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7 ABSTRACT: To study the charge separation (CS) and long-lived
8 CS state, we prepared a series of dyads based on naphthalimide
9 (NI, electron acceptor) and phenothiazine (PTZ, electron donor),

10 with an intervening phenyl linker attached on the N-position of
11 both moieties. The purpose is to exploit the electron spin control
12 effect to prolong the CS-state lifetime by formation of the 3CS
13 state, instead of the ordinary 1CS state, the spin-correlated radical
14 pair (SCRP), or the free ion pairs. The electronic coupling
15 magnitude is tuned by conformational restriction exerted by the
16 methyl groups on the phenyl linker. Differently from the previously
17 reported NI-PTZ analogues containing long and flexible linkers, we
18 observed a significant CS emission band centered at ca. 600 nm
19 and thermally activated delayed fluorescence (TADF) with a
20 lifetime of 13.8 ns (population ratio: 42%)/321.6 μs (56%). Nanosecond transient absorption spectroscopy indicates that in
21 cyclohexane (CHX), only the 3NI* state was observed (lifetime τ = 274.7 μs), in acetonitrile (ACN), only the CS state was observed
22 (τ = 1.4 μs), whereas in a solvent with intermediate polarity, such as toluene (TOL), both the 3NI* (shorter-lived) and the CS states
23 were observed. Observation of the long-lived CS state in ACN, yet lack of TADF, confirms the spin-vibronic coupling theoretical
24 model of TADF. Femtosecond transient absorption spectroscopy indicates that charge separation occurs in both nonpolar and polar
25 solvents, with time constants ranging from less than 1 ps in ACN to ca. 60 ps in CHX. Time-resolved electron paramagnetic
26 resonance (TREPR) spectra indicate the existence of the 3NI* and CS states for the dyads upon photoexcitation. The electron spin−
27 spin dipole interaction magnitude of the radical anion and cation of the CS state is intermediate between that of a typical SCRP and
28 a 3CS state, suggesting that the long CS-state lifetime is partially due to the electron spin control effect.

1. INTRODUCTION

29 Formation of long-lived charge separation (CS) states in organic
30 electron donor−acceptor dyads/triads is crucial for fundamental
31 photochemistry studies, as well as for artificial photosyn-
32 thesis,1−5 photocatalysis,6−8 and photovoltaics.9−15 Marcus
33 theory can be used for describing the relation between the
34 kinetics and thermodynamics of electron transfer (ET; eq 1)16
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36 where h and kB represent the Planck constant and Boltzmann
37 constant, respectively. ΔGET

0 is the Gibbs free energy change
38 between the equilibrium reactant and final states of the electron
39 transfer, λ is the total reorganization energy, and the magnitude
40 of the electronic coupling matrix element V indicates the

41coupling strength between the initial and the final states of the
42electron transfer.
43As indicated by the Marcus theory of electron transfer (eq 1),
44a few approaches have been developed to prolong the CS-state
45lifetime. One method is to reduce the electronic coupling
46strength (V) between the initial state and the final CS state. In
47this case, one can use a long, rigid, saturated linker or multiple
48donors or acceptors, inducing cascade charge transfer (CT)
49processes.17−19 The drawback of this method is the low energy
50of the final CS state (i.e., large energy loss during the generation
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51 of the CS state upon photoexcitation of the dyad, which is
52 undesired) and the synthetic difficulties of the molecular
53 systems containing long, rigid linkers. Alternatively, the Marcus
54 inverted region effect was also used to prolong the CS-state
55 lifetimes when −ΔGET

0 > λ, especially in systems presenting CS
56 states with high energy and a small reorganization energy (λ),
57 the lifetime of the CS state is generally long.16,20,21

58 A less used methodology is to use the electron spin control,
59 i.e., to attain a triplet precursor (3LE; LE: localized excited state)
60 to initiate CS: since the electron transfer process is electron spin
61 selective, the resulting CS state will also be a triplet, and a longer
62 lifetime will be granted by the electron spin-forbidden nature of
63 the charge recombination (CR) from the 3CS state toward the
64 ground state (S0 state).3,22−26 However, this strategy is difficult
65 to be implemented in the case of conventional electron donor−
66 acceptor dyads presenting large separation between the donor
67 and the acceptor because often the electron exchange energy (J)
68 between the radical anion and cation of the final CS state is too
69 small to form stable 3CS states. In these cases, very often a spin-
70 correlated radical pair (SCRP) is formed, if not an ion pair
71 without any spin−spin dipolar interaction between the radical
72 anion and the radical cation.27,28 Strong spin−spin dipolar
73 interactions between the radical anion and the radical cation of a
74 CS state require a short distance between the two; thus, compact
75 electron donor−acceptor dyads are desired to access the long-
76 lived 3CS states, but these dyads were rarely reported.3 The short
77 distance between the radical anion and cation may lead to strong
78 electronic coupling and accelerate both the CS and CR,
79 shortening the CS-state lifetime. On the other hand, a triplet
80 precursor for CS is difficult to access in heavy atom-free dyads
81 because of poor intersystem crossing (ISC) to produce such a
82 state. In some cases, however, the CS-state lifetime can be
83 prolonged through a spin control effect. For instance, in a fully
84 conjugated phthalocyanine-perylenebenzimidazole dyad, the

85lifetime of the CS state was determined as 0.26 ms.25 Since the
86precursor of the CS state is the 3ZnPc* state, the CS state might
87also be a triplet: this example demonstrates that the electron spin
88control effect may contribute to prolong the CS-state lifetime. In
89another similar tetrad with phenothiazine (PTZ) as the electron
90donor, a nitrophenyl unit was used as the electron acceptor and a
91N∧N Pt(II) bisacetylide complex as the linker (also
92chromophore to produce the 3MLCT state as the precursor
93for CS), and a CS state with a lifetime of ca. 70 ns was observed
94in dichloromethane (DCM) or dimethylformamide (DMF).29

95Further increasing the distance and reducing the coupling
96between the PTZ donor and the nitrophenyl acceptor in the
97Pt(II) acetylide complex prolongs the CS lifetime to ca. 230
98ns.30 However, the complicated molecular structure makes the
99synthesis of the related compounds challenging.
100Furthermore, an interesting scenario occurs if the π-
101conjugation planes of the electron donor and acceptor units
102adopt an orthogonal geometry and the energies of the 3LE and
103

3CS states are similar. In this case, thermally activated delayed
104fluorescence (TADF) can be observed.31−39 TADF materials
105are not only important in fundamental photochemistry studies
106but also for applications in organic light-emitting diode (OLED)
107materials40−42 or triplet−triplet annihilation (TTA) upconver-
108sion.43−47 However, detailed photophysical mechanisms of
109electron donor−acceptor TADF emitters are still not fully
110revealed. Although it was recently proposed that a two-state
111model (only 1CS and 3CS or 3LE states are considered) is not
112sufficient to rationalize the TADF, in-depth investigations of the
113TADF mechanism are rare.48−51

114In order to tackle the above challenges, herein, we prepared a
115series of compact electron donor−acceptor dyads, with 1,8-
116naphthalimide (NI) as the electron acceptor and phenothiazine
117(PTZ) as the electron donor. The two units are connected by a
118 s11,4-phenylene linker attached on N-positions of both

Scheme 1. Synthesis of Compoundsa

a(a) 4-Bromo-2,6-dimethylaniline, acetic acid, N2, reflux, 24 h, yield: 46%. (b) Phenothiazine, Pd(OAc)2, K2CO3, (t-Bu)3PHBF4, toluene (TOL),
N2, reflux, 3 h, yield: 84%. (c) 4-Bromo-2-methylaniline, acetic acid, N2, reflux, 24 h, yield: 36%. (d) Similar to step (a), yield: 59%. (e) 4-
Bromoaniline, acetic acid, N2, reflux, 6 h, yield: 34%. (f) Similar to step (a), yield: 95%. (g) Aniline, acetic acid, N2, reflux, 6 h, yield: 64%. (h) H2O2
(30%), acetic acid, 50 °C, 2 h, yield: 19%.
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s1 119 chromophores (Scheme 1). Moreover, to tune the electron
120 coupling magnitude between the electron donor and acceptor,
121 two, one, or no methyl groups are attached on the phenylene
122 linker in NI-PTZ-1, NI-PTZ-2, and NI-PTZ-3, respectively.
123 One of the advantages of the current rigid dyads is the well-
124 defined distance and mutual orientation between the electron
125 donor and acceptor, reducing conformational fluctuations in
126 fluid solutions. It should be pointed out that the electron spin−
127 spin exchange and dipolar interaction between the radical anion
128 and cation of the CS state may lead to the formation of the
129

1CS/3CS state, instead of the SCRP or free ion pairs. Based on
130 NI-PTZ-1, NI-PTZ-O was prepared, in which the sulfur of the
131 PTZ unit was oxidized to sulfoxide, to vary the energy of the CS
132 state. The photophysical properties of the dyads were studied
133 with steady-state and time-resolved UV−vis absorption and
134 luminescence spectroscopy, femtosecond and nanosecond
135 transient absorption spectroscopic methods, time-resolved
136 electron paramagnetic resonance (TREPR) spectroscopy, as
137 well as theoretical computations. We found different photo-
138 physical properties for these dyads as compared to previously
139 reported analogous dyads containing flexible linkers between the
140 donor and the acceptor. Notably, long-lived CS states are
141 observed for these compact dyads.

2. EXPERIMENTAL SECTION
142 2.1. General Method. Compounds NI-1, NI-2, NI-3, NI-
143 PTZ-1, NI-PTZ-2, NI-PTZ-3, NI-PTZ-O, and NI-Ph were
144 synthesized according to the literature methods.52−54 All of the
145 chemicals used in the synthesis are analytically pure. The
146 synthesis procedures and the molecular structure character-
147 ization data can be found in the Supporting Information. 1H and
148

13C NMR spectra were recorded on a Bruker 400/500 MHz
149 spectrometer, respectively (CDCl3 or dimethyl sulfoxide
150 (DMSO)-d6 was used as the solvent, tetramethylsilane (TMS)
151 as the standard for which δ = 0.00 ppm). High-resolution mass
152 spectrometry (HRMS) was determined with a LTQ Orbitrap
153 XL MS spectrometer or matrix-assisted laser desorption
154 ionization time-of-flight mass spectrometry (MALDI-TOF
155 MS). UV−vis absorption spectra of the compounds were
156 measured on a UV2550 spectrophotometer (Shimadzu Ltd.,
157 Japan). The fluorescence emission spectra were recorded on a
158 FS5 spectrofluorometer (Edinburgh Instruments, U.K.). The
159 luminescence lifetimes were measured on an OB920 lumines-
160 cence lifetime spectrometer (Edinburgh Instruments, U.K.).
161 2.2. Synthesis of NI-PTZ-1. This compound was
162 synthesized following a modified literature method.54 Under
163 N2 atmosphere, NI-1 (50.0 mg, 0.13 mmol) and 10-H-
164 phenothiazine (40.0 mg, 1.97 mmol) were dissolved in dry
165 toluene (TOL, 5 mL). After purging with N2 for 20 min, K2CO3
166 (55.0 mg, 3.95 mmol) was added into the reaction mixture,
167 followed by Pd(OAc)2 (3.0 mg, 0.01 mmol) and (t-Bu)3PHBF4
168 (11.0 mg, 0.04 mmol). The mixture was refluxed at 150 °C for 2
169 h. After cooling to room temperature, DCM was added to the
170 reaction system and then the mixture was poured into water.
171 The mixture was extracted with DCM (3 × 10 mL). Then, the
172 organic layer was washed with brine (2 × 50 mL) and dried over
173 anhydrous Na2SO4. The solvent was removed under reduced
174 pressure. The crude product was dissolved with DCM (1 mL)
175 and n-hexane (HEX) (8 mL) was added to precipitate the yellow
176 solid. Then, the product (54.4 mg, yield: 84%) was filtered out.
177 m.p.: >250 °C. 1H NMR (CDCl3, 400 MHz): δ 8.71−8.69 (d, J
178 = 8.0 Hz, 2H), 8.34−8.32 (d, J = 8.0 Hz, 2H), 7.87−7.83 (m,

1792H), 7.03−7.01 (d, J = 8.0 Hz, 2H), 6.95−6.91 (m, 2H), 6.85−
1806.81 (m, 1H), 6.44−6.42 (d, J = 8.0 Hz, 2H), 2.21 (s, 6H). Ion
181Trap HRMS-ESI+: calcd M+, m/z = 498.1402; found [M + H]+,
182m/z = 499.1484; [M + Na]+, m/z = 521.1303.
1832.3. Synthesis of NI-PTZ-2. The synthesis procedure is
184similar to that of NI-PTZ-1. Yield: 59%. m.p.: >250 °C. 1H
185NMR (CDCl3, 400 MHz): δ 8.70−8.68 (d, J = 8.0 Hz, 2H),
1868.33−8.31 (d, J = 8.0 Hz, 2H), 7.86−7.83 (m, 2H), 7.44−7.36
187(m, 3H), 7.06−7.04 (d, J = 8.0 Hz, 2H), 6.96−6.92 (m, 2H),
1886.87−6.83 (m, 2H), 6.46−6.43 (d, J = 12.0 Hz, 2H), 2.24 (s,
1893H). 13C NMR (CDCl3, 125 MHz): δ 163.94, 139.18, 134.53,
190134.18, 131.87, 131.74, 130.98, 128.74, 127.16, 127.03, 122.71,
191116.91, 17.90. Ion Trap HRMS-ESI+: calcd M+, m/z =
192484.1245; found [M + H]+, m/z = 485.1320; [M + Na]+, m/z
193= 507.1143.
1942.4. Synthesis of NI-PTZ-3. The synthesis procedure is
195similar to that of NI-PTZ-1. Yield: 95%. m.p.: >250 °C. 1H
196NMR (CDCl3, 400 MHz): δ 8.69−8.67 (d, J = 8.0 Hz, 2H),
1978.32−8.30 (d, J = 8.0 Hz, 2H), 7.85−7.81 (m, 2H), 7.56−7.51
198(m, 4H), 7.08−7.06 (d, J = 8.0 Hz, 2H), 6.96−6.93 (m, 2H),
1996.88−6.84 (m, 2H), 6.47−6.45 (d, J = 8.0 Hz, 2H). Ion Trap
200HRMS-ESI+: calcd M+, m/z = 470.1089; found [M + H]+, m/z =
201471.1156; [M + Na]+, m/z = 493.0982.
2022.5. Synthesis of NI-PTZ-O. Compound NI-PTZ-1 (160
203mg, 0.32 mmol) was dissolved in acetic acid (20 mL). The
204reaction mixture was heated at 50 °C, and then 30% H2O2 (20
205equiv) was added. After reacting for 2 h, the reaction had
206completed, and the color of the solution changed from bright
207yellow to light yellow. After cooling to room temperature, the
208solvent was removed under reduced pressure. The crude
209product was further purified with column chromatography
210(silica gel, DCM/ethyl acetate = 1:1, v/v) to give a cyan solid
211(31 mg, yield: 19%). m.p.: >250 °C. 1H NMR (DMSO-d6, 400
212MHz): δ 8.65−8.61 (m, 4H), 8.09−8.08 (m, 2H), 8.01−7.99
213(m, 2H), 7.68−7.66 (m, 2H), 7.41 (s, 2H), 7.36−7.34 (m, 2H),
2146.82−6.81 (d, J = 4.0 Hz, 2H), 2.18 (s, 6H). 13C NMR (CDCl3,
215125 MHz): δ 163.46, 139.57, 139.10, 138.76, 135.20, 134.77,
216132.81, 131.94, 131.89, 131.81, 129.99, 128.89, 127.24, 122.49,
217122.11, 117.74, 18.15. Ion Trap HRMS-ESI+: calcd M+, m/z =
218484.1245; found [M + H]+, m/z = 515.1442; [M + Na]+, m/z =
219537.1234.
2202.6. Electrochemical Studies. Cyclic voltammetry curves
221were recorded with a CHI610D electrochemical workstation
222(CHI instruments, Inc., Shanghai, China). The counter
223electrode is a platinum electrode; a glassy carbon electrode is
224the working electrode. The ferrocenium/ferrocene (Fc+/Fc)
225redox couple was used as an internal reference. Spectroelec-
226trochemistry was performed using a 0.1 cm path length quartz
227electrochemical cell. A platinum gauze was the working
228electrode, and a platinum wire was the counter electrode. The
229potential was regulated with a CHI610D electrochemical
230workstation, and the spectra were recorded with an Agilent
2318453 UV−vis spectroscopy system (Agilent Technologies Inc.).
232In both cases, Bu4N[PF6] was used as the supporting electrolyte,
233and the Ag/AgNO3 (0.1 M in acetonitrile (ACN)) couple was
234used as the reference electrode. Samples were deaerated with N2
235for ca. 15 min before measurement, and the N2 atmosphere was
236kept during the measurement.
2372.7. Nanosecond Transient Absorption Spectroscopy.
238Nanosecond transient absorption spectra were measured with a
239LP920 laser flash photolysis Spectrometer (Edinburgh Instru-
240ments, U.K.). The transient signals were digitized on a Tektronix
241TDS 3012B oscilloscope. All samples were purged with N2 for
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242 15 min before measurements if needed to be measured in a N2-
243 saturated solution. The data were analyzed with the L900
244 software.
245 2.8. Femtosecond Transient Absorption Spectrosco-
246 py. Pump−probe experiments were performed on a setup based
247 on a regenerative amplifier Ti:sapphire laser (Legend,
248 Coherent), pumped by a Ti:sapphire oscillator (Micra,
249 Coherent). The system produces 40 fs pulses at 800 nm, at 1
250 kHz repetition rate with an average 3.2 W power. The pump
251 pulses at 345 nm were obtained by second harmonic generation
252 of the 690 nm signal beam produced by sending a portion of the
253 fundamental laser radiation to a commercial Optical Parametric
254 Amplifier (Topas, Light Conversion).
255 The probe beam has been obtained by focusing another small
256 portion of the fundamental laser output on a 3-mm-thick
257 calcium fluoride window, generating a white light continuum
258 covering the 375−750 nm spectral window. The white light is
259 then split into a probe and reference beam using a 50% beam
260 splitter. Pump−probe delays are introduced by sending the
261 fraction of the pulse used to generate the white light to a
262 motorized translation stage. Both pump and probe are spectrally
263 overlapped at the sample position, and after crossing into the
264 sample, the probe and reference beams are sent through a
265 spectrograph coupled to a home-made detector. The sample
266 solution was contained in a 2 mm quartz cuvette, mounted on a
267 movable stage to avoid photodegradation and multiple
268 excitations. The data were analyzed by means of singular value
269 decomposition and global analysis, employing the software
270 Glotaran.55

271 2.9. Single-Crystal X-ray Diffraction. The single crystals
272 of NI-PTZ-2 and NI-PTZ-3 were obtained by slow diffusion of
273 HEX into DCM solution of the compounds. The X-ray
274 diffraction data of the single crystals were measured and
275 collected on a Bruker SMART APEX CCD diffractometer with
276 graphite-monochromatized Mo Kα radiation (λ = 0.71073 Å) at
277 298 K, using the SMART and SAINT programs. The X-ray
278 diffraction data were treated with the program SHELXTL-2018
279 applying contained space-group determination (XPREP), direct
280 method structure solution (XS), and least-squares refinement
281 (XL).56−58 CCDC 2079275 (NI-PTZ-2) and 2079274 (NI-
282 PTZ-3) contain the supporting crystallographic data for this
283 paper and the data can be obtained freely from the Cambridge
284 Crystallographic Data Centre via https://www.ccdc.cam.ac.uk/.
285 2.10. Time-Resolved Electron Paramagnetic Reso-
286 nance (TREPR) Spectra. Samples were dissolved in frozen
287 solution TOL/(2-methyltetrahydrofuran, 2-MeTHF) (1/1, v/
288 v) with a concentration of 1 × 10−4 M and transferred into 4.5
289 mm OD, 3.0 mm ID quartz tubes. The measurements of time-

290resolved continuous-wave (CW) EPR were performed on an X-
291band EPR Elexsys E-580 spectrometer (Bruker) with the
292dielectric ring X-Band ER 4118X-MD5-W1 resonator at a
293temperature of 80 K. The oxygen was removed with five freeze−
294pump−thaw cycles. Optical excitation was carried out by an
295Nd:YAG pulse laser (LQ629 Solar LS) at a wavelength of 355
296nm with a pulse energy of 1 mJ and frequency of 100 Hz. The
297spectra were simulated using the EasySpin package based on
298Matlab.59

3. RESULTS AND DISCUSSION
2993.1. Molecular Structure Designing Rationales. NI is a
300chromophore with high T1 state energy (2.3 eV),60 and electron
301accepting ability (reduction potential, ERED = −1.82 V, vs Fc/
302Fc+). PTZ is a well-known electron donor (oxidation potential,
303EOX = +0.3 V, vs Fc/Fc+).61 The previously studied NI-PTZ
304dyads containing a flexible linker show CS states formation upon
305photoexcitation, whose spin multiplicity was not determined,
306with a lifetime of ca. 300 ns.60 In order to form 3CS states,
307compact dyads are desired.62 Recently, we studied the CT in a
308NI-PTZ compact dyad, with the NI and PTZ moieties
309connected with a C−N single bond, observing a long-lived CS
310state (2.6 μs).63 In this work, we connect the NI and PTZ
311moieties via a 1,4-phenylene linker at the amide N-position of NI
312and the N-position of the PTZ moiety (Scheme 1). One or two
313methyl groups are introduced on the phenylene linker to exert
314conformational restriction (NI-PTZ-1, NI-PTZ-2, and NI-
315PTZ-3) and tune the electronic coupling magnitude, while
316keeping the 1LE and CS states energy constant. We furthermore
317analyzed a compound with an oxidized PTZ moiety (NI-PTZ-
318O). The CS-state energy of the oxidized compound will increase,
319while the 3NI* state and the coupling between the two states will
320be kept constant to a large extent, inducing a perfect comparison
321for the photochemistry studies.
322The synthesis of the dyads is based on the routine
323derivatization chemistry of NI and PTZ chromophores (Scheme
3241). The molecular structures were fully verified with 1H NMR,
325

13C NMR, and HRMS analysis. NI-PTZ-1 was reported
326previously, the TADF properties in solid state were studied,
327but the CT mechanism was not studied in detail.54 The steady-
328state UV−vis absorption and femtosecond transient absorption
329spectra of NI-PTZ-3 were reported recently,52 but the TADF
330properties and the long-lived CS state were not studied.
331The molecular structures of NI-PTZ-2 and NI-PTZ-3 were
332 f1determined by single-crystal X-ray diffraction (Figures 1 and
333S15). The crystallographic data are compiled in Table S1. Each
334unit cell of NI-PTZ-2 contains four molecules and has a

Figure 1. Oak Ridge thermal ellipsoid plot (ORTEP) view of the molecular structures of (a) NI-PTZ-2 and (b) NI-PTZ-3 determined by single-
crystal X-ray diffraction (50% probability thermal ellipsoids).
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335 monoclinic crystal structure. Four molecules ofNI-PTZ-3 stack
336 to form a triclinic cell. We observed weak π−π intermolecular
337 interactions between the adjacent NI moieties in the single
338 crystals of NI-PTZ-2, and the distance between the parallel
339 planes of NI is 3.437 Å. In NI-PTZ-3, there is no π−π
340 intermolecular interaction between the adjacent NI moieties,
341 and the dihedral angle between the adjacent NI planes in the
342 single crystals is 85.4° (Figure S15c). For NI-PTZ-1, growing a
343 single crystal with satisfactory quality for X-ray diffraction study
344 failed.
345 The torsion angles between the PTZ moiety and the linker
346 (benzene) are 77.3 and 95.0° for NI-PTZ-2 and NI-PTZ-3,
347 respectively (Figure 1). The dihedral angle of the π-conjugation
348 planes of the NI moiety and the linker in NI-PTZ-2 is 85.8°,
349 which is similar to that inNI-PTZ-3 (86.8°). The PTZ moieties
350 adopt the well-known slightly puckered geometry, with dihedral
351 angles between the two phenyl rings in the PTZ units as 36.9°
352 (or 143.1°) and 31.2° (or 148.8°) forNI-PTZ-2 andNI-PTZ-3,
353 respectively. Furthermore, the dihedral angles between the
354 planes of NI and PTZ are 14.6° in NI-PTZ-2 and 23.1° in NI-
355 PTZ-3. The centroid (NI)−centroid (PTZ) distance is 9.822 Å
356 for NI-PTZ-2, and a similar result is observed in NI-PTZ-3
357 (9.818 Å). These distances are much shorter compared to the
358 previously reported NI-PTZ dyads with flexible linkers, which
359 are in the range of 14.5−17.5 Å (in the extended conformation,
360 not the folded, or the coiled conformation).60

361 The ground-state (S0) geometries of NI-PTZ-1, NI-PTZ-2,
362 and NI-PTZ-3 were optimized at the B3LYP/6-31G(d) level
363 (Figure S16). According to density functional theory (DFT)
364 optimization, the dihedral angles between the NI moiety and the
365 phenyl linker for the three dyads are similar (−90.1, −89.7, and
366 −90.2°, respectively). The planes of the NI and PTZ moieties
367 form dihedral angles of 16.3° in NI-PTZ-1; similar results are
368 observed for the other two dyads (13.9° forNI-PTZ-2 and 16.5°
369 for NI-PTZ-3). The dihedral angles between the two phenyl
370 rings of the PTZ moiety are 29.9, 30.2, and 30.2° forNI-PTZ-1,
371 NI-PTZ-2, and NI-PTZ-3, respectively. The centroid (NI)−
372 centroid (PTZ) distances are both 9.859 Å for NI-PTZ-1 and
373 NI-PTZ-2, and a similar result is observed in NI-PTZ-3 (9.867
374 Å). For all dyads, the difference between experimental and
375 calculated structures is not significant.
376 3.2. Steady-State UV−Vis Absorption and Lumines-
377 cence Spectra. UV−vis absorption spectra of the dyads were

f2 378 studied (Figure 2). For all systems, a broad absorption band in
379 the range of 275−350 nm was observed, which is assigned to the
380 NI moiety by comparison with the absorption spectrum of the
381 reference compoundNI-Ph. Moreover, a sharp absorption band

382was observed at 256 nm, which is attributed to the PTZ
383moiety.61 The absorption profile of the compounds in the range
384of 275−350 nm indicates that the electronic coupling between
385the NI and PTZ moieties is negligible at the ground state. The
386extremely weak absorption bands in the 350−375 nm region of
387the spectrum of NI-PTZ-1−3 are attributed to the absorption
388from the ground state to the CT state (S0 → 1CT transition),
389due to the very weak, even negligible electronic coupling
390between the NI and the PTZ moieties at the ground state. This
391result is similar to that of the previously reported NI-PTZ dyads
392containing long, flexible polymethylene linkers,60,64 However, it
393is different from the previously reported NI-PTZ compact dyad,
394containing a direct C−N connection between the two
395moieties,63 for which a weak, broad absorption band (due to
396S0 → 1CT transition) was observed in the 375−525 nm range.63

397The weak coupling in the current dyads is in line with our
398molecular structure design rationales. It should be pointed out
399that negligible coupling in the current dyads at the ground state
400does not necessarily exclude observable coupling at the excited
401state. From the LE absorption band (1NI*) and CT emission
402 f3band (Figures 2 and 3), the coupling matrix elements (VDA)
403between D+•−A−• (FC) and DA (S0) can be obtained by using
404eqs S1 and S2.63,65 For NI-PTZ-1, the value of VDA is 0.10 eV.
405Reducing the number of methyl groups on the linker strengthens
406the coupling between the CS state and the LE state, which are
4070.30 eV for NI-PTZ-2 and 0.31 eV for NI-PTZ-3, respectively
408(Table S8). For the oxidized compound NI-PTZ-O, the VDA
409between the LE state and the CS state is smaller (0.12 eV).
410The steady-state fluorescence spectra of the dyads were
411measured (Figure 3). A broad, structureless emission band
412centered at 620 nm was observed for the dyads, but not for the
413reference compound NI-Ph (Figure 3a). It is unlikely that this
414fluorescence is due to the PTZ moiety because it emits at
415wavelengths <500 nm.66 The NI moiety has an emission band
416centered at 378 nm.67 A similar emission band was observed for
417the previously reported NI-PTZ dyads containing flexible
418linkers, and it was attributed to the intramolecular exciplex
419emission. Exciplexes can form in coiled conformations for the
420previously reported flexible dyad where the NI and PTZ
421moieties have face-to-face interaction.64 In the current compact
422dyads containing a rigid 1,4-phenylene linker, however, such a
423bent geometry is excluded; thus, we attribute the broad emission
424band centered at 620 nm to a CT-state emission, as already
425observed for the compact NI-PTZ dyad containing the C−N
426linker.63 These results indicate that the 1CT/S0 coupling is
427nonnegligible for these dyads, although no significant coupling
428was observed from the UV−vis absorption spectra. Interestingly,
429we found that among the three dyads, more conformational
430restriction leads to a weaker CT emission, i.e., NI-PTZ-1 gives
431the weakest emission, whereas NI-PTZ-3 gives the strongest
432emission among the three dyads. This trend is confirmed by
433 t1luminescence quantum yield measurements (Table 1).
434We furthermore observed that the CT emission band is highly
435sensitive to oxygen (O2, Figure 3b). For instance, the emission
436intensity of NI-PTZ-1 is intensified by 55-fold in deaerated
437CHX solution as compared to that of the aerated solution. This
438is an indication of the possible involvement of the triplet state in
439the emission processes because the ordinary emissive S1 state (or
440fluorescence) is usually much less sensitive to O2. The emission
441cannot simply be assigned to phosphorescence, based on the
442oxygen sensitivity, since normally structured emission bands
443should be observed for the phosphorescence of organic
444chromophores, due to the vibronic coupling-enhanced T1 →

Figure 2.UV−vis absorption spectra of the compounds in cyclohexane
(CHX), c = 1.0 × 10−5 M, 20 °C.
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445 S0 radiative decay process.68 This atmosphere-dependent
446 fluorescence emission was not reported for the NI-PTZ dyad
447 containing flexible linkers.64 We observed similar luminescence
448 features for the compact NI-PTZ dyads containing a single-bond
449 C−N linker, which was attributed to TADF.63 The CS-state
450 energy ofNI-PTZ-1 can be approximated by the onset of the CT
451 emission band, as ca. 2.48 eV. This energy is literally the same as
452 the 3NI* state energy (2.30 eV).60,69 Thus, TADF is a plausible
453 mechanism to explain the O2-sensitive luminescence of the
454 dyads. The CT band centered at 610 nm can be observed in
455 CHX for all of the three dyads, suggesting the occurrence of
456 TADF in this solvent. The CT emission band is also sensitive to
457 the solvent polarity (Figure 3c). A weak emission band centered
458 at 710 nm in deaerated TOL was observed for NI-PTZ-1, but
459 not for the other two dyads (Figures 3c and S18). In acetonitrile
460 (ACN), no emission was observed for all of the three dyads. This
461 result can be explained by the decreased CS-state energy in polar
462 solvents and the energy gap law, whereas the 3LE state energy is
463 less sensitive to solvent polarity.60 For NI-PTZ-O, a weak
464 emission band centered at 600 nm was observed (Figure S19),
465 which is not sensitive to O2, suggesting that the triplet state is not
466 involved in the emission process of this dyad.
467 We furthermore determined the luminescence lifetimes under

f4 468 different atmospheres for all compounds (Figures 4, S22, and
469 S23). Under N2 atmosphere, the luminescence decay trace of
470 NI-PTZ-1 shows drastically different phases (Figure 4a). The
471 early phase, recorded using a pulsed EPL picosecond laser (the
472 IRF of the luminescence spectrometer is 0.1 ns), is characterized
473 by a fast decay (lifetime τ = 13.8 ns, population ratio: 42%),
474 followed by a slow-decaying component (τ = 321.6 μs,
475 population ratio: 58%, at a concentration of 10 μM, excited
476 with a microsecond flash xenon lamp). The rate constants of ISC
477 (kISC), rISC (krISC), and triplet-state nonradiative decay (knr

T ) of
478 NI-PTZ-1 in CHX were estimated to be 7.2 × 107, 1.4 × 104,

479and 3.1 × 103 s−1, respectively (eqs S3−S5, referring to the
480Supporting Information for details). Similar results were
481observed for NI-PTZ-2 (11.1 ns (41%)/280.4 μs (59%), at 12
482μM, Figure S22) andNI-PTZ-3 (10.3 ns (64%)/142.6 μs (36%)
483at 15 μM, Figure S23). Note that among the three dyads, we
484found a clear trend that a more significant molecular
485conformational restriction leads to longer emission lifetime.
486We also found that the luminescence lifetime of the compounds
487is only slightly varied at different concentrations (NI-PTZ-1,
488377.8 μs at 6 μM; 396.0 μs at 4 μM, Figure S21). Thus, we
489attribute the long-lived luminescence to TADF, rather than to P-
490type delayed fluorescence due to a TTA effect (which is an
491intermolecular diffusion-controlled process).70 The previously
492reported NI-PTZ dyads that have a long, flexible polymethylene
493linker show a CT emission lifetime of ca. 5 ns, and no long-lived
494component in the fluorescence decay trace was reported.60,64

Figure 3. (a) Fluorescence emission spectra of NI-Ph, NI-PTZ-1, NI-PTZ-2, and NI-PTZ-3 in CHX under nitrogen atmosphere; fluorescence
emission spectra ofNI-PTZ-1 (b) in CHX under different atmospheres (N2, air) and (c) in different solvents under N2. λex = 340 nm, c = 1.0 × 10−5 M,
20 °C. The asterisks indicate the Raman scattering peak.

Table 1. Photophysical Parameters of Compounds

λabs
a εb λF

c ΦΔ
d τT

e ΦF
f τF

g τF
h τP

i

NI-Ph 328/343 1.3/1.2 −i 2 153.7 0.4 −j −j 455.0
NI-PTZ-O 331/340 2.0/1.9 601k 35 191.1 0.5k −j 10.0k 464.8
NI-PTZ-1 329/345 1.6/1.4 612 30 274.7l 1.1 13.8 ns/321.6 μs 14.4 426.4
NI-PTZ-2 329/344 1.4/1.2 611 36 193.4l 2.2 11.1 ns/280.4 μs 13.9 383.7
NI-PTZ-3 329/344 1.8/1.5 615 38 180.3l 2.7 10.3 ns/142.6 μs 13.2 410.6

aMaximal UV−vis absorption wavelength (1.0 × 10−5 M) in CHX, in nm. bMolar absorption coefficient, in 104 M−1 cm−1. cMaximal fluorescence
emission wavelength in CHX, in nm. dSinglet oxygen (1O2) quantum yield (ΦΔ) (λex = 320 nm) with Ru(bpy)3[PF6]2 as standard (ΦΔ = 57% in
DCM) in CHX, in %. eTriplet excited-state lifetimes, in deaerated CHX, in μs. fFluorescence quantum yields under N2 atmosphere, in %.
gFluorescence lifetimes under N2. hFluorescence lifetimes under air atmosphere, in ns. iPhosphorescence lifetimes at 540 nm in 77 K, in ms. jNot
applicable. kIn DCM. lIntrinsic triplet-state lifetimes. Obtained by fitting the experimental curves based on the kinetic model with the TTA self-
quenching effect considered, in μs.

Figure 4. Fluorescence lifetime decay traces of NI-PTZ-1: (a)
monitored at 600 nm (13.8 ns was measured with EPL picosecond
laser), and another component of 321.6 μs was monitored with
microsecond flash xenon lamp, c = ca. 1.0 × 10−5 M, in deaerated CHX,
at 298 K; (b) at 540 nm, c = 1.0 × 10−4 M, in deaerated EtOH/MeOH
(4:1, v/v), at 77 K, excited with microsecond flash xenon lamp, λex =
340 nm.
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495 The delayed fluorescence of the current dyads has a much longer
496 lifetime than that observed for the compact NI-PTZ dyad with a
497 C−N bond linker (22.6 ns (96.6%)/2.6 μs(3.4%)).63 These
498 differences can be attributed to the delicate energy-level
499 ordering of 3CT and 3LE states.63 In the current dyads, the
500 CS-state energy is slightly higher than the 3LE state, and the
501 energy pooling effect of the 3LE state makes the delayed
502 fluorescence lifetime longer than the previously reported
503 compact NI-PTZ dyad, for which the CS state is lightly lower
504 in energy than the 3LE state.63 This is supported by nanosecond
505 transient absorption studies (vide infra). In solvents that are
506 more polar than CHX, such as TOL and ACN, no TADF was
507 observed (the luminescence is extremely weak).
508 The observation of long-lived components in the lumines-
509 cence decay trace strongly suggests the involvement of triplet
510 states in the radiative decay of the singlet excited state, which is
511 typical for TADF.38,71−74 In order to further confirm this
512 postulate, the luminescence lifetimes of the dyads in aerated
513 solution were also studied. The luminescence lifetime of NI-
514 PTZ-1 was shortened to 2.0 ns (47%)/15.8 ns (53%) in aerated
515 solution (Figure S24). The prompt luminescence lifetime of
516 13.8 ns was not quenched and maintained as 15.8 ns (the
517 difference is probably due to determination uncertainty). The
518 2.0 ns component is probably due to the nonradiative transition
519 process of the 1CS state, e.g., ISC to 3NI*. The quenched
520 delayed lifetime was not observed (with the lifetime of 321.6 μs
521 in deaerated CHX) as a result of the slow rISC rate and
522 substantially quenched 3NI* triplet state in aerated CHX.
523 Similar results were obtained for NI-PTZ-2 and NI-PTZ-3
524 (Figure S24). The lifetime of the CT emission centered at 600
525 nm of NI-PTZ-O is 10.0 ns in aerated solution (Figure S27),
526 which is shorter than the others.
527 These results correlate to the electronic coupling and the
528 relative energy order of the CT/3LE states. For NI-PTZ dyads
529 containing a long, flexible polymethylene linker (polymethy-
530 lene), it was supposed that the bent conformation leads to face-
531 to-face intramolecular interaction between the NI and PTZ
532 moieties, determining a much shorter CT emission lifetime (ca.
533 5 ns).64 The single exponential decay of the luminescence
534 excludes any possibility of involvement of triplet states in the
535 emission process. Moreover, considering the fast conforma-
536 tional fluctuations in solution, establishing of an equilibrium
537 between the CS state and the 3NI* state is unlikely. In the
538 current compact dyads, the electronic coupling should be much
539 weaker than that established with the face-to-face interaction,
540 which increases the prompt fluorescence lifetime (10.3−13.8
541 ns) and opens up the possibility of TADF. This postulation is
542 supported by the observation of an increased prompt
543 fluorescence lifetime for the recently reported compact NI-
544 PTZ dyad presenting a short C−N linker (22.6 ns).
545 The excimer emission quantum yields (∼0.004) and the
546 luminescence lifetimes (1.28−5.35 ns) of the previously studied
547 flexible NI-PTZ dyad are lower or shorter than the current
548 compact dyads. NI-PTZ-1−3 show CS-state emission quantum
549 yields of 0.011−0.027 and prompt fluorescence lifetimes of
550 10.3−13.8 ns. Also, a slow rise phase (60−1300 ps) was
551 observed for the previous exciplex emission,64 but it is not
552 observed for the current compact dyads (Figure 4a, the IRF of
553 the luminescence lifetime spectrometer is ca. 100 ps).
554 NI-PTZ-1 has the longest prompt fluorescence lifetime (13.8
555 ns), and this dyad has the smaller electronic coupling (VDA 0.10
556 eV), whereas NI-PTZ-3, with the strongest electronic coupling
557 between the donor and the acceptor (0.31 eV), has the shortest

558prompt fluorescence lifetime (10.3 ns). These results indicate
559that the geometry, rigidity of the linker and electronic coupling
560between the units play an important role in determining the
561photophysical properties of donor−acceptor dyads.
562In order to determine the 3NI* state energy of the dyads, we
563measured their phosphorescence emission spectra in frozen
564solution (EtOH/MeOH, 4:1, v/v) at 77 K (Figure S25). ForNI-
565Ph, two structured emission bands in the ranges of 350−450 and
566500−650 nm were observed. The emission band in the shorter
567wavelength range is assigned to fluorescence and the emission
568band at lower energy is attributed to phosphorescence.69 This is
569supported by the luminescence lifetime studies since the
570emission band in the short wavelength range has a lifetime of
5710.15 ns (92%)/1.39 ns (8%), whereas the second emission band
572has a lifetime of 455 ms (Figure S25). From the onset of the
573phosphorescence band at the high energy side (can be
574approximated as the vibrational 00 transition of T1 → S0
575radiative relaxation), the 3NI* state energy is approximated as
5762.30 eV.
577For all of the dyads, phosphorescence bands similar to that of
578NI-Phwere observed (Figure S25). The phosphorescence of the
579dyads shows a biexponential decay. For instance, NI-PTZ-1
580shows a phosphorescence lifetime of 46.7 ms (28%)/442.2 ms
581(72%) (Figure 4b). The major components of the phosphor-
582escence lifetime of NI-PTZ-2 and NI-PTZ-3 are 458.0 and
583432.4 ms, respectively (Figure S25). No CT emission band was
584observed, which is likely due to the increased CS-state energy in
585the frozen solution.
5863.3. Electrochemistry Study. The redox potentials of the
587 f5dyads were measured with cyclic voltammetry (Figure 5). For

588NI-Ph, a reversible reduction wave was observed at −1.82 V (vs
589Fc/Fc+), while no oxidation wave was observed in the potential
590window used in the experiment. For NI-PTZ-1, a similar
591reduction wave was observed (Figure 5). Moreover, two
592reversible oxidation waves at +0.28 and +1.07 V (vs Fc/Fc+)
593were observed, which are attributed to the PTZ moiety.61

594Similar results were observed for the other dyads (Figure 5). The
595similarity of the redox potentials of the isolated PTZ and NI
596moieties and those measured for the dyads indicates negligible
597interactions between the donor and the acceptor at the ground
598state. These results also indicate that PTZ is the electron donor
599and NI is the electron acceptor for the dyads upon photo-
600excitation, although NI can act as an electron donor in the

Figure 5. Cyclic voltammogram of compounds. Ferrocene (Fc) was
used as an internal reference (set as 0 V in the cyclic voltammograms),
in deaerated DCM containing 0.10 M Bu4N[PF6] as the supporting
electrolyte. Scan rates: 50 mV s−1, c = 1.0 × 10−3 M, 20 °C.
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601 presence of a strong electron acceptor.75 For NI-PTZ-O, a
602 similar reversible reduction wave was observed at −1.78 V (vs
603 Fc/Fc+), whereas the oxidation wave at +1.02 is irreversible.
604 Based on the electrochemical data, the driving force of the
605 possible photoinduced CS, i.e., ΔGCS

0 , was calculated with the
606 Rehm−Weller equation (eqs 2−5, referring to the Supporting
607 Information for details)
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t2 612 The results (Table 2) show that the CS from 1NI* is
613 thermodynamically allowed for all of the dyads. The driving
614 force for the CS of NI-PTZ-O is smaller than that of the dyads
615 without oxidation due to the poor electron-donating ability of
616 PTZ upon oxidation. The results show that for all dyads, the CS-
617 state energy in CHX is higher than that of 3NI* (2.3 eV), which
618 means the low-lying triplet state is the 3NI* state, which is
619 supported by the nanosecond transient absorption (ns-TA)
620 spectral studies (see later section). In polar solvent ACN, forNI-
621 PTZ-1, NI-PTZ-2, and NI-PTZ-3, the CS-state energy is lower
622 than 3NI*. Thus, for these dyads, the low-lying triplet state may
623 probably be the CS state in ACN. These postulations were
624 confirmed by ns-TA spectral studies (see later section).
625 We furthermore measured the spectroelectrochemistry of the
626 dyads in order to characterize the absorption bands of the radical

f6 627 anion and cation (Figures 6 and S62−S64). With a negative
628 potential applied (−1.65 V, vs Ag/AgNO3), new absorption
629 bands centered at 417, 490, and 831 nm appeared (Figure 6a),
630 which are attributed to the electrochemically generated radical
631 anion NI−• (Figure 6a). Conversely, with a positive potential
632 applied (+0.58 V, vs Ag/AgNO3), new absorption bands
633 centered at 512 nm and in the range of 700−900 nm were
634 observed, which are attributed to the electrochemically
635 generated radical cation PTZ+• (Figure 6b).60,76 Similar results
636 were observed for the absorption of PTZ+• by using a chemical
637 oxidation method (Figure S61). With the addition of nitro-
638 sonium hexafluorophosphate (NO[PF6]), PTZ+• shows an
639 absorption band centered at 515 nm, and a broad, weak
640 absorption band in the range of 600−850 nm. The absorbance
641 and the concentration of the dyad used in the measurement
642 indicate that the oxidation is quantitative (molar absorption

643coefficient of PTZ+• at 515 nm: 7000 M−1 cm−1). It should be
644pointed out that the absorption features of the radical anions and
645radical cations in the photoexcitation-generated CS state for the
646dyads may be different from the UV−vis absorption spectra of
647the radical anion or cation, generated by the electrochemical
648method (Figure 6) because there is an electronic interaction
649between the anion and the cation for the photogenerated CS
650state.
6513.4. Femtosecond Transient Absorption Spectra. The
652kinetics of photoinduced CS and CR in the three dyads have
653been studied by ultrafast transient absorption measurements
654 f7with sub-picosecond time resolution (Figure 7). Three solvents
655of different polarity (CHX, TOL, and ACN) were used to
656understand the influence of the microenvironment on the
657excited-state dynamics of the compounds. All of the spectra have
658been measured by exciting the samples at 345 nm and the data
659have been subject to global analysis in order to determine the
660kinetic constants describing the excited-state dynamics of the
661dyads. Figure 7a reports the evolution-associated difference
662spectra (EADS) obtained by globally analyzing the data
663recorded for NI-PTZ-1 in TOL, employing a linear decay
664kinetic scheme with three times constants.
665For NI-PTZ-1, the initial spectral component (black line in
666Figure 7a) shows two excited-state absorption (ESA) bands
667peaked at ca. 400 and 480 nm in CHX. The comparison with the
668time-resolved spectra recorded for the reference compoundNI-
669Ph (see Figure S59) allows to assign this spectral component to
670the singlet excited state of the NI moiety, which mostly absorbs
671at 345 nm at ground state. The transient spectra rapidly evolve in

Table 2. Redox Potentials (EOX and ERED), Driving Forces of Charge Separation (ΔGCS), and the Energy of the CSS of
Compounds (ECS) in Different Solvents

a

ΔGCS (eV) ECS (eV)

EOX
b (V) ERED

b (V) HEX CHX TOL DCM ACN HEX CHX TOL DCM ACN

NI-Ph −c −1.82 −c −c −c −c −c −c −c −c −c −c

NI-PTZ-O +1.02 −1.78 −0.16 −0.22 −0.32 −0.89 −1.13 3.36 3.30 3.20 2.63 2.39
NI-PTZ-1 +0.28/+1.07 −1.81 −0.87 −0.93 −1.03 −1.61 −1.92 2.65 2.59 2.49 1.91 1.60
NI-PTZ-2 +0.29/+1.09 −1.80 −0.87 −0.93 −1.03 −1.61 −1.92 2.65 2.59 2.49 1.91 1.60
NI-PTZ-3 +0.30/+1.06 −1.80 −0.86 −0.92 −1.02 −1.60 −1.91 2.66 2.60 2.50 1.94 1.61

aCyclic voltammetry in N2-saturated DCM containing a 0.10 M Bu4NPF6 supporting electrolyte; Pt electrode was used as the counter electrode;
the working electrode is the glassy carbon electrode; Ag/AgNO3 couple is the reference electrode. E00 = 3.52 eV. E00 is the energy level of the
singlet excited state localized on the NI moiety (1NI*) approximated with the crossing point of UV−vis absorption and fluorescence emission
spectra after normalization. bThe value was obtained by setting the oxidation potential of Fc+/Fc as 0. cNot observed or not applicable.

Figure 6. Spectroelectrochemical studies ofNI-PTZ-1: evolution of the
UV−vis absorption spectra with reduction and oxidation potentials
applied: (a) upon reduction under −1.65 V, c = 3.0 × 10−5 M and (b)
upon oxidation under 0.58 V, c = 5.0 × 10−5 M. The Ag/AgNO3
reference electrode was used. The spectra were recorded in situ with a
spectroelectrochemical cell (1 mm optical path), in deaerated DCM, 20
°C.
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672 about 0.8 ps: within this timeframe, both ESA bands increase in
673 intensity and red shifts, respectively, to 415 and 500 nm. We
674 tentatively assign the evolution observed on the fast 0.8 ps
675 timescale to the occurrence of incomplete CT from the NI
676 toward the PTZ moiety. On the following 45.4 ps, a sharp band
677 peaked at 410 nm develops. Comparison with spectroelec-
678 trochemistry results allows to assign this band to NI−•, and at the
679 same time, the band peaked at 490 nm to PTZ+•. The

680appearance of those bands confirms the CS. The CS state does
681not decay by CR within the timescale of the experiment (1.5 ns).
682When measurements are repeated in the more polar solvent
683ACN, the kinetics of CS appears to be faster, as inferred by
684inspecting the EADS presented in Figure 7b. In this case, the
685sharp band signaling the formation of NI−• is already visible in
686the second spectral component, rising within 1.2 ps. The
687following evolution, occurring in 9.8 ps can be interpreted as the
688vibrational relaxation of the CS state, in which the ESA band
689shows a time-dependent slight blue shift indicating a typical
690characteristic of the vibrational cooling. CR appears to be faster
691in this polar medium: the transient signal indeed mostly recovers
692within 45.8 ps. The small residual signal shows the typical ESA of
693the anion and cation species. The transient spectra in TOL are
694similar to those recorded in CHX, although the dynamics of CS
695is a bit faster, as noticed by comparing the kinetic traces recorded
696on the maximum of the NI−• band in the three solvents (see
697Figure 7c).
698The transient spectra measured forNI-PTZ-2 andNI-PTZ-3
699are very similar to those of NI-PTZ-1 (Figures S57 and S58),
700but some variation of the kinetic constants for CS and CR are
701noticed, see for instance the comparison of the kinetic traces
702signaling the rise of NI−• in TOL for the three compounds
703reported in Figure 7d. Additional time-resolved data can be
704found in the Supporting Information. It should be noted that
705formation of the 3NI* state cannot be excluded because it is
706known that the ISC of NI chromophore takes only 10−20 ps.77

707Moreover, the ns-TA spectral analysis shows the formation of
708the CS state with 3NI* precursor (Figure S31).
709Marcus equation (eq 1) was used to study the −ΔGET

0

710dependence on the electron transfer rates in different solvents
711(CHX, TOL, and ACN, Figure S60).78,79 The ΔGET

0 of CS and
712CR are obtained from electrochemical data (ΔGCR = −ECS).
713The electron transfer rate is determined by fs-TA spectral data,
714ns-TA spectral data, and fluorescence lifetimes. Based on the
715fitting results, similar λ values forNI-PTZ-1,NI-PTZ-2, andNI-
716PTZ-3 are estimated as 1.42, 1.47, and 1.48 eV, respectively,

Figure 7. EADS obtained from global analysis of the fs-TA transient
absorption data recorded for NI-PTZ-1 in (a) CHX and (b) ACN. (c)
Comparison between the kinetic traces recorded on the maximum of
the NI−• absorption band for NI-PTZ-1 in CHX, TOL, and ACN. (d)
Comparison between the kinetic traces recorded on the maximum of
the NI−• absorption band in TOL for NI-PTZ-1, NI-PTZ-2, and NI-
PTZ-3, λex = 345 nm, c = 1.0 × 10−4 M, 20 °C.

Figure 8. Nanosecond transient absorption spectra of NI-PTZ-1 in different deaerated solvents of (a) CHX (c = 1.0 × 10−5 M), (b) TOL (c = 1.0 ×
10−4 M), and (c) ACN (c = 2.0 × 10−4 M). The corresponding decay traces are at (d) 470 nm, (e) 420 nm, and (f) 420 nm. The intrinsic triplet-state
lifetime (τint) is obtained by fitting the experimental decay traces based on the kinetic model with the TTA self-quenching effect considered in panel
(d), λex = 355 nm, 20 °C.
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717 while V values are estimated as 31.8, 21.9, and 20.2 cm−1,
718 respectively. For these dyads, the CS process in different
719 solvents is located in the Marcus normal region, whereas the CR
720 is in the Marcus inverted region.
721 Marcus equation can be transformed into the linear
722 expression shown in eq S10. There is linear correlation between
723 [kBT ln kET + (ΔGET

0 /2)] and (ΔGET
0 )2 for these dyads as shown

724 in Figure S60. The estimated λ and V values for NI-PTZ-1 are
725 determined as 1.42 eV and 37.9 cm−1. For the same compound,
726 the estimated λ and V values are similar based on different
727 methods.
728 3.5. Nanosecond Transient Absorption Spectra:
729 Detection of 3NI* and CS States. In order to evaluate the
730 excited-state dynamics of the dyads, we measured their

f8 731 nanosecond transient absorption (ns-TA) spectra (Figures 8
732 and S28−S51). For NI-PTZ-1 in CHX, an excited-state
733 absorption (ESA) band centered at 465 nm was observed,
734 together with a lower intensity absorption band centered at 366
735 nm (Figure 8a). These are the typical ESA bands of the 3NI*
736 state.63,80,81 Furthermore, a weak ground-state bleaching (GSB)
737 band centered at 330 nm was observed, which is in agreement
738 with the steady-state absorption of the NI moiety. The same
739

3NI* ESA band has also been observed for the NI-PTZ dyad
740 containing a flexible polymethylene linker (in TOL).60 The
741 intrinsic triplet-state lifetime of NI-PTZ-1 was obtained by
742 fitting the experimental curves based on the kinetic model with
743 the TTA self-quenching effect considered and was determined
744 as 274.7 μs by monitoring the decay trace at 470 nm (Figure 8d).
745 This is an interesting result since we observed CS emission for
746 NI-PTZ-1 when measuring the fluorescence (Figure 4a), and it
747 indicates that since the 3NI* state has lower energy than the CS
748 state, the apparent long CS-state lifetime is due to the energy
749 pooling effect of the lower, dark 3NI* state. The discrepancy
750 between the delayed fluorescence lifetime (321.5 μs, Figure 4a)
751 and the detected 3NI* state lifetime (τint = 274.7 μs) is probably
752 due to the TTA self-quenching effect in the ns-TA study.
753 The ns-TA spectra ofNI-Ph andNI-PTZ-Owere also studied
754 (Figures S47 and S48, CHX) and similar ESA bands centered at
755 470 and 360 nm were observed. The triplet-state lifetime of NI-
756 Ph was determined as 153.7 μs in N2-saturated CHX, which is
757 shortened to 445 ns under air atmosphere. Similar results were
758 observed forNI-PTZ-O (τ = 191.1 μs in N2-saturated CHX, τ =
759 556 ns under air atmosphere). Differently from a recently
760 reported compact NI-PTZ dyad, for which a short-lived CS state
761 (2.6 μs) was observed in ns-TA spectra, for NI-PTZ-1, no CS
762 state was observed in CHX.63

763 Similar results were observed for NI-PTZ-2 and NI-PTZ-3:
764 in both cases, ESA bands characteristic for the 3NI* state were
765 observed in the ns-TA spectra (Figures S32, S36, S53, and S54),
766 with intrinsic lifetimes of 193.4 and 180.3 μs, respectively. Under
767 air atmosphere, the triplet-state lifetimes ofNI-PTZ-1,NI-PTZ-
768 2, and NI-PTZ-3 (in CHX) decreased to 442, 445, and 453 ns,
769 respectively. This is a further evidence that the transient species
770 are localized triplet excited states (3LE state, 3NI*).
771 Then, we examined the ns-TA spectra ofNI-PTZ-1 in a polar
772 solvent (ACN, ET(30) = 45.6 kcal mol−1, Figure 8c).
773 Interestingly, a narrow band centered at 412 nm and a broad
774 absorption band centered at 510 nm were observed (Figure 8c).
775 Based on the spectroelectrochemistry and chemical oxidation
776 study (Figures 6 and S61), these absorption bands can be
777 attributed to NI−• and PTZ+•, respectively. This result is also in
778 agreement with the previous assignment of the CS state in a NI-
779 PTZ dyad containing a flexible polymethylene linker.60 The

780decays of the kinetic traces at both 420 and 520 nm are
781biexponential (Figures 8f and S28), with a fast decaying
782component of 1.4 μs (69%) and a slower decaying component
783with a lifetime of 15.0 μs (31%). The short-lived component is
784attributed to the intramolecular CR and the long-lived
785component to the intermolecular CR.60 This interpretation is
786confirmed by measuring ns-TA spectra in a highly viscous polar
787solvent, for instance, diethylene glycol (ET(30) = 53.8 kcal
788mol−1, η = 35.7 mPa s, 20 °C) because the diffusion will be
789inhibited to a large extent in a viscous solvent. In this solvent, the
790decay traces monitored at 420 and 520 nm are monoexponential
791with lifetimes of 406 and 420 ns, respectively (Figure S40).
792These results indicate intermolecular electron transfer for NI-
793PTZ-1 in ACN. The quantum yield of the CS state (ΦCS) was
794determined using a relative method with anthracene as a
795standard (for details, please refer to the Supporting
796Information). In ACN, the ΦCS ofNI-PTZ-1−3was determined
797as 8.6, 7.4, and 7.0%, respectively (Figure S55). It should be
798noted that the ΦCS in ACN is attributed to the 3CS state due to
799the long lifetime detected in ns-TA rather than total CS states
800(both 1CS and 3CS states). The observation of the long-lived CS
801state (τCS = 1.4 μs), yet the lack of TADF in ACN, confirms the
802spin-vibronic coupling mechanism of the TADF.82−84 It is worth
803to note that the lifetime in diethylene glycol is insensitive to O2
804(374.3 and 387.2 ns at 420 and 520 nm, respectively, Figure
805S41), due to the retarded diffusion.60 Similar results were
806observed for NI-PTZ-2 (1.3 μs (59.6%)/11.8 μs (40.4%)) and
807NI-PTZ-3 (1.1 μs (59.2%)/19.8 μs (40.8%)) at 420 nm in ACN
808(Figures S32 and S36).
809The CS-state lifetime is longer as compared to some similar
810dyads. In a triad with PTZ as the electron donor, ethynyl-NI as
811the electron acceptor, and a trans bis(alkylphosphine) Pt(II)
812acetylide coordination framework as the chromophore and the
813linker, the CS-state lifetime is very short (ca. 1 ns).85 This is
814interesting because in this triad, the distance between the NI and
815PTZ moieties is quite large, and the coupling between the donor
816and the acceptor is weak, which should lead to a long-lived CS
817state. A longer lifetime of 178 ns was observed in the case of a
818donor−chromophore−acceptor triad with PTZ as the electron
819donor, C60 as the electron acceptor, and N∧N Pt(II) bisacetylide
820complex as the linker. It was proposed that the electron spin
821control contributes to a long lifetime; however, the electron spin
822multiplicity of the CS state was not reported.26 The CS-state
823lifetimes of the current compact dyads are even longer than the
824CS-state lifetimes of dyads with PTZ as the electron donor,
825pyromellitdiimide as the acceptor, and biphenyl as the linker
826(0.15 μs).86

827For the current NI-PTZ dyads, we observed the CS state with
828a lifetime of 38.2 ns for NI-PTZ-1 at 520 nm (NI-PTZ-2: 47.1
829ns; NI-PTZ-3: 31.0 ns) in ACN under air atmosphere. It is
830worth noting that the decay of the transient species monitored at
831520 nm is 38.2 ns using a 2000 ns detection window, but it
832extends to 32.4 μs using a 100 μs detection window (NI-PTZ-1,
833Figure S29). This is an interesting example of a long-lived CS
834state (1.4 μs) observed in a compact electron donor−acceptor
835dyad.3 Comparison with previously reported systems shows that
836a CS state was observed for a compact electron donor−acceptor
837dyad with a Zn(II) porphyrin electron donor and pyromelliti-
838mide or naphthalenediimide as the electron acceptor (the two
839units are connected by a single C−N bond), but the CT lifetime
840is much shorter (2.1−200 ps).87 A similar observation was made
841in the case of a rigid electron donor−acceptor dyad with
842dimethoxy naphthalene as the electron donor and a dimethyl
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843 cyclobut-1-ene-1,2-dicarboxylate unit as the electron acceptor
844 (the linker between the two units is norbornane), the 1CS state
845 formed by direct photoexcitation is short-lived (τ < 10 ps),
846 whereas the 3CS state produced by intermolecular triplet
847 photosensitization showed a much longer lifetime of 1.4 μs.88

848 Also, in a conjugate of N,N′-bis-1,8-naphthalimide and spermine
849 dyad with spermine as the electron donor, a CS state and 3NI*
850 state were observed, with lifetimes of 12 and 4.2 μs,
851 respectively.89 Note that the CS state of the current compact
852 dyads in ACN have lifetimes of 1.1−1.4 μs, similar to the
853 previously reported NI-PTZ dyads containing flexible linkers.60

854 It is significant to observe such long CS lifetimes in compact
855 electron donor−acceptor dyads, considering the strong
856 electronic coupling. The most probable factor contributing to
857 the long CS-state lifetime is the electron spin control effect, i.e.,
858 the formation of the 3CS state,3 as well as the Marcus inverted
859 region effect of the CR process.
860 It should be noted that for the previously reported NI-PTZ
861 dyads, in which the donor and acceptor are separated by
862 saturated polymethylene linkers, the intramolecular CS state is
863 short-lived (ca. 300 ns).60 The CS lifetime of NI-PTZ-1 is
864 similar to that of an anthraquinone−PTZ dyad, presenting a
865 long, saturated bicyclo[2.2.2]octane linker (τCS = 1.0 μs).19

866 Previously, a long-lived CS state was observed for a zinc
867 chlorin−C60 dyad (230 μs).21 This long lifetime was attributed
868 to the lack of the quantum tunneling effect,77 but the
869 contribution from the small λ of the electron acceptor C60 and
870 thus the Marcus inverted region effect of the CR process cannot
871 be excluded.20 Recently, we have shown that in a spiro
872 rhodamine−NI compact dyad, where we observed a CS state
873 (τ = 0.94 μs), the 3NI* state is the precursor for CS, and the
874 long-lived CS state is in triplet multiplicity.90 Similar observation
875 has been made for donor−acceptor units linked to a transition-
876 metal coordination framework, where the 3MLCT state is the
877 precursor for CS, and a long-lived 3CS state is formed.22,24 Thus,
878 we propose that the long CS lifetime of the current compact
879 dyads is due to the electron spin control effect, i.e., the formation
880 of a 3CS state instead of the normally observed SCRP, or the
881 formation of free ion pairs without electron spin−spin
882 interaction.3,22−24,62,91

883 Interestingly, in TOL, the ns-TA spectra of NI-PTZ-1
884 (Figures 8b and S28) are neither similar to those observed in
885 CHX nor in ACN. A sharp absorption band centered at 416 nm
886 was observed, together with a broad band centered at 480 nm,
887 with a shoulder beyond 500 nm. Based on our previous studies,
888 these three absorption bands are attributed to NI−•, 3NI*, and
889 PTZ+•, respectively. Therefore, both the 3NI* and CS states
890 were observed in TOL. This is reasonable, since the polarity of
891 TOL (relative dielectric constant, εr = 2.38, ET(30) = 33.9 kcal
892 mol−1) is between that of CHX (εr = 2.0, ET(30) = 30.9 kcal
893 mol−1) and ACN (εr = 35.9, ET(30) = 45.6 kcal mol−1). The
894 decay of the transient species is multiexponential, with lifetimes
895 of 27 ns (92.4%)/3.5 μs (6.6%)/27.1 μs (1.0%) at 420 nm
896 (Figure 8e). Similar results were observed at 470 nm (36 ns
897 (81.5%)/3.4 μs (12.0%)/43.3 μs (5.5%)) and 520 nm (32 ns
898 (81.5%)/3.4 μs (12.0%)/46.1 μs (6.5%), Figure S28). We
899 tentatively assign the species with a lifetime of 27 ns to the 1CS
900 state, the species with 3.5 μs to the 3CS state, and the lifetime of
901 27.1 μs to the intermolecular CR. In order to study the excited-
902 state dynamics in detail, the evolution of ns-TA spectra in the
903 early delay time domain was analyzed (Figure S31). The first
904 species has sharp positive bands at 418 and 492 nm, and these
905 bands are assigned to the NI−• species pertaining to the 1CS

906state. Then, within 33.4 ns, this spectrum evolves to the second
907component, which has prominent positive bands at 418 and 470
908nm, and a minor band at 515 nm. The former are assigned to
909NI−• and 3NI* and the latter is assigned to PTZ+•. Thus, we
910propose at this timescale that both the 3NI* and 3CS state exist.
911A 1CS → 3NI* process by spin−orbit charge-transfer
912intersystem crossing (SOCT-ISC) mechanism for NI-PTZ-1
913takes about 33.4 ns, and 3CS state and 3NI* states are in
914equilibrium at the long delay time. This slow CS is similar to that
915observed with a NI-PTZ dyad containing a flexible poly-
916methylene linker (1−3.8 ns).60 Recently, with a spiro compact
917electron donor−acceptor dyad, in which the electron donor
918(closed form of rhodamine) and the electron acceptor (NI
919moiety) are separated by three σ-bonds, the 3LE → CS takes 125
920ns.81 Furthermore, in TOL, the ΦCS of NI-PTZ-1−3 were
921determined as 54.0, 54.8, and 49.7%, respectively.
922For the flexible NI-PTZ dyads, similar results were observed
923in TOL;60 however, the CS state is short-lived (0.9−2.8 ns), and
924only the 3NI* state is persistent till 5 ns. Based on the spectral
925evolution of the flexible NI-PTZ dyads, it is clear that 3NI* and
926CS states are not in equilibrium.60 Thus, NI-PTZ-1 gives
927drastically different results as compared to the previously
928reported flexible NI-PTZ dyads. Similar results were observed
929for NI-PTZ-2 and NI-PTZ-3 in TOL upon photoexcitation
930(Figures S32−S39); however, it was found that the CS state
931decays faster than the 3NI* state for these two dyads.
9323.6. Time-Resolved Electron Paramagnetic Resonance
933(TREPR) Spectroscopy. The excited states of the dyads were
934also studied with time-resolved electron paramagnetic spin
935 f9(TREPR) spectroscopy (Figure 9). First, the reference

936compound NI-Ph was studied (Figure 9a). It is known that
937NI has ISC ability,92 but the ISC of NI-Ph is poor as confirmed
938by ultrafast spectroscopy (Tables 1 and S8).93 Upon pulsed laser
939excitation in the frozen solution of TOL/2-MeTHF (1/1, v/v)
940at 80 K, a typical triplet-state TREPR spectrum of organic
941molecules randomly oriented in a magnetic field was observed,
942with the electron spin polarization (ESP) phase pattern as (e, e,
943a, e, a, a) at canonical orientations.1,94−97 The simulation of the
944TREPR spectrum gives the zero-field splitting (ZFS) |D| and E
945parameters as 2500 and −125 MHz, respectively. These values
946are very close to the previously reported results 2472 and 135
947MHz for the triplet state of native NI.93 4-BromoNI shows
948slightly larger ZFS parameters, with |D| and |E| as 2590 and 150

Figure 9. TREPR spectra of (a)NI-PTZ-1 (c = 4.0 × 10−4 M) andNI-
Ph (c = 3.0 × 10−4 M) in TOL/2-MeTHF (v/v, 1/1) frozen mixed
solution; (b) central part of TREPR spectra of NI-PTZ-1 (c = 4.0 ×
10−4 M),NI-PTZ-2 (c = 3.0 × 10−4 M),NI-PTZ-3 (c = 4.0 × 10−4 M),
andNI-PTZ-O (c = 1.0 × 10−4 M). λex = 355 nm, 80 K, delay after flash
(DAF) = 500 ns. The fitting parameters are presented in Table 3.
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949 MHz, respectively.63 For 3-bromoNI, the ZFS |D| and |E| are
950 2750 and 120 MHz, respectively.98 The population ratio of the
951 three sublevels of the T1 state (TX, TY, and TZ) is PX/PY/PZ =
952 0:0:1 (unique rates: Δp = |PX − PY|/|PY − PZ| = 0:1).
953 The dyads were also studied with TREPR spectroscopy
954 (Figures 9a and S65). NI-PTZ-1 shows virtually the same
955 TREPR spectrum as that ofNI-Ph. The ESP phase pattern of the
956 triplet-state TREPR spectrum is (e, e, a, e, a, a), which is different
957 from the previously reported NI-PTZ compact dyads with the
958 PTZ unit connected at the 4-position of the NI moiety.63 The
959 simulation of the TREPR spectra gives the ZFS |D| and E

t3 960 parameters as 2500 and −132 MHz, respectively (Table 3).

961 These values are close to the NI chromophore; therefore, we
962 conclude the triplet state is confined on the NI moiety (i.e., a 3LE
963 state). This is supported by the higher T1 state energy of the
964 PTZ moiety (2.6 eV) than the NI unit (2.3 eV).60,99 Moreover,
965 the triplet state of PTZ unit was reported to have a much large
966 ZFS D value of 3747 MHz.100

967 Interestingly, simulations show that the population ratio of
968 the three sublevels of the T1 state (TX, TY, and TZ) is PX/PY/PZ =
969 0.87:0.13:0 (Δp = |PX − PY|/|PY − PZ| = 0.74:0.13). This ESP
970 phase pattern is similar to that of NI-Ph. This result indicates

971that the triplet state of NI-PTZ-1 in frozen solution at 80 K
972occurs via the SOC-ISC, not the SOCT-ISC or other CR-
973induced ISC processes. This scenario is similar to the NI-anthryl
974dyads with a phenyl linker between the two units,93 and is
975supported by the results observed with the NI-PTZ dyad
976containing a flexible linker for which it was proposed that 1NI* is
977the precursor of the CS state, and the 3NI* state was not formed
978by CR.60 Note that in frozen solution at 80 K, the solvation effect
979is eliminated to a large extent; thus, the polarity of the
980microenvironment should be very low. Similar results were
981observed for NI-PTZ-2 and NI-PTZ-3.
982Careful examination of the TREPR spectra of NI-PTZ-1
983indicates there is weak, narrow signal in the middle of the spectra
984(Figure 9a). The width of the bands is ca. ∼20 G. We tentatively
985assign this signal to the CS state, with a weak spin−spin dipolar
986interaction between the radical anion and the cation.101,102

987Similar results were observed for NI-PTZ-2 and NI-PTZ-3
988(Figure S65). These results are drastically different from the
989previously reported compact NI-PTZ dyad with direct
990connection of the PTZ and NI moieties at the N-position of
991the PTZ and the 4-position of the NI moiety for which a 3CS
992state was observed, and the width of the TREPR spectrum is ca.
993600 G, with ZFS D and E parameters 900 and 0 MHz,
994respectively.63 For the previously reported NI-PTZ compact
995dyad, the electron spin−spin interaction is supposed to be
996stronger than the current dyads because the donor and acceptor
997are connected with a C−N single bond, and there is some extent
998of overlap of the spin density surface of the radical anion and
999cation.63 For the current dyads such as NI-PTZ-1, however, the
1000overlap of the spin density of the radical anion and cation is
1001negligible because of the intervening phenyl linker and the
1002conformation restriction. Narrow signals have low intensity and
1003are superimposed on a wide signal, which distorts their shape.
1004However, the CS-state TREPR spectrum has an ESP phase
1005pattern of A/E, and signal asymmetry is observed, which is most
1006clearly expressed for the NI-PTZ-O compound, and probably
1007reflects the presence of net polarization, which is possible for the
1008triplet precursor spin-correlated radical pairs (SCRP) spectra.

Table 3. Zero-Field Splitting Parameters (|D| and E) and
Relative Populations PX,Y,Z of the Spin States at Zero
Magnetic Field of Compoundsa

|D| (MHz) E (MHz) PX PY PZ g-factor

NI-PTZ-1 2500 −132 0.87 0.13 0 2.0025
NI-PTZ-2 2500 −132 0.89 0.11 0 2.0025
NI-PTZ-3 2500 −132 0.90 0.10 0 2.0025
NI-PTZ-O 2500 −132 0.83 0.18 0 2.0030
NI-Ph 2500 −132 0.82 0.18 0 2.0025

aObtained from simulations of the triplet-state TREPR spectra of the
indicated molecules at 80 K. Pi is the relative population of the ith
ZFS state. An isotropic g-value of 2.0025 was chosen for the spectral
simulations of two molecules.

Scheme 2. Photophysical Processes of NI-PTZ-1 in Different Solventsa

aThe energy of the excited singlet states is calculated by TDDFT at the B3LYP/6-31G(d) level using Gaussian 09; the energy of CS states is
obtained by electrochemical calculation; and the triplet-state energy is estimated by the vibrational 00 transition of T1 → S0 based on
phosphorescence spectra. The number of the superscript designates the spin multiplicity.
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1009 We tentatively attribute this result to the triplet precursor of the
1010 CS process to generate 3CS state (i.e., 1NI* (→1CS) → 3NI* →
1011

3CS, direct 1CS → 3CS is nonefficient).94,103

1012 Previously, SCRP was observed for a zinc porphyrin-fullerene
1013 dyad (ZnP-C60) bridged by diphenyldisilane at the extended
1014 conformation (the distance between the radical anion and cation
1015 is 22 Å). The TREPR spectrum of the CS state has A/E
1016 polarization pattern, and the width of the spectrum is ca. 30
1017 G.104 For a zinc chlorin−fullerene compact dyad, a long-lived
1018 CS state was observed (lifetime: 230 μs at room temperature),
1019 the EPR spectrum of ZnCh-C60 in frozen PhCN consists of two
1020 characteristic signals, one of which is attributable to an
1021 organofullerene radical anion and the other to the zinc chlorin
1022 radical cation, but the EPR spectra did not detect a 3CS state
1023 (only a sharp signal was observed, with width of ca. 40 G).21

1024 SCRP and 3CS states were also reported for PTZ−
1025 anthraquinone dyads containing a bicyclo[2.2.2]octane linker,
1026 for PTZ-B-AQ and PTZ3-B-AQ, respectively.89 The TREPR
1027 spectrum for PTZ3-B-AQ at room temperature consisted of four
1028 narrow signals (e, a, e, a) characteristic of SCRP. The TREPR
1029 spectra of current dyads are not detected at room temperature,
1030 and spectra of these dyads in frozen solution (Figure 9b) are
1031 informative for the evaluation of the spin−spin interaction
1032 between the radical anion and cation in the current dyads.
1033 The photophysical properties of NI-PTZ-1 in different

s2 1034 solvents upon photoexcitation can be summarized in Scheme
s2 1035 2. In general, the intervening phenyl linker between the NI and

1036 the PTZ moieties makes the CS-state energy higher compared to
1037 the recently reported compact NI-PTZ dyad,63 and thus in
1038 CHX, the 3NI* state with the lifetime of 274.7 μs was observed
1039 in ns-TA spectra. However, the 3NI* state should have energy
1040 very close to the 1CS/3CS states because TADF was observed
1041 for NI-PTZ-1 in CHX. In solvents with slightly higher polarity
1042 such as TOL, both 3NI* and CS states were observed. In a polar
1043 solvent such as ACN, only the CS state was observed. This is a
1044 rare and clear example that the CS-state energy and the order of
1045 the CT and the 3LE states can be varied by using solvents with
1046 different polarity. In CHX,NI-PTZ-1 clearly shows TADF, 13.8
1047 ns (42%)/321.6 μs (58%), with a component much larger than
1048 the recently reported compact NI-PTZ dyad (22.6 ns (96.6%)/
1049 2.6 μs (3.4%)).63 In TOL, although both the 3CS and 3NI*
1050 states were observed in ns-TA spectra, the TADF is not
1051 observed. This is a vivid example that an intermediate
1052 (energetically closely lying) 3LE state is essential for TADF,
1053 probably via the spin-vibronic coupling, to mediate the
1054 otherwise nonefficient 1CT ↔ 3CT interconversion.51 These
1055 results, together with the previously reported analogous dyads,
1056 also show that population of the 3CS state alone does not
1057 necessarily lead to TADF, and a 3LE state sharing similar energy
1058 is necessary for TADF. By detection of the long-lived dark states
1059 (CS), we experimentally confirmed the recently proposed spin-
1060 vibronic coupling theoretical model of the TADF.

4. CONCLUSIONS
1061 We prepared a series of compact electron donor−acceptor
1062 dyads, with naphthalimide (NI) as the electron acceptor and
1063 phenothiazine (PTZ) as the electron donor. A phenyl linker is
1064 introduced between the donor and acceptor with none, one, or
1065 two ortho-methyl groups on the linker to impose different steric
1066 hindrance and tuning the electronic coupling between NI and
1067 PTZ in the dyads. The charge separation (CS), charge
1068 recombination (CR), and intersystem crossing (ISC) of the
1069 dyads upon photoexcitation were studied with steady-state and

1070time-resolved spectroscopic methods. Interestingly, we ob-
1071served significant thermally activated delayed fluorescence
1072(TADF) for the dyads, which shows a biexponential decay for
1073the luminescence band centered at 620 nm, i.e., τ = 13.8 ns
1074(population ratio: 42%)/321.6 μs (56%). For the previously
1075reported NI-PTZ dyads containing long and flexible poly-
1076methylene linkers, no TADF was observed. TADF has been
1077recently observed for an analogue NI-PTZ compact dyad with a
1078C−N linker, but the luminescence lifetimes are much shorter
1079(22.6 ns/2.6 μs). We found that the prompt fluorescence
1080lifetime is gradually shortened with increasing of the electronic
1081coupling magnitude in the dyads. Most importantly, we
1082observed a long-lived CS state with lifetime up to 1.4 μs (in
1083ACN at room temperature), but no TADF was observed. In
1084CHX, only the 3NI* state was observed (274.7 μs) in
1085nanosecond transient absorption spectra, whereas in TOL,
1086both 3NI* and CS states were observed, which are in good
1087equilibrium (lifetime: 27 ns (92.4%)/3.5 μs (6.6%)/27.1 μs
1088(1.0%)). These results confirm the spin-vibronic coupling
1089mechanism of the TADF, i.e., the intermediate 3LE state is
1090essential for the TADF of electron donor−acceptor dyad
1091emitters. Femtosecond transient absorption spectroscopy
1092indicates that fast CS (1−60 ps) occurs for all of the three
1093dyads in all of the solvents selected, with faster time constants in
1094more polar solvents. Time-resolved electron paramagnetic
1095resonance (TREPR) spectroscopy shows the formation of the
1096

3NI* state in frozen solution at 80 K. A CS state was also
1097observed, with the electron spin−spin interaction magnitude in
1098the middle between that of a spin-correlated radical pair (SCRP)
1099and a 3CS state. Our results are useful for design of compact
1100electron donor−acceptor dyads showing long-lived CS states,
1101and for application of dyads in photocatalysis, photovoltaics, etc.
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