZ (1800 MHz, 0.059 cm™!) is much smaller than in NI-Br (2590 MHz, 0.085
cm™), which may be attributed to the delocalization of the triplet state from NI moiety to PTZ moiety in
NI-C-PTZ,'%° which is supported by the spin density isosurface studies (see later section and Supporting
Information, Figure S29). The D parameters is also smaller than a previously determined value of the NI
moiety (0.0743 cm™").10!

Interestingly, for NI-N-PTZ, neither the SOCT-ISC nor the RP-ISC induced ESP alone can give
satisfactory simulation of the experimental TREPR spectrum (Figure 6c¢). The analysis shows that the
spectrum of NI-N-PTZ in Figure 6¢c, which was observed at delay times of 0.6 — 0.7 us, is the sum of two
spectra, i.e., spectrum 1 (blue) and spectrum 2 (pink. Figure 6¢). The ESP pattern of spectrum 1 is caused
by different ISC mechanisms (see analysis below), which is similar to a recent TREPR study of carbazole-
derived TADF molecules.!%

The triplet spectrum 2 (pink) of NI-N-PTZ (Figure 6¢) shows the (a, a, a, e, e, ¢) ESP pattern. The best
fit of the experimental and simulated spectra in X-band (for the spectrum recorded in Q-bands, see
Supporting Information, Figure S24) gives D = 900 MHz (0.029 cm™'), E = 0 MHz and preferential
population to the T, sublevel of triplet state (Table 3). We noted the different D values for these triplet state
species, which may be due to the different confinement of the wave function of the two triplet states. With
computation we found to energy minima for the T\ state, with dihedral angles of 70° and 90 between the NI

and the PTZ moieties, respectively (Supporting Information, Figure S30).
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The triplet spectrum 1 (blue) of NI-N-PTZ (Figure 6¢) shows a (e, a, a, e, e, a) ESP pattern, which is the
unique feature of the triplet states formed by RP-ISC mechanism. Triplet spectrum 1 recorded at X-band
can be simulated with the ZFS parameters of D = 1380 MHz, and E = 260 MHz. The ESP pattern and the
triplet polarization (p; : py : px=0:1:0) indicates the triplet state is formed via RP-ISC. This is similar to
a recently reported TREPR study of the carbazole-derived TADF compounds.'® It should be pointed out
that these results differ from the previous studies, usually indicating that RP-ISC is impossible for compact
electron donor/acceptor dyads.’® Our present results, and a recent TREPR study on TADF molecules by
Ikoma et al.,'% all show that RP-ISC is possible even in compact electron donor/acceptor dyads, probably
because the geometry is close to orthogonal and the electronic coupling between the donor and acceptor is
very weak. Observation of RP-ISC can be treated as a prerequisite for efficient TADF because extremely
small electron exchange energy (J) leads to small 'CT/*CT energy gap, which is beneficial for reverse ISC
(given the 3LE state share similar energy level with 3CT state), as well as RP-ISC. It should be noted that
the spectrum 1 is very weakly manifested in the Q-band (Supporting Information, Figure S24). This
confirms that the spin polarization of spectra 1, (e, a, a, e, e, a), is due to the RP-ISC mechanism, and we
suppose that the RP-ISC takes place via Si/Tx; states mixing, otherwise (S1/To states mixing) according to
the Zeeman splitting, it should be magnetic field-independent.

The D parameter for spectrum 1 of NI-N-PTZ is larger than that of spectrum 2 of this dyad (Figure 6¢
and Table 3), but still noticeably smaller than NI-C-PTZ. We assumed that the decrease of the D parameter
for both spectrum 1 and spectrum 2 of NI-N-PTZ is the result of triplet state delocalization as compared to
that of NI-C-PTZ.'” These indicated that both triplet states will show charge transfer characters which
confirmed by the spin density calculation (see later section and Supporting Information, Figure S31).
Overall, the triplet state responsible for spectrum 2 is more delocalized than the triplet state contributes to
spectrum 1 (Figure 6¢). The observed D parameter is larger than the typical values for radical pairs having
well-separated spin centers.>® However, it should be pointed out that the ESP pattern of the triplet state with

D =900 MHz for NI-N-PTZ is due to the ordinary SO-ISC typical for transition from localized singlet to
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triplet state. At the same time, we assume that there is weak contribution in the polarization pattern of
spectrum 1 from the SO-ISC or SOCT-ISC mechanism. It was shown that the SOCT-ISC mechanism is
effective when the orbitals of the donor and acceptor are approximately perpendicular. This suggests that
the SOCT-ISC mechanism is more likely.3? In later section we will show that there are two fully relaxed
triplet state geometries of NI-N-PTZ and this condition is well satisfied for one of the geometries of the
NI-N-PTZ dyad, but less ideally for second of the geometry and NI-C-PTZ dyad.

The profile of the TREPR spectrum of NI-C-PTZ remains unchanged within the detection time window
of 0.6 — 3 us. Interestingly, in contrast to this result, the TREPR spectrum of NI-N-PTZ changes with
observation time (delay time) after the laser flash and inversion of ESP were observed (Figure 7). At early
delay time (Figure 7a), the ESP of spectrum 2 of NI-N-PTZ is (a, a, a, e, e, ). The change in the polarization

sign is clearly observed for signals corresponding to the X, Y canonical orientation (Figure 7). We find that
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Figure 7. (a) Delay time-dependent evolution of the TREPR spectra of NI-N-PTZ (spectrum 2 in Figure
6¢) after laser flash. (b) The time dependences of the intensity at selected magnetic fields of the X-band

spectra (a).
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the experimental spectrum of NI-N-PTZ at the delay times of 0.6 — 0.7 ps is described as the sum of two
spectra 1 + 2 (Figure 6¢). Changes in the total spectrum over time are mainly due to a change in the
polarization sign of some signals of spectrum 2. The D, E parameters remain unchanged, which allows
excluding any decomposition of the sample.

The time dependences of the ESP magnitude and sign at specific magnetic field strength of the X-band
spectra are presented in Figure 7b. The results show that enhanced absorption (A polarization) at B = 329.7
mT changes to emission (E polarization) at longer delay time. The polarization dependence on the detection
time for signals corresponding to the Z orientation is masked by signals from the spectrum 1. Inversion of
populations is also evident in the spectra determined at Q-band (Supporting Information, Figure S25).

The inversion of ESP versus delay time for triplet excitons in phenazine-TCNQ charge transfer crystal
was reported previously.'?? The authors described the ESP inversion as a result of different relaxation times
and decay rates for different triplet sublevels. It was shown that this effect depends on the value of
microwave power (P). This dependence is clearly observed for the triplet spectrum 2 (Supporting
Information, Figure S26). Perhaps for NI-N-PTZ, the inversion of the ESP is result from the different decay
rates of the different triplet sublevels.'® The faster depletion of one sublevel of the triplet state, than the
other two sublevels, can be used to rationalize the short triplet state lifetime of NI-N-PTZ.!4105

3.6. Theoretical Computations: Rationalization of the Photophysical Properties of the
Compounds. The ground state geometries of the compounds were optimized. For NI-N-PTZ, the
computed dihedral angle between the NI and the PTZ moieties is 85.0° (Figure 8), thus we expect a weak
electronic coupling between the two moieties.? This is supported by the weak CT absorption band observed
in the UV-Vis spectrum of NI-N-PTZ (Figure la. V'pa =0.11 eV, Table 1). For NI-C-PTZ, the optimized
geometry shows a dihedral angle of 52.8° between the PTZ and the NI moieties, and a similar dihedral angle

is observed for NI-DPA. Therefore, a larger electronic coupling is expected for these compounds.
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The molecular orbitals (MOs) of NI-C-PTZ and NI-N-PTZ are presented in Table S4 in the Supporting
Information. The MOs of NI-N-PTZ are highly localized either on the acceptor or donor units, for instance,
the HOMO and HOMO-1 are localized on the PTZ moiety. Conversely, the LUMO and LUMO+1 are
confined on the NI moiety. The distribution of these frontier MOs indicates that there is little electronic
coupling between the NI and PTZ moieties, consistent with experimental results.

Different results are obtained for NI-C-PTZ, for which the NI and PTZ moieties display significant
electronic communication. For instance, the HOMO-1 of NI-C-PTZ is largely delocalized over PTZ and
NI moieties. A similar scenario was observed for the LUMO and LUMO+1 of NI-C-PTZ, especially the
latter (Supporting Information, Table S4). These results indicate that the electronic coupling between NI
and PTZ is more significant in NI-C-PTZ than that in NI-N-PTZ, which agrees with the UV—-Vis absorption
observations. For NI-DPA, it is clear that the frontier MOs are even more delocalized than in NI-C-PTZ
(Supporting Information, Table S4). For example, both the diphenylamine moiety and the NI moiety

contribute significantly to the HOMO. Similar results were observed for NI-Pip.

Figure 8. Dihedral angles of selected atoms of (a) NI-N-PTZ, (b) NI-C-PTZ and (c) NI-DPA at the
optimized ground state geometries, based on the DFT-B3LYP/6-31G(d) level. Calculated with Gaussian

09W.
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To simulate the UV—Vis spectra, TDDFT calculations at B3LYP/6-31G(d) level were performed.

Additionally, as the latter methodology may encounter difficulties in treating CT and LE excited states in a

balanced manner we have performed ADC(2)/def2-TZVP calculations as well on NI-C-PTZ and NI-N-

PTZ. The TD-DFT results at the optimized ground state geometry are presented in Supporting Information

(Table S5), whilst the ADC(2)/def2-TZVP results at the optimized So, S1 and T geometries are presented

in Table 4. The experimental UV—Vis absorption maxima are well matched by the vertical ADC(2)

calculations at the So optimized geometries (compare, e.g., 2.76 eV vs 2.71 eV and 3.76 eV vs 3.95 eV for

the CT and the LE transitions of NI-N-PTZ, respectively). Emission energies are also in good agreement

Table 4. ADC(2)/def2-TZVP Singlet and Triplet Electronic Transition Energies (in eV) and Oscillator

Strengths (in parenthesis) of NI-N-PTZ and NI-C-PTZ at Their Optimized Sy, S1 and T Geometries;

Along with SOCs (in cm™) between the Involved T and S; states

States

So geometry

Si geometry

T geometry

<51|HSO|Tm> “

(Total, cm™)

NI-N-PTZ S 2713 (0.0000)  1.814(0.0000)  1.815 (0.0000) .

S, 3.949(0.3373)  3.105(0.0003)  3.107 (0.0003) ;

T, 2.715(0.0000)  1.816(0.0000)  1.817 (0.0000) 0.004

T2 2.816 (0.0000) 2.499 (0.0000) 2.499 (0.0000) 0.362
NI-C-PTZ  Si  3273(02723)  2.725(0.0040)  2.615 (0.4936) ]

S, 3.799(0.0155)  3.129 (0.0112)  3.340 (0.1588) ;

T 2.708 (0.0000) 2.529 (0.0000) 2.014 (0.0000) 0.025

T, 3.194(0.0000)  2.640(0.0000)  2.729 (0.0000) 1.226

% Values obtained at the QR-TD-B3LYP/6-31G* level of theory at the S; optimized geometry. In Table 4
are also reported the SOC matrix elements between the involved excited states at the quadratic response

(QR)-TD-B3LYP level of theory. SOCs estimations, unlike excitation energies, are much less dependent on
the electronic structure method of choice.
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with the experimental results, e.g., comparison of the experimental emission maximum at 2.07 eV to the
transition computed on the optimized Si1 geometry (1.81 eV). Thus, errors in the excitation and emission
energies of ca. 0.2 eV are obtained with ADC(2), but those errors are considerably larger with TD-B3LYP,
e.g., an error of 0.8 eV is obtained for the CT band of NI-N-PTZ. Therefore, in the following, the discussion
is based on the ADC(2) results.

The Jablonski energy diagram of NI-N-PTZ is presented in Figure 9 (the involved transitions are listed
in Table 4). The S; state is a dark state, indicated by its negligible oscillator strength, and thus the CT
absorption band of NI-N-PTZ is very weak. The Nl-localized state is the S state, and its excitation energy
(3.95 eV) is close to the experimental value (3.76 eV). The geometries of the S and T; energy minima were
also optimized. Interestingly, we found that the T state (1.82 eV) is adiabatically energetically aligned with
the S; state (1.81 eV). Importantly, the (Sl|ﬁ50|T1) value is non-negligible (0.004 cm™', see Table 4).
Therefore, in view of the very small singlet-triplet energy splitting and the non-negligible SOC value, the

T1—S1 RISC is likely, which is agreement with the experimental evidences (vide supra). Note that higher-
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Figure 9. Jablonski energy diagram of NI-N-PTZ based on the computation at ADC(2) level. Alkyl chains

are simplified as hydrogen atoms.
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lying excited states are unlikely involved in the TADF process, as they are located > 0.5 eV above S; and
T, states, both at the S; and T optimized geometries (Table 4). Moreover, the T state has CT nature mixed
with LE character (CT state), in agreement with the ns TA experimental results. In addition, both the
emissive S; state and the T state have CT character, implying a slow !CT—3CT ISC, due to the lack of the
coupled molecular orbital angular moment change.’*> Thus we expect a poor !CT—3CT efficiency, even
with a small S1/T state energy gap. This is supported by the observed singlet oxygen quantum yield of NI-
N-PTZ (16%. Table 2).

The energy diagram for NI-C-PTZ was also constructed (Supporting Information, Figure S28). The S,
state has a mixed LE/CT character, and thus the So—Si is a strongly allowed transition (f = 0.2723), in
contrast with the transition to Sy state (= 0.0155), which is of CT character. Importantly much larger S1/T:
energy splitting are obtained adiabatically (> 0.6 eV) as well as at the Sy (ca. 0.20 eV) and T; (ca. 0.61 eV)
optimized geometries. Therefore, for NI-C-PTZ, despite its slightly larger (Sl|ﬁ50 |T1) value, and in view
of the large energy splitting, the RISC is likely not competitive to the Ti—So decay. This is in agreement
with the lack of TADF for this compound. S1—T; ISC probably takes place via the rapid S;—T2 ISC process
(see SOC values in Table 4).

In order to investigate the conformational flexibility of the dyads, the ground state potential energy curves
of the dyads were studied (Figure 10a). There is only one energy minima for NI-N-PTZ, in which the two
units adopt a 85° dihedral angle, i.e. a twisted geometry (orthogonal geometry). The orthogonal geometry
leads to very weak coupling between the two moieties, although the thermal energy, 8T (ksT = 0.026 eV
at room temperature, RT) induces fluctuations of the geometry to a certain extent, which may increase the
coplanarity of the two components and consequently the electronic coupling. With decreasing temperature,
however, the geometry fluctuations are reduced, and the molecule resides closer to the ground state optimal
geometry. This reasoning explains the observations of the temperature-dependent UV—Vis absorption

spectroscopy (Figure 1c). Based on the redshifts of the emission spectrum upon decreasing the temperature,
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we propose a similar feature for the S; state (CT state) potential energy curve. Thus, at lower temperature,
the electron donor and acceptor become more decoupled, the S1—So radiative transition becomes more
forbidden, and its intensity decreases. This interpretation is supported by the experimental observations
(Figure 4). We note that the prompt fluorescence lifetimes at RT, 21.4 ns, is prolonged to 32.7 ns at 178 K
(Supporting Information, Figure S19). The potential energy curve indicates that the dihedral angle of NI-
N-PTZ may vary in the range of 72 — 100° at RT. At 77 K, the thermal energy is 0.007 eV, the dihedral
angle may vary in the range of 78 — 92° (Figure 10a). This result hints that the geometry of dyad in the

excited T, state may vary, so that observation of T states correspond more than one geometry by TREPR

is possible (Figure 6c¢).
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Figure 10. (a) Singlet ground state (So) potential energy curves of NI-N-PTZ, NI-C-PTZ and NI-DPA,
calculated at DFT-B3LYP/6-31G(d) level. (b) Triplet excited state (T) potential energy curves of the of NI-

N-PTZ, calculated at DFT-B3LYP/6-31G(d) level. As a function of the rotation angle (8) between the PTZ
electron donor moiety and the NI electron acceptor moiety about the C—N (for NI-N-PTZ and NI-DPA) or

C—C (for NI-C-PTZ) bonds. Thermal energy at room temperature is marked as Err (26 meV). Thermal

energy at 77 K is marked as E77k (6.6 meV).
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Interestingly, there are two (almost degenerated) energy minima for NI-C-PTZ, with dihedral angles
between the NI and the PTZ moieties at 53° and 129°, respectively. Clearly, these structures are closer to
coplanar geometry, as compared to the orthogonal geometry of NI-N-PTZ. Moreover, the potential energy
curve around the energy minima of the NI-C-PTZ are shallower than that of NI-N-PTZ. This is consistent
with a stronger electronic coupling between the NI and the PTZ moieties in NI-C-PTZ than in NI-N-PTZ,
in line with the spectroscopic studies. The temperature effect on the CT band of the UV—Vis absorption of
NI-C-PTZ (Supporting Information, Figure S17) can be also rationalized by the shape of potential energy
curves. Decreasing temperature will freeze the structures in either the 53° or 129° energy minima, the
orthogonal geometry becoming inaccessible thermally. In these energetic minima a significant coupling
between the electron donor and acceptor takes place and the CT absorption band undergoes both
bathochromic and hyperchromic changes. For the NI-N-PTZ triplet state, full relaxation also yields two
minima (Supporting Information, Figure S30), which may correspond to the formation of two different
triplet states in TREPR, respectively. Interestingly, scan of the triplet state of NI-N-PTZ indicate the
presence of two minima at ca. 70° and 90°, respectively (Figure 10b). From the spin density calculation,
these two triplet minima both show charge transfer characters (Supporting Information, Figure S31), which
is consist with the TREPR results.

The magnitude of the electronic coupling (J) determines the CT excitation band (NI-N-PTZ < NI-C-PTZ
< NI-DPA) and the Si/T; state energy gap (AEsit1 = 2J). The Si/T; state energy gap is very small for NI-
N-PTZ (0.01 eV) and it increases in the order of NI-N-PTZ < NI-C-PTZ < NI-DPA. As such both ISC
and TADF were observed for NI-N-PTZ, but for NI-C-PTZ, however, the electronic coupling is larger
(Vpa = 0.32 eV), and the larger J value induces a larger Si/T; energy gap, RISC is inhibited. Therefore,
although ISC was observed, NI-C-PTZ is devoid of TADF. This trend strengthens further in NI-DPA, for
which the electronic coupling is significant (0.48 eV) which makes the S;—T; ISC impossible, and no triplet

state production was observed for this compound. Therefore, this work proposes to tune the electronic
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coupling between the electron donor/acceptor and a chromophore by controlling the molecular
conformation, which finally determines the character and energy splitting of the lowest-lying excited states.
This will become a powerful tool for preparing various functional organic molecules, e.g. TADF materials

or heavy atom-free triplet photosensitizers.

4. CONCLUSIONS

Naphthalimide (NI)—phenothiazine (PTZ) compact electron donor/acceptor dyads were prepared, with
linkage at 3-C or 10-N on the PTZ moiety, dyads NI-N-PTZ and NI-C-PTZ were obtained, respectively.
Due to molecular conformation restrictions, NI-N-PTZ adopts a more orthogonal geometry than NI-C-PTZ.
Thermally-activated delayed fluorescence (TADF) was observed for NI-N-PTZ (delayed luminescence
lifetime is with biexponential feature: 22.6 ns/96.6% and 2.6 us/3.4%, in deaerated solution), but not for
NI-C-PTZ, as a consequence of the different electronic coupling magnitude. Calculations of excited states
and potential energy curves of the rotation about the C—C/C-N linkers helped rationalizing the different
electronic coupling between the NI and the PTZ moieties in the two dyads. NI-N-PTZ presents a weaker
electronic coupling between the electron donor and acceptor (Vpa= 870 cm™"') than that of NI-C-PTZ (Vpa
= 2548 cm™"). Time-resolved electron paramagnetic resonance (TREPR) studies of the triplet states of the
dyads indicated two different triplet states for NI-N-PTZ and the three different ISC mechanisms that
contribute to the electron polarization of the triplet states of NI-N-PTZ, i.e., SO-ISC for spectrum 2 and
RP-ISC plus SOCT-ISC for spectrum 1. RP-ISC was rarely reported for compact electron donor/acceptor
dyads. For NI-C-PTZ, RP-ISC was not observed. All these differences between the two dyads can be
rationalized with the different electron coupling matrix elements of the NI-N-PTZ, and NI-C-PTZ, and the
resultant different electron exchange energy of the charger transfer (CT) state D™*—A*, affecting the energy
gap of the Si/T states. Interestingly, inversion of the ESP of one of two triplet states was observed for NI-

N-PTZ, but not for NI-C-PTZ. These results are useful for developing compact electron donor/acceptor
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dyads showing efficient intersystem crossing, and study of the spin dynamics in these molecular systems,

as well as for designing of novel TADF materials.
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