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Abstract: We prepared an orthogonal compact electron-
donor (phenoxazine, PXZ)-acceptor (naphthalimide, NI) dyad
(NI-PXZ), to study the photophysics of the thermally-activated
delayed fluorescence (TADF), which has a luminescence
lifetime of 16.4 ns (99.2%)/17.0 us (0.80%). A weak charge
transfer (CT) absorption band was observed for the dyad,
indicating non-negligible electronic coupling between the
donor and acceptor at the ground state. Femtosecond
transient absorption spectroscopy shows a fast charge
separation (CS) (ca. 2.02~2.72 ps), the majority of the singlet
CS state is short-lived, especially in polar solvents (t; =
10.3 ps in acetonitrile, vs. 1.83 ns in toluene, 7.81 ns in n-
hexane). Nanosecond transient absorption spectroscopy
detects a long-lived transient species in n-hexane, which is

with a mixed triplet local excited state (*LE) and charge
separated state (°CS), the lifetime is 15.4 us. In polar solvents,
such as tetrahydrofuran and acetonitrile, a neat 3CS state was
observed, whose lifetimes are 226 ns and 142 ns, respectively.
Time-resolved electron paramagnetic resonance (TREPR) spec-
tra indicate the existence of strongly spin exchanged LE/*CT
states, with the effective zero field splitting (ZFS) |D| and | E|
parameters of 1484 MHz and 109 MHz, respectively, much
smaller than that of the native NI state (2475 and 135 MHz).
It is rare but solid experimental evidence that a closely-lying
3LE state is crucial for occurrence of TADF and this 3LE state is
an essential intermediate state to facilitate reverse intersys-
tem crossing in TADF systems.

J

Introduction

Triplet photosensitizers (PSs) are compounds showing strong
light absorption, efficient intersystem crossing (ISC), appropriate
redox potentials and good photo- and chemo-stability." Triplet
PSs have been widely used in photodynamic therapy (PDT),'><?

phosphorescent O, sensing,” photocatalysis,"*¥ photon upcon-

version, etc.! ISC is one of the most critical parameters for
triplet PSs,® an electron spin forbidden process. Magnetic
torque is required to facilitate the electron spin rephasing or
flip during ISC. One of the most popular methods to enhance
ISC in organic chromophores is exploiting the spin orbit
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coupling (SOCQ) effect, with the attaching of heavy atoms, such
as Pt, Ir, Ru, | or Br, to the chromophore.*® Another method is
to attain two states (singlet and triplet) with similar energy,
respectively presenting n-mt* and m—n* character, as to satisfy
the El Sayed's rule and enhance ISC.”? Other approaches have
also been used to enhance ISC, for instance, exciton coupling,”®
or the use an electron spin converter such as Cy," the recourse
to radical enhanced ISC,"” or the induction of ISC through a
twisted m-conjugation system."" These methods are based on
different molecular structural profiles, and have produced
triplet PSs that have been used in PDT, photo-redox catalytic
organic reactions, photon upconversion, etc. However, these
methods suffer from some disadvantages, for example high
cost of preparation, difficult synthesis, or shortened triplet state
lifetimes. Therefore, new methods to enhance ISC and to solve
the above mentioned challenges are highly desired.

Concerning this aspect, charge recombination (CR)-induced
ISC is of particular interest"? The traditional electron donor-
acceptor dyads showing CR-induced ISC have been mainly
developed to mimic the natural photosynthetic reaction center,
and to attain long-lived charge separated (CS) states, with the
electron donor and acceptor separated by large distances.!?*'*
In this case, the electronic coupling and the CR rate constant
are reduced, which makes the charge transfer (CT) state long
lived. Most often these dyads are difficult to synthesize, because
they require long and rigid linkers. In compact electron donor-
acceptor dyads, i.e. dyads with a short linker between the
donor and acceptor, however, the electronic coupling is large,
which inhibits both the 'CS— 3CS ISC (radical pair ISC, RP-ISC,
enhanced by hyperfine coupling interactions), and the gener-
ation of low-lying 3LE states (LE: locally excited) via *CS— 3LE.['*
Interestingly, it was found recently that in the compact dyads,
ISC is favored given the electron donor and acceptor adopt a
mutual orthogonal orientation (perpendicular geometry): in this
case, the so-called spin orbit charge transfer ISC (SOCT-ISC)
occurs. According to this mechanism, the CR process is
accompanied with a change of molecular orbital angular
momentum, which off-sets the change of electron spin angular
momentum associated with the ISC, thus enhancing ISC."¥
Although some dyads showing SOCT-ISC have been reported, it
is clear that much room is left for further studies in this field.
Previous investigations indicate that the electron spin polar-
ization (ESP) phase pattern of the triplet state time-resolved
electron paramagnetic resonance (TREPR) spectrum, i.e. the
electron spin selectivity of the ISC, is dependent on the mutual
orientation of the donor and acceptor."*! However, one of our
recent studies showed that the structure of the electron donor
(or acceptor) also contribute to the ESP."® Moreover, although
it was previously assumed that the ESP is ISC-specific, our
recent results show this may be not always the case."*”

If the °LE state of the electron donor or acceptor
chromophore is energetically close to the CS state, thermally
activated delayed fluorescence (TADF) may be observed."® In
almost decoupled dyads, the electron exchange energy in
frontier orbitals of the radical pair is small, i.e. 2J, usually
<0.1 cm™, thus the energy gap between 'CS and 3CS states is
small. This implies that TADF can be considered as a special
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case in the orthogonal compact dyads showing SOCT-ISC, with
the LE state share similar energy with the CS state.'”” Only a
few examples of molecules showing TADF and SOCT-ISC have
been reported, so that an in-depth analysis of the electronic
configuration of the excited states of these systems is
necessary.!'®'®

In order to address the above challenges, we prepared a
compact orthogonal dyad, with naphthalimide (NI) as electron
acceptor and phenoxazine (PXZ) as electron donor (NI-PXZ.
Scheme 1). The photophysical properties of the dyad were
studied with steady state and time-resolved UV/Vis absorption
and luminescence spectroscopic methods, and TADF was
observed for the dyad. The CS and CR rate constants were
determined with femtosecond and nanosecond transient
absorption spectroscopy. With the support of TREPR spectro-
scopy, we show that the transient species formed in NI-PXZ
upon photoexcitation has a mixed 3LE and 3CS character, and it
is not a fully charge separated state. This information is useful
for an in-depth understanding of the excited state processes in
electron donor-acceptor dyads, and for clarifying the electronic
configuration of the excited states of TADF molecules.

Results and Discussion
Design and synthesis of the compounds

NI is a popular chromophore in photochemistry and
photophysics,™ and presents a triplet state with high energy
(E;=2.29 eV).”” By connecting it with the PXZ unit, which is an
electron donor,”" the electron donor-acceptor dyad NI-PXZ is
prepared (Scheme 1). Due to the steric hindrance of the peri-H
atoms on the PXZ and on the NI moieties, we expect an
orthogonal geometry for the dyad. We reported an analogue

O_N_O
1 'y e
A Uy 0
Br Br o)
K(E NI-Br NI-PXZ
O_N_O X H/

Scheme 1. Synthesis procedures of the compounds. a) n-Butylamine,
ethanol, reflux, 80°C, 10 h, yield: 32%; b) Phenoxazine, Pd(OAc),, P(t-
Bu);HBF,, t-BuONa, toluene, reflux, 8 h, yield: 54 %.
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NI-phenothiazine (PTZ) dyad recently,"® and we have shown
that one-atom substitution may induced different photophys-
ical properties” with the ESP not only dependent on the
geometry, but also on the structure of the electron donor or
acceptor."™ Therefore, it is worth to study NI-PXZ compound.
The oxidation potential of the PXZ (Eoy=ca. +0.22 V vs. Fc/Fc™*)
is slightly smaller compared to PTZ (Eox=ca. +0.30V vs. Fc/
Fc),® thus we expect different properties for NI-PXZ and NI-
PTZ, due to a variation of the CS state energy, and its matching
with the 3LE state."® During the preparation of this manuscript,
applications of dyads analogue to NI-PXZ in organic light-
emitting diodes (OLED) or bioimaging were reported, but a
detailed photophysical study was not presented.*”

Buchwald-Hartwig coupling reaction was used for the
preparation of the NI-PXZ dyad with C—N connection
(Scheme 1).% In order to attain an in-depth understanding of
the photophysical properties of the dyad, we used NI, NI-Br and
NI-DPA as reference compounds (Scheme 1).

Figure 1. ORTEP view of the molecular structure of NI-PXZ determined with
single crystal X-ray diffraction. The dihedral angle (83.5°) between the
phenothiazine and naphthalimide moiety is indicated. Thermal ellipsoids are
at 50 % probability. Deposition Number 2150272 (for NI-PXZ) contains the
supplementary crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.
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Figure 2. UV/Vis absorption spectra of NI, NI-Br, NI-DPA and NI-PXZ in n-
hexane.c=1.0x 10> M, 25° C.
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Single crystals of NI-PXZ were obtained by slow diffusion of
n-hexane (HEX) into a dichloromethane (DCM) solution of the
compound. X-ray diffraction shows that the dihedral angle
between the NI and PXZ units is 83.5° (Figure 1). The PXZ unit
adopts a planar geometry, differently from PTZ, which has a
puckered geometry.”™ The detailed parameters and the molec-
ular structure of NI-PXZ are presented in Table S1 in the
Supporting Information.

UV/Vis absorption spectroscopy

In order to study the coupling of the compounds in the ground
state, we first measured the UV/Vis absorption spectrum (Fig-
ure 2). NI shows a typical structured absorption band in the
300-350 nm range. A similar spectrum was observed for NI-Br.
For NI-PXZ, a weak, broad and structureless band was observed
in the range 360-560 nm, centered at ca. 500 nm. This band is
attributed to the charge transfer (CT) absorption, as the result
of electronic coupling between the PXZ and the NI
moieties."**** We conclude that the coupling is weak, since the
structured absorption band in the range of 300-350 nm is
similar to that of NI. Geometry optimization at DFT level
indicates that NI-PXZ adopts an orthogonal geometry (see later
section). The molecular structure determined by the single
crystal X-ray diffraction (Figure 1) also supports this observation
(the dihedral angel between the NI and PXZ moieties is 83.5°).

In case of NI-DPA, the m-conjugation between the amine
and the NI moieties is more significant, and as a result, an
intense CT absorption band centered at 440 nm is observed,
while the structured absorption in the 300-350 nm range is
lacking.”*® The CT absorption band of NI-PXZ (centered at
496 nm) is slightly red-shifted as compared to the previously
reported analogue of NI-PTZ dyad (the CT band was centered
at 450 nm)."* The absorption properties of the compounds are
summarized in Table 1.

The transition dipole moments M, of the S,—'CT transition
and the electronic coupling matrix elements V;, of the S, and
the Franck-Condon 'CT states were calculated based on the CT
absorption band with Equations (1) and (2) (See Supporting
Information for the detail of the equations):

Table 1. Absorption properties and electronic coupling matrix elements
(Vpa) of the compounds.”

Aabs Aabs Mg Auy, Voa
(Sy—LE) (Sy—CT) (Sy—CT) D] [eV]®
[nm/eV]®! [nm/eV]®! [D]Y
NI-PXZ 330/3.76 496/2.50 1.03 217 0.142
NI-DPA 289/4.29 440/2.82 3.57 7.18 0.463

[al In n-hexane. [b] These maxima of the S,—'LE band and the Sy—'CT
band were obtained by experiments. [c] Transition dipole moments of
So—'CT transitions. [d] Dipole-moment change between ground and
excited electronic states obtained from DFT calculations. [e] Electronic

coupling matrix element between S, state and 'CT state.
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The Vp, for NI-PXZ was estimated as Vp, =0.142 eV (Table 1),
which is comparatively larger than the previously reported
value for the NI-PTZ analogue (0.110 eV)."® It shows that the
CT state has a stronger coupling with the ground state in NI-
PXZ. This is reasonable, since in the absorption spectrum, the
So—'CT transition band of NI-PXZ is wider than that of NI-PTZ.
From the single crystal structure, the dihedral angle of NI-PXZ is
83.5°, which will induce slightly stronger coupling at ground
state (the dihedral angle of NI-PTZ is 84.9°). Similarly, NI-DPA
has a more significant m-conjugation effect, therefore the
coupling is stronger in NI-DPA, the V,, value is 0.463 eV
(Table 1).

Thermally activated delayed fluorescence (TADF) and
luminescence property

For the molecules of the D—A system, the solvent-dependent
fluorescence spectrum can directly demonstrate the existence
of intramolecular charge transfer (ICT). The fluorescence spectra
of the compounds are reported in Figure 3. As compared to NI-

DPA, the fluorescence of NI-PXZ is significantly quenched
(Figure 3a), as observed for the previously reported analogue
dyad NI-PTZ."® The fluorescence intensity and emission wave-
length is highly dependent on the solvent polarity (see
Figure 3b), with strong quenching in polar solvents. In compar-
ison, the solvent polarity-dependence for NI-DPA is weaker
(Figure 3c). The photophysical property of the compounds is
summarized in Table 2.

Note in n-hexane, the fluorescence emission of NI-PXZ
(centered as 582 nm, Table 2) is red-shifted as compared to NI-
DPA (centered at 495 nm, Table 2). Both emission bands are
broad and structureless, indicating the CT character of the
emissive state. NI-PXZ shows a broad, weaker emission band in
toluene (TOL), and the fluorescence is quenched in other
solvents with higher polarity, indicating that the emissive state
has significant CT character. The difference with NI-DPA may be
due to the restricted orthogonal geometry of NI-PXZ.

The fluorescence excitation spectra and the UV/Vis absorp-
tion spectra of the compounds are compared (Figure S12). For
NI-PXZ, with normalization at the CT absorption band position,
the two spectra show similar magnitude in the LE absorption
region (Figure S12a in the Supporting Information). For NI-DPA,
the CS yield upon photoexcitation into the higher excited state
is lower than photoexcitation into the CT absorption band
(Figure S12b in the Supporting Information), which is caused by
other non-radiative decay of the upper singlet excited state,
such as ISC (Table 3).
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Figure 3. (a) Comparison of the fluorescence spectra of NI-PXZ and NI-DPA in n-hexane. Fluorescence emission spectra of (b) NI-PXZ and (c) NI-DPA in
different solvents. Optically matched solutions were used (A=0.100 at A.,=340 nm), 25°C.

Table 2. Photophysical properties of the compounds.

Aaps™ [nm] £l A [nmM] 779 [us] 7 [ns] 71 [ns] 7,9 [ms] @, (%) E" [eV] D (%)
NI 325 1.55 365 67.2 3.7 6.6 440 14 2.29 0.520
NI-Br 338 1.54 378 122 3.7 6.5 8.42 16 224 0.440
NI-PXZ 3304/496" 2.04%/0.09" 582 15.4m 8.4/297.2™™ 16.4/17.0 x 10°™ Lol 7 ol 3.82
NI-DPA 440" 1.241 495 95.3Mm 10.2 14.4 Lol 5 ol 75.2

[al Maximal UV/Vis absorption wavelength in n-hexane (1.0x107° M). [b] Molar absorption coefficient absorption maxima, & 10* M~ cm™'. [c] Maximal
fluorescence wavelength in n-hexane. [d] Intrinsic triplet lifetime in n-hexane eliminates the self-quenching effect of TTA (see Supporting Information for
details). [e] Fluorescence lifetime in n-hexane under air atmosphere at 298 K. [f] Fluorescence lifetime in n-hexane under N, atmosphere at 298 K. [g]
Phosphorescence lifetime in 2-methyltetrahydrofuran under N, atmosphere at 77 K. [h] Singlet oxygen quantum yield ('0,) (A.,,=310nm) with
Ru(bpy);[PF¢l, as standard (®@,=0.57 in DCM) in n-hexane. [i] Triplet energy levels at 77 K calculated using low-temperature phosphorescence emission
wavelength, E;=1240/4,,. [j1 Absolute fluorescence quantum yields, determined with optical integration sphere. [k] The transition of Sy—'LE. [I] The
transition of S,—'CT. [m] No need to consider the TTA effect because of the low triplet quantum vyield or short triplet lifetime. [n] Thermally activated
delayed fluorescence lifetime under N, atmosphere at room temperature. [0] Not observed.
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In order to study the possible TADF properties of NI-PXZ,
we recorded the luminescence of the compounds under N, and
air atmosphere (Figure 4).””? For NI, a structured emission band
in the range of 350-500 nm was observed, which is attributed
to the fluorescence."™ The emission intensity is quenched to
large extent in aerated solution. Similar results were observed
for NI-Br. A red-shifted emission band in the 550-700 nm range
was also observed for NI-Br, assigned to the phosphorescence
(The T, state energy is approximated as 2.25eV)."™ This
assignment is supported by the long luminescence lifetime
(130 ps, the luminescence decay trace was monitored at
580 nm. Figure S26b in the Supporting Information). In compar-
ison the luminescence lifetime of NI-Br monitored at 380 nm in
deaerated solution is 0.2 ns (86.2%)/6.5 ns (13.8%) (Figure S26a
in the Supporting Information). We also measured the phos-
phorescence of NI-Br at 77 K (Figure S30 in the Supporting
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Figure 4. Fluorescence spectra of (a) NI; (b) NI-Br ;(c) NI-DPA and (d) NI-PXZ
in n-hexane, c=1.0x107° M, 4., =340 nm, 25°C.
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Figure 5. Fluorescence decay traces of NI-PXZ and NI-DPA under different
atmospheres (N,, Air). (@) NI-PXZ. 1., =340 nm, decay trace at 580 nm. (b) NI-
DPA. 1.,=340 nm, decay trace at 480 nm, excited with nanosecond EPLED
(340 nm). c=1.0 x 107> M in n-hexane, 25°C.
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Information), observing a structured emission band in the 550-
700 nm range, with lifetime of 8.42 ms.

For NI-DPA, a similar LE fluorescence band was observed in
the range 350-450 nm (Figure 4c), together with a more intense
broad emission band in the 450-650 nm range, which is
attributed to a CT emission.”® The luminescence lifetimes
monitored at the two emission bands were determined as
3.4 ns and 10.4 ns, respectively (Table 2 and Figure 527 in the
Supporting Information). For NI-PXZ, a similar LE emission band
was observed in the 350-500 nm range (Figure 4d). Interest-
ingly, the CT emission band is centered at 582 nm, which is red-
shifted by 3020 cm™' as compared to that of NI-DPA. We assign
this difference to the more significant CT character of the
emissive S, state in NI-PXZ.

Interestingly, a long-lived luminescence was observed for
NI-PXZ under N, atmosphere (Figure 5a). The fluorescence
decay of NI-PXZ monitored at 580 nm has a distinct biexponen-
tial behavior, with a fast decaying component with lifetime of
16.4 ns (99.2%) and a slow decay component with lifetime of
17.0 ps (0.80%), which we attribute to TADF.?” Notably the
slow decaying component has a much longer lifetime than the
previously reported analogue NI-PTZ (2.60 ps, 3.40%)."% This
lifetime is also longer compared with a recently reported
analogue derived from aniline (1.20 ps), instead of n-
butylamine.”* Although the long-lived component has a small
weight, we believe it is not an artifact, since the fluorescence
intensity is quenched under air atmosphere and the lumines-
cence lifetimes are reduced to 8.4 ns (98.8%)/297.2 ns (1.20%)
(Figure 5a). In comparison, NI-DPA shows a normal fluorescence
lifetime of 14.4 ns in deaerated solution and 10.2 ns in aerated
solution, and in both cases the decay is mono-exponential
(Figure 5b). As the temperature decreases from 298 to 178 K,
the emission intensity of NI-PXZ at 580 nm gradually decreases
(Figure S24a in the Supporting Information). This anomalous
observation is explained if considering that decreasing the
temperature, the environmental thermal energy decreases and
reduce the driving force required for the reversed ISC (rISC)
necessary for TADF. This change is opposite compared to what
observed for normal luminescent materials. For example, the
luminescence of NI, NI-Br and NI-DPA increases as the temper-
ature decreases, since at low temperatures non-radiative
transitions are reduced because of the decreased vibrational
mobility, enhancing the radiative transition channel (Figure S24
in the Supporting Information). We also observed TADF in
cyclohexane (Figure S28 in the Supporting Information). How-
ever, no TADF was observed for NI-PXZ in toluene and other
polar solvents (Figure S13-S16 in the Supporting Information).

As a preliminary evaluation of the ISC of the compounds,
we measured their singlet oxygen quantum yields (@,). It is
known that NI and NI-Br have efficient ISC. For the former, the
ISC is due to the S,—T, transition.”” Moderate singlet oxygen
quantum yields were observed for NI and NI-Br (Table 3), with
@, values not substantially sensitive to solvent polarity (see
Table 3). For NI-PXZ, the @, values are much smaller and highly
sensitive to the solvent polarity: no 'O, was observed in polar
solvents such as THF, DCM and ACN. Inhibition of ISC in polar
solvents indicates that another efficient non-radiative decay
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Table 3. Singlet oxygen quantum (@,) yields of derivatives in different
solvents.

HEX! TOL®™ THF® DCM ACN™
NI-PXZ 320 74/ - - -

7[c] 1 [ad
NI-DPA 411y 87"/ 18"/ 68"/ 6"/

5 [ 21 [ 20[(] 1 7[(] 9[c]
NI-Br9 16 20 30 49 48
NI9 14 16 24 37 57

[a] Ae=1500 nm. 2,6-didiiodoBodipy was used as standard compound,
®,=85% in TOL. [b] A,=450 nm. [Ru(bpy);]*" was used as standard
compound, ®,=57% in DCM. [c] Z,=330 nm. [Ru(bpy);]*" was used as
standard compound, ®,=57% in DCM. [d] E{(30)=30.9 kcal/mol, [e]
E+(30) =33.9 kcal/mol, [f] Tetrahydrofuran, E;(30)=37.4 kcal/mol. [g] Di-
chloromethane, E;(30)=41.1 kcal/mol. [h] Acetonitrile, E£(30)=46.0 kcal/
mol. [i] Not observed.

channel exists for the 'CS state, such as fast CR to the ground
state.’” The solvent dependence of ISC is typical in case of
SOCT-|SC.[1ZC’14d'f_h]

Electrochemical and spectroelectrochemical study of the
compounds

We demonstrate the existence of 'CS states in steady-state
absorption and emission spectra. In order to determine the
energy of CS state and to have an in-depth understanding of

the photophysics of the dyad, its electrochemistry was analyzed
(Figure 6). Although the oxidation potential of the native PXZ
(+0.22 V vs. Fc/Fc™) is lower than that of PTZ (+0.30 V vs. Fc/
Fc™),22% the first reversible oxidation wave of the NI-PXZ was
observed at +0.43 V, which is higher compared to that of the
previously reported analogue NI-PTZ (4-0.39 V).l'*?

The Gibbs free energy changes (AGgs) for charge separation
(CS) as well as the energy of the charge separated states were
calculated using the Weller equation (Equations (3)-(5)). See
Supporting Information for the detail of the equations) and the
obtained values are listed in Table 4:

AGes = e[Eox — Erep] — Eoo + AGs (3)
MG = e? e2(1+1)<1 1)

s 4‘71'8580RCC 872'80 RD RA EREF &5 (4)
Ecs = e[Eox — Egep] + 4Gs (5)

The obtained AG indicate that charge separation is
thermodynamically allowed even in non-polar solvent such as
HEX (in agreement with the fs-TA spectra, see later section).
Moreover, the calculated CS state energy is less than 2.30 eV,
especially in polar solvents. These results indicate that the CS
state energy is lower than that of the >LE state of the NI moiety
(2.29 eV),” as confirmed by the nanosecond transient absorp-

a 1.5 NF-Pxz D] 10. NIz C
- c 150's 80s- 1
c ®© c
o ©1.01 140s .
S _ ] é 428nm | "™ % 06l 544 nm
202_ 500 nm 20.2{ |415m
. 768 nm < \y
] F¢*/Fe ] \_fz =z
0.0+ \

1 0 -1 =2
Potential / V

400

600
Wavelength / nm

300 400 500 600 700 800
Wavelength / nm

Figure 6. (a) Cyclic voltammograms of NI-PXZ in deaerated DCM, 0.10 M Bu,NPF, was used as the supporting electrolyte and Ag/AgNO; was used as the
reference electrode. Scan rates: 50 mV s™'. Ferrocene (Fc) was used as an internal reference. Spectroelectrochemistry study of the dyad, i.e. the evolution of
the UV/Vis absorption of NI-PXZ upon (b) reduction with an applied potential of —1.79 V and (c) oxidation with an applied potential of +0.54 V on the
working electrode. Ag/AgNO; was used as reference electrode. The spectra were recorded in situ with a spectroelectrochemical cuvette (1 mm optical path).

¢=3.0x10"* M in deaerated DCM. 20°C.

Different Solvents.

Table 4. Redox Potentials of NI-PXZ and Driving Forces of Charge Separation (AGc) and the Energy of Charge Separated State (CSS) for NI Derivatives in

Eox [V] Egep [V] AGgs [eV] Ecss [eV]
HEX TOL DCM ACN HEX TOL DCM ACN
NI-PXZ® +0.43 -1.72 —1.23 -1.36 —1.67 —1.69 2.28/2.26" 2.16/2.13" 1.85/—1 1.83/-19

[al E,o=3.52 eV. Ey, is the energy level of singlet excited state localized on NI moiety ('NI¥) approximated with the crossing point of UV/Vis absorption and
fluorescence emission spectra. [b] The Ecss value obtained from the experimental value: Ecss =1240/1y, (1o, is the intersection of CT absorption spectrum
and CT emission spectrum. In nm). [c] Due to the extremely weak emission, the calculation was not carried out.
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for the CT state of NI-PXZ, because in the spectroelectrochem-
ical studies the PXZ"* and NI™* do not exist simultaneously,
while in the CT state, they do, and the interaction between the
radical anion and cation could induce a variation or shift of
these bands. This is different from the scenario of the electron
donor-acceptor dyads containing long linkers.*? Based on the
above results, we can assign the following species observed in
the femtosecond and nanosecond transient absorption spectra.

Femtosecond transient absorption spectra

In order to study charge separation, charge recombination and
the ISC in NI-PXZ, femtosecond transient absorption (fs-TA)
spectra were recorded (Figure7 and Figure S32-S35 in the
Supporting Information). The transient absorption spectra of NI
measured in n-hexane and the evolution associated difference
spectra (EADS), obtained by a sequential global analysis, are
presented in Figure S32. At early delay times after pulsed laser
excitation, a positive narrow band centered at 380 nm and a
broader positive band centered at 480 nm were observed.
These bands are assigned to the excited state absorption (ESA)
of the S, state of NLE'® After 1.31 ps, the spectral intensity
slightly increases, and the bands slightly narrow, because of the
vibrational relaxation of the 'NI* state (blue line). After 11.5 ps
the spectral shape changes significantly: the ESA bands
centered at 380 nm and 480 nm recover, while a new structured
band with two peaks at 430 nm and 460 nm (red, EADS)
emerges. According to previous studies, this latter band can be
assigned to a triplet state formed via the ISC (S,—T,). The ISC
rate (11.5 ps) is in good agreement with the previously reported
values obtained with gas phase picosecond time- and fre-
quency-resolved multiphoton ionization spectroscopy (10-
20 ps).? The triplet state decays with a time constant longer
than the time interval of our measurement (> 1.5 ns). Nano-
second transient absorption spectra indicate the triplet state
lifetime in deaerated solution is 67.2 pus (Figure S37 in the
Supporting Information).
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tion spectral studies (see later section). The low-lying CS states 0.10
may be responsible for low ISC yields observed for NI-PXZ in 0.08. | b ——A857fs |
polar solvents. For NI-DPA, the °LE state has an energy of ca. ' STt
2.10 eV, as estimated by TDDFT calculations. o 0.064 ——D >150ns 7

Furthermore we performed a spectroelectrochemical inves- %0'04_
tigation, in order to analyze the absorption features of the
radical anion and cation of NI-PXZ and to facilitate the 0.021
assignment of the absorption bands in the femtosecond and 0.004
nanosecond transient absorption spectra. When applying a 400 500 600 700 400 500 600 700
negative potential, the absorption band of the NI moiety in NI- Wavelength / nm Wavelength / nm
PXZ centered at 330 nm decreased, and new absorption bands 20l C ok d st
at 428 nm and 500 nm developed, as well as a weaker broad e 20 L
band in the range 600-850 nm (Figure 6b). These features are 15 Jepded 5 ——D 7.81ns
attributed to the NI radical anion (NI7*)."%*" With a positive g / et S10
potential applied, a new absorption band centered at 544 nm <101 \/\ i I/ R N
was observed (Figure 6c), which is assigned to the absorption I/ 7“
of the PXZ radical cation (PXZ**).**? Note that these absorption 57 0 U
bands may be slightly different from what would be observed

700 400 500 600 700
Wavelength / nm

400 500 600
Wavelength / nm

Figure 7. Femtosecond transient absorption spectra of NI-PXZ. (a) Transient
absorption spectra and (b) relative EADS obtained with global analysis in n-
hexane. (c) Transient absorption spectra of NI-PXZ with longer time
windows, 7 ns and (d) relative EADS obtained with global analysis, the raw
data are reported in (c). Excited at 340 nm.

The spectral evolution of NI-Br is very similar to that of NI
(Figure S32d in the Supporting Information). Upon pulsed laser
excitation, we observed a broad band centered at 500 nm,
assigned as the ESA band of the S, state (black line of
Figure S32d in the Supporting Information). The intensity of this
band decreases after few picoseconds, while the features typical
for the triplet state emerge after only 6.63 ps."® The ISC rate
for NI-Br is slightly smaller as compared to NI. The triplet state
lifetime of NI-Br was determined as 122 us with nanosecond
transient absorption spectra (Figure S39 in the Supporting
Information).

The pump probe spectra of NI-PXZ measured in n-hexane
are reported in Figure 7, together with the EADS obtained from
global analysis. The first EADS (black line in Figure 7b) can be
recognized as a localized singlet excited state of 'NI* by
comparison with the spectra reported in Figure S32. The
spectrum rapidly changes, and in the second spectral compo-
nent, rising within 857 fs, a very broad absorption band is
observed, (blue line, Figure 7b). Considering the very fast
kinetics, this spectral evolution can be interpreted in terms of a
relaxation of the 'NI* state, however the rise of intensity in the
600-750 nm spectral region may suggest that part of the
population is evolving towards a CT state.

In about 2.02 ps, the transient spectrum evolves signifi-
cantly, with the appearance of two intense sharp bands, peaked
at 427 nm and 520 nm together with a broad absorption band
in the range of 600-750 nm. Comparison with spectroelectro-
chemical data allows to assign the band at 427 nm and the
broad feature at >600 nm to the NI* anion,?"*? while the
narrow band centered at 520 nm to the PXZ"* cation.”*** The
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appearance of these bands confirms the occurrence of electron
transfer from PXZ to the NI moiety. Within 16.1 ps the intensity
of the two bands increases and both peaks blue shifts by about
5 nm, indicating a vibrational relaxation of the charge separated
(CS) state. Charge recombination cannot be observed within
1.5 ns, therefore we used a femtosecond transient absorption
spectrometer with a larger time window to further analyze the
time evolution of the dyad (Figure 7c and 7d).

Measurements performed on the extended time window
indicate that the band at 520 nm appears to decay faster as
compared to that at 420 nm. This spectral change indicates the
evolution towards the triplet state, which, according to nano-
second transient spectroscopy, presents an ESA band centered
at 430 nm, but no peaks at 520 nm. The data recorded up to
7 ns have been analyzed using five kinetic constants, and the
fifth EADS has been added to improve the fit. The initial time
constants obtained by analyzing the data sets recorded on the
1.5ns and 7 ns timescales are in reasonable agreement. The
measurements executed up to 7 ns allows a better estimate of
the time constants at longer pump-probe delays. The final
spectral component observed for NI-PXZ (orange line in
Figure 7d) can be interpreted as a CS state mixed with the °LE,
since absorption features of °NI* can be recognized in the
spectrum, in good agreement with the ns-TA measurements.
This result indicates that triplet features start to appear within
7.81 ns, although signatures attributable to the CS state are still
visible on this timescale. Bands attributable to the CS state are
also visible on a longer timescale, as confirmed by ns transient
absorption spectroscopy. Considering that the lifetime of the
state probed with ns-TA is 15.4 us, we propose that the long-
lived CS state has a triplet spin multiplicity, and that the 3CS
forms with the Ni-localized 3LE state as the precursor.

The CS and CR of NI-PXZ in toluene and acetonitrile were
also studied (Figure S34 in the Supporting Information). In
toluene, some residual signal is persistent within the time
window analyzed with femtosecond transient absorption spec-
troscopy, whose spectral shape is similar to the species
observed in ns-TA spectra (see next section). We propose that
also in this case the long-lived CS state is a °CS state, not 'CS
state. This assignment is supported by the observation that the
luminescence lifetime of the CS state in toluene is about
2.50 ns: this value is close to the lifetime of 1.83 ns obtained for
the third component from global analysis, indicating that the
third component is attributable to 'CS, while the long-lived CS
state is likely to be a triplet state. Therefore, due to solvation in
toluene and more polar solvents, a very fast charge separation
process of *LE—>CS may occur, so it is too fast to observe the
signal of *LE while, only the signals of 'CS and >CS are observed
(please note that in the compact electron-donor-acceptor
system, RP-ISC is difficult to happen). 'CS—3LE ISC time
constants in toluene is 1.83 ns. We speculate that in acetonitrile,
most of the 'CT state undergoes charge recombination in
103 ps and given the small residual signal on the long
timescale, we are unable to estimate the 'CT to °LE rate.

We also measured the pump-probe spectra of the NI-DPA
(Figure S33 in the Supporting Information). We did not observe
a triplet state with mixed CS/LE character.
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The CS and CR processes were simulated using the Marcus
equation under simplifying assumptions (Equation (6), see
Supporting Information for details of the formula). In Figure 8a
the electron transfer rates in different solvents (HEX, TOL and
ACN) are reported as a function of 4G The AG; of charge
separation is obtained from electrochemical data, while that of
charge recombination is calculated from the formula AG;=
—(AGes+Eyo), Where Ey, is the energy level of singlet excited
state localized on NI moiety ('NI*), approximated with the
crossing point between UV/Vis absorption and fluorescence
emission spectra. The electron transfer rate is obtained from fs-
TA data.

By fitting the experimental data points, the total reorganiza-
tion energies (1) and electronic coupling matrix elements (V) for
NI-PXZ are estimated as 1.24 eV and 50.8 cm ™', respectively. We
observe that the CS process for NI-PXZ in different solvents is
located in the Marcus normal region, whereas the CR is in the
Marcus inverted region (Figure 8a).
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We analyzed the dependence of the driving force on the
rate constant through Equation (6), which can be transformed
into the linear expression shown in Equation (7). Plots of [ksT In
ker 4+ (AGg/2)] versus (AGg)* for electron transfer give a linear
correlation for NI-PXZ, as shown in Figure 9b, from which we
can estimate A and V for NI-PXZ to be 1.19 eV and 61.5 cm™".
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Figure 8. (a) Plot of intramolecular electron-transfer rate constants in NI-PXZ
vs. the thermodynamic driving force (-4Gg;). The red line represents the best
fit with Equation (6), which gives the reorganization energy 1 =1.24 eV and
electronic coupling matrix elements V = 50.8 cm™". (b) Plot of [ksT In kg
+(AGg/2)] vs. (AGg)? for NI-PXZ and fit with Equation (7), which gives
A=1.19 eV and V=61.5 cm™'). The data used are CS data in HEX (blue point),
CS data in TOL (orange point), CS data in ACN (brown point), CR data in HEX
(black point), CR data in TOL (magenta point) and CR data in ACN (olive
point), respectively.
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Figure 9. Nanosecond transient absorption spectra of the dyads. (a) Tran-
sient absorption spectra of NI-PXZ, c=3.0x 10> M and (b) decay curves at
410 nm after pulsed laser excitation at 355 nm, c=1.0x10"> M in n-hexane.
25°C.

Nanosecond transient absorption spectra

To study the transient species formed with NI-PXZ upon
photoexcitation, we studied the nanosecond transient absorp-
tion (ns-TA) spectra of the compounds. The ns-TA spectra of NI-
PXZ measured in n-hexane are presented in Figure 9. Upon
nanosecond pulsed laser excitation, positive band centered at
410 nm was observed, which is not the characteristic ESA band
of the 3NI state, expected at 470 nm."*** Considering that the
absorption of NI™* was determined at ca. 430 nm in a NI-PTZ
dyad,"®**%9 the positive absorption band observed in the ns-TA
spectrum appears more similar to that of NI™* (refer to the
spectroelectrochemical study, Figure 6), other than to that of
3Nl statel'®*% Similar ns-TA spectra were observed in
cyclohexane (CHX. Figure 10). In aerated n-hexane (HEX)
solution the ESA features of NI-PXZ do not change, but the
lifetime is reduced to 38.2 ns (4.30%)/258 ns (95.7 %) (the trace

231us

017 us b

Ous

follows a biexponential decay, see Figure S36 in the Supporting
Information). Previously it was found that the lifetime of a 3CS
state can be shortened by 0, which lead us to propose that
the state populated upon pulse laser excitation has significant
CS character.

The excited state lifetime of NI-PXZ was determined 15.4 pus
(in HEX), a smaller value as compared to that of NI-Br
(Figure S39 in the Supporting Information, 30.0 us-157 ps for
previous result).'®*" Also the spectral shape is different
compared to both NI-Br and NI. The reference compounds
indeed present absorption bands peaked at 370 nm and
480 nm (NI-Br), and 460 nm (NI) but no weak, broad absorption
band in the range of 600-800 nm. The intrinsic triplet state
lifetime was determined as 122 us for NI-Br. The triplet state
lifetime of NI was determined as 58.9 us in ACN (1.0x 107> M,
Figure S38 in the Supporting Information), much longer than
the previous result of 9 us.”” These results support the state-
ment that the transient absorption observed for NI-PXZ is not
an ordinary NI state, rather, it involves >CS state, because the
TADF luminescence lifetime show that the 'CS is short-lived
(16.4 ns. Figure 5).

In order to further investigate the ns-TA spectra of NI-PXZ,
measurements were repeated in solvents with different polarity
(Figure 10). In CHX, as in HEX, a broad absorption band in the
400-550 nm range was observed, similar to the NI™* absorption.
The lifetime of NI-PXZ in CHX is 24.0 ps, (Figure 10. Ef(30)=
30.9 kcal/mol for cyclohexane) slightly longer than that in HEX
(15.4 ps. E+(30)=31.0 kcal/mol). Interestingly, in TOL (E+(30)=
33.9 kcal/mol), a distinct absorption band centered at 530 nm
was observed, along with the sharp, strong absorption band
centered at 430 nm. The former band is distinctive for PXZ"*.
The lifetime of the transient species is much shorter (675 ns.
Figure 10f), and the NI contribution is less significant. Note that
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Figure 10. Nanosecond transient absorption spectra of NI-PXZ in (a) cyclohexane, (b) toluene, (c) tetrahydrofuran and (d) acetonitrile, c=3.0x 107> M and
decay curves at 420 nm in (e) cyclohexane, (f) toluene, (g) tetrahydrofuran and (h) acetonitrile after pulsed laser excitation at 355 nm, c=1.0x10"° M, 25°C.
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no TADF was observed for NI-PXZ in toluene. It is known that
the rISC of *CS—'CS in TADF is mediated by the °LE state, and
that direct *CS—'CS is forbidden."™ @ Since the lifetimes
determined by monitoring the decay at three representative
wavelengths are close, and considering the short lifetime of the
'CS state, we propose that the state we observed in the ns-TA
spectra is the CS state. This is reasonable in compact electron
donor-acceptor dyads, where the electron exchange energy (J)
is large. Moreover, the *NI* state energy should be very close to
the 3CS state in HEX, whereas it may become higher than the
3CS state in polar solvents, where the energy of CS states
decreases.

In THF (Figure 10c), two distinct absorption bands centered
at 430 nm and 530 nm were observed, which are attributed to
NI~ and PXZ**, respectively (refer to Figure 7). No LE triplet
state signal was observed. The transient species has lifetime of
226 ns, which is shorter than that in TOL (675 ns). Similar results
were observed in ACN (Figure 10d), where the measured CS
state lifetime is much shorter (142 ns). To the best of our
knowledge, these CS lifetimes are long, considering that the
dyads present a donor and acceptor directly connected."”

On the contrary, no significant solvent polarity-dependency
for the triplet state lifetime was observed for NI and NI-Br (t;=
67.2 ps of NI in HEX, 1,=>58.9 us of NI in ACN, t:=122 us of NI-
Br in HEX, t;=101 us of NI-Br in ACN). These results further
support the assumption that the transient species observed for
NI-PXZ has significant CT character. Note that the absorption of
the CS state of NI-PXZ is slightly different from the results
obtained with spectroelectrochemistry study because of the
interaction between the radical anion and cation in this
compact dyad.??

The ns-TA spectra of NI-DPA were also studied (Supporting
Information, Figure S41-43 in the Supporting Information). We
observed a sharp ESA band centered at 360 nm, a GSB band
centered at 450 nm and a second positive band above 460 nm.
The triplet state lifetime was determined 95.1 ps in HEX
(Figure S41 in the Supporting Information) and resulted
independent on the solvent polarity (Figure S41-43 in the
Supporting Information). This is drastically different from that of
NI-PXZ.

In order to confirm the above proposed excited state
dynamics of NI-PXZ, the intermolecular electron transfer
between NI and PXZ was studied for a mixture of the two
compounds in ACN (Figure S44 in the Supporting Information).
Upon excitation of NI in the mixture, the spectrum of 3NI* was
initially observed, characterized by the ESA band centered at
470 nm. At longer delay times, the ESA band centered at
470 nm decreased, and at the same time, a sharp absorption
band centered at 414 nm and a weaker, broader band centered
at 527 nm developed. These two bands, attributed to the NI™*
and PXZ** absorption respectively, indicate that an inter-
molecular charge separate state is formed. The evolution of the
transient species was monitored at 410 nm (Figure S44c in the
Supporting Information). An initial slow rise phase (2.21 ps) was
observed, due to the generation of NI™* via the inter-molecular
CS (diffusion-controlled process). Successively a decay phase
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due to the inter-molecular CR, occurring in 24.3ps, was
determined.

Global fitting was applied to the ns-TA spectra of the
mixture, retrieving the evolution-associated decay spectra
(EADS) (Figure S44d in the Supporting Information). Only two
spectra were identified for the ns-TA of the mixture: the first
component represents the >NI* state absorption spectrum, with
lifetime of 2.71 pus (much shorter than the compound NI alone
under same experimental conditions, 58.9 ps). The second
component is very close to the sum of the NI™* and PXZ**
abortions (see spectroelectrochemistry study, Figure 6), and is
attributed to the inter-molecular CS state. The lifetime of the CS
state was determined as 34.5 ps by the global fitting. However,
it should be pointed out that the above transient optical
absorption spectra cannot directly distinguish the spin multi-
plicity of the CS states. A powerful experimental method for
distinguishing 'CS and 3CS state is the time-resolved electron
paramagnetic resonance spectroscopy.

Time-resolved electron paramagnetic resonance (TREPR)
spectroscopy

TREPR spectroscopy is a useful method to study the zero-field
splitting of the triplet state (ZFS, characterized by D and E
parameters), the ISC mechanism, the electron spin polarization
(ESP) of the triplet state, and the electronic configuration of the
paramagnetic transient species.'?*<'®P38 previously we used
TREPR spectroscopy to study the ISC and the triplet state of NI-
PTZ compact dyad, observing a delocalized triplet state and a
3CT state."® QOur recent studies on compact electron donor-
acceptor dyads show that the electron spin chemistry is
probably more complicated than previously thought.!'2¢426d
Therefore, we also used TREPR spectroscopy to study the
current compounds.

First, the TREPR spectra of the reference compounds NI and
NI-Br were studied (Figure 11). The spectra are typical for the
triplet state of randomly oriented molecules in a magnetic field.
The ESP phase pattern of the triplet state spectrum of Nl is (e, e,
e, a, a, a), which is typical for the triplet state of an organic
chromophore populated via the ordinary spin orbit coupling
(SOQ)-ISC mechanism. The same pattern was observed for NI-Br,
although the transitions at some canonical orientation are less
pronounced (Figure 11b). Simulation of the spectrum of NI
gives ZFS |D| and |E| parameters 2475 MHz and 135 MHz,
respectively (Table 5). Slightly different |D| and |E| parameters
were observed for NI-Br: 2527 MHz and 128 MHz, respectively.
Interestingly, the population rates of the three sublevels of the
T, state of NI and NI-Br are different (Table 5). We observed
anisotropic relaxation of the signal at the canonical orientations
(Figure S45 in the Supporting Information), which can be
attributed to the different relaxation of the sublevels of the
triplet state.®”

The TREPR spectra of NI-DPA were also studied (Figure 11c,
d). Interestingly, two triplet states are required to attain a
satisfactory simulation of the spectrum, i.e. a Nl-localized SOC
triplet with characteristic |D|, |E| parameters of NI moiety, and
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Figure 11. TREPR spectra of (a) NI, (b) NI-Br at time delay corresponding to
the maximum of kinetics. TREPR spectra of NI-DPA at (c) short delays (the
maximum of kinetics) and (d) long delays and corresponding simulations.
'Sys2’ refers to Nl-localized triplet, ‘Sys1’ to, supposedly, delocalized triplet
state. ‘'Sim’ is the sum of two contributions, and ‘Exp’ is experimental
spectrum. The laser excitation wavelength is 355 nm; solvent is 2-MeTHF:.TOL
(1:3,v/v); T=80K.

another triplet with different |D| and |E| parameters. For the
component with larger |D| parameter (2475 MHz), the ESP
phase pattern is (e, e, a, e, a, a), whereas for the component
with smaller |D| parameter (1773 MHz), the ESP phase pattern
is (e, a, e, a, e, a). We assign these two triplet states to a NI
confined triplet state and a delocalized triplet state, respec-
tively, and the later has a smaller |D| parameter."®'"® This
conclusion is supported by the electron spin density surface
analysis (see later section). No fully charge separated state is
expected, due to the non-vanishing |E| parameter
(151 MHz).'#!

The spectrum of NI-PXZ is the most complicated in the
series of the compounds. In toluene, it evolves from the very
short delays (300 ns) after the laser flash, till the very long time

Exp.
----Sim. ]

250 300 350 400 450
B/mT

Figure 12. TREPR spectra of NI-PXZ at the maximum of the kinetics and
corresponding simulation. The laser excitation wavelength is 355 nm; solvent
is 2-MeTHF:TOL (1:3, v/v); T=80K.

delays, such as 57.8 pus (Figure S45 in the Supporting Informa-
tion).

The simulation of the NI-PXZ spectrum in 2MeTHF:TOL
(1:3, v/v) is shown in Figure 12. The shape of the spectrum and
its characteristic splitting are most plausibly explained in the
model of two triplet states undergoing a fast spin exchange
between each other, the manifestation being generally similar
to some previous reports” In case of NI-PXZ, the DFT
calculations together with the experimental triplet energy
values, the TADF luminescence and nanosecond transient
absorption spectra, suggest that exchange occurs between LE
and 3CT states (see below). The exact calculation of the TREPR
spectrum of two triplets undergoing spin exchange of arbitrary
rate is challenging; however, well-known simplifications are
possible in the limiting cases of slow or fast exchange. If
exchange is fast, for each orientation of molecule relative to
magnetic field the corresponding EPR lines at distinct positions
coalesce into a single line at their center of gravity, and the
apparent ZFS values correspond to the mean of those for
individual tensors (D= (D, + D,)/2).

Under assumption of a fast exchange, the TREPR spectrum
of NI-PXZ can be well simulated, and the obtained effective ZFS
parameters are | D | = 1484 MHz and | E.¢| =109 MHz (Table 5).
The ZFS parameters D and E of pure NI are 2475 and 135 MHz,
respectively. Thus, assuming Deg=[Dey E.]=[1484, 109] MHz
and D, =Dy =ID,, E;1=[2475, 135] MHz, we can evaluate D,=
2D 4D, of the partner of Nl in spin exchange, yielding D,=[D,,

Table 5. The following parameters were used in simulations. ZFS parameters (|D| and | E|) and relative population rates Px,y,z of the zero-field spin states of

the NI derivatives.?!

[D|; |E| IMHZ] P,:P,:P, AP Assignment

NI [2475; 135] 0.19:1.00:0.00 0.81 NI

NI-Br [2527; 128] 1.00:0.57:0.00 0.75 NI

NI-DPA®! [1773; 151], Sys1 1.00:0.09:0.00 10.1 delocalized triplet state
[2475; 135], Sys2 0.19:1.00:0.00 0.81 NI

NI-PXZ" [1484; 109] 0.75:1.00:0.00 0.25 3NI-3CT state exchange

[a] Obtained from simulations of the triplet-state TREPR spectra of the indicated molecules in toluene at 80 K. [b] Two different triplet states were used for
the simulation; see Figure 11 in the main text for details. [c] The parameters of the simulation are an effective description of the spin exchange (see the

main text). [d] AP = |P,—P,|/|P,—P,]|.
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E;]1 =[493, 83] MHz (here we also assume that the main axes are
collinear for the two D-tensors). The value of D, is roughly
5 times smaller compared to D, of NI, which implies in a point
dipole approximation that spin density is ~1.7 times more
delocalized. This is a crude approximation, but it certainly
points out that Nl-localized triplet state exchanges with a more
delocalized state, which can well be a >CT state (see below).
Note that the effective broadening necessary for simulation of
NI-PXZ spectrum also supports the exchange hypothesis. The
values of broadening along X, Y and Z axes of molecular frame
are not equal, being [70; 336; 693] MHz, respectively. Under
above assumption of collinear main axes, individual X-compo-
nents of the two exchanging states are closest to each other,
whereas Z-components are most distant from each other.
Therefore, exchange narrowing should be most effective for
coalesced X-component and least effective for coalesced Z-
component, exactly as is observed in simulation. Note that
similar analysis of populations in spin-polarized exchanging
triplets is more challenging, and the population rates given in
Table 5 for NI-PXZ refer to the spin-exchanged spectrum. It
should also be noted that this apparent ESP pattern is not
typical for those formed via RP-ISC, i.e. (a, e, e, a, g, e) or (e, g, q,
e, e, a), which is different from the previous reports on carbazole
isophthalonitrile/triazole derived TADF molecules, where no
exchange between two triplet states occurred.!"®

An alternative explanation to a spin exchange between two
triplet states could be strongly anisotropic relaxation of the
spectrum, which sometimes leads to unusual line shapes and
polarization patterns.*'* However, as is shown above, ener-
getic arguments in case of NI-PXZ are in favor of the fast
exchange hypothesis.

DFT computations

DFT theoretical calculations can help explain the above
experimental phenomena. The optimized ground state geome-
try of NI-PXZ at DFT-CAM-B3LYP/6-31G (d) level with Gaussian
09. (Figure 13) shows that the dihedral angle between the PXZ
and NI moieties is 96.2°, close to that previously reported for
the NI-PTZ analogue (84.9°)."® However, while PTZ at ground
state presents a puckered conformation (the dihedral angle
between the two rings is ca. 135°),%" the geometry of PXZ is
planar. We also optimized the excited state geometry, finding

that in the singlet excited state the two moieties are close to be
in orthogonal configuration, which is beneficial for SOCT-ISC.

The triplet state spin density surface of NI-PXZ was analyzed
(Figure 14). For NI-PXZ in vacuum (approximated as in non-
polar solvent), the triplet state density is mainly confined on the
NI moiety, but the delocalization to the PXZ moiety is non-
negligible. This is in agreement with the ns-TA spectral study,
showing that the triplet state is neither a pure NI state, nor a
pure CT state (Figure 10). The dihedral angle between the NI
and PXZ moieties is 64.4° at the optimized T, state geometry.
This more planar configuration at the T, state is opposite to
some typical TADF molecules.*” But it is in agreement with the
small ZFS |D| magnitude observed for the triplet state of NI-
PXZ (Figure 12 and Table 5). In the polar solvent ACN, the spin
density surface of the T, state is fully delocalized on both NI
and PXZ moieties, thus we suppose it is a full CS state, in
agreement with the ns-TA spectral studies (Figure 10). The
dihedral angle between the NI and PXZ moieties is 90.2°. The
spin density of the radical cation and radical anion of NI-PXZ
were also studied by computation, and result confined on the
PXZ and the NI moiety, respectively. This is in agreement with
the spectroelectrochemical studies, showing that the radical
cation and anion are highly confined.

The computed T, state (LE) energy is 2.23 eV, which is close
the previously reported phosphorescence of the bromo-NI
analogue (2.25eV)."™ It is also in agreement with our
observation of the phosphorescence of NI-Br (Figure 4 and
Figure S30 in the Supporting Information).

The photophysics of NI-PXZ is summarized in Scheme 2. In
non-polar solvents such as HEX, both the 'CS and 3CS states
share similar energy with the NI state (2.23 eV), and TADF is
observed. The ns-TA spectra confirm the co-existence of the 3CS
and the 3Nl states. This is also supported by the TREPR spectra,
which indicates 3LE and 3CT states are in strong spin exchange
interaction. In polar solvents, the CS state energy significantly
decreases, the mixing with the ’LE becomes negligible, thus
TADF vanished. Based on fs-TA and the ns-TA data, we propose
that the 3CS state is populated, perhaps due to the weakly
allowed 'CS—>LE and a very fast *LE—3CS transition, while the
up-hill reverse ISC, 3CS—'CS, is not-efficient so that no TADF is
observed (at this time, the °LE and CS energy levels are not
close). In the case of NI-DPA, because of the strong coupling
between the NI and DPA moieties, the CS energy level is
increased and the equilibrium process of 'CS, 3LE and 3CS is

c <
PP S

b T H RNy
, R

N

-

Figure 13. Dihedral angles of selected atoms of NI-PXZ at the optimized (a) ground state geometry (S,), (b) singlet excited state (S;) and (c) triplet excited
state geometries (T,). No solvent was considered in the calculation (vacuum). Calculated at DFT-CAM-B3LYP/6-31G (d) level with Gaussian 09.
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Figure 14. Spin density surfaces of triplet state of NI-PXZ in (a) vacuum, (b)
CHX, (c) THF and (d) ACN. Calculated at the CAM-B3LYP/6-31G(d) level with
Gaussian 09 (isoval =0.0010).

destroyed, so TADF and long-lived CS states are not observed.
NI-PXZ represents an solid evidence that an energetically
closely-lying 3LE state is essential for the TADF 6215

Thermal properties and electroluminescent characteristics

The thermal properties of the compounds were evaluated using
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) (Figure S51 in the Supporting Information).
We found that NI-PXZ has excellent thermal and morphological
stability. The decomposition temperatures (T,, corresponding to
5% weight loss) is ca. 285 °C, the glass transition temperatures
(T, according to the second heating scan) were measured to be

73°C, and the melting point (T,,) is ca. 225 °C. Therefore, the NI-
PXZ has certain potential for application in the field of OLEDs.

To demonstrate that it is potentially useful in the lighting
field, we fabricated a red TADF OLED based on NI-PXZ (the
specific structure of the electroluminescent (EL) device is given
in Supporting Information). The EL spectra characteristics and
the plot of external quantum efficiency (EQE)-luminance and
luminance-voltage-current density of the TADF OLEDs are
depicted in Figure S52, and the corresponding device data are
summarized in Table S5. The maximum values of external
quantum efficiency (17.,) of the devices is 1.28 %, the EL spectra
of the devices indicate that NI-PXZ is a red emitters with peak
wavelengths of ca. 626 nm, and CIE coordinate of (0.609, 0.388).
These results show that NI-PXZ can be used as a potential
electroluminescent material with red TADF emission. During the
preparation of this manuscript, application of similar com-
pounds in OLED has been reported,****! however, the photo-
physical processes were not studied in detail. Based on the
photophysical process, we can further gain insight into the
luminescence mechanism and improve the performance of this
TADF material.

Conclusion

In conclusion, we prepared a compact, orthogonal electron
donor-acceptor dyad, with naphthalimide (NI) as electron
acceptor and phenoxazine (PXZ) as electron donor. The two
units are connected by a single C—N bond at the 4-position of
the NI, and the N position of PXZ moiety, respectively, and they
assume an orthogonal geometry, beneficial for the spin-orbit
charge transfer intersystem crossing (SOCT-ISC). The dyad
shows a weak charge transfer (CT) absorption band centered at
496 nm in the UV/Vis absorption spectrum, indicating non-
negligible electronic coupling between the donor and acceptor
at the ground state. Thermally activated delayed fluorescence
(TADF) was observed in n-hexane where the luminescence
decays with biexponential kinetics and components of 16.4 ns
(99.2%)/17.0 us (0.80%). No TADF was observed in polar
solvents. Femtosecond transient absorption spectra show that

a b c
1[NI-PXZ]* 1[NI-PXZ)* INI-PXZ]*
~ CR (7.81 \ -
2rre Iy e Pxzy SOCTISC. isc SN-PXZ 25 eve 277 VA N\ R\ 2, SNI-PXZ]" 277eve ) \ SINI-PXZ]"
— = = = % rmm—— spin exchange \ . e c
(2 02 ps) [2.26 eVb‘-RISC = T interaction (2 7(:23p \Q1IN| -PXZ ] \S—"ﬁ 223 eVa @ 2013;3; — . Sg;'z 2.23eVe
3 13 [NI~-PXZ*]" . - g Y'[NI=-PXZ ] _ 1
g 1 2.13eV® NO-RISC ' S[NI-*-PXZ~]* P tl:o s B
w hv TADF 1 hv 1 ™ ’
: 7r= 154 s | ’ |
(5 1 1
TADF 1 _
= 16.4 ns (99.2%) ! 7 =250 ns | Tes=675ns ] | Tes=142ns
1 , |
17.0 us (0.80%) 1
\/ \/ v v t f v
HEX TOL ACN

Scheme 2. Simplified Jablonski diagram illustrating the photophysical processes involved in NI-PTZ in n-hexane. (a) The 'LE and triplet state energy is
computed by TDDFT method, which were performed at the CAM-B3LYP/6-31G(d) level by using Gaussian09. (b) The 'CT energy levels in HEX and TOL are
approximated with the crossing point of CT absorption spectrum and CT emission spectrum. (c) The 'CT energy levels in ACN are obtained from

electrochemical data in Table 4.
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the CS process is fast (ca. 2.02~2.72 ps, solvent polarity
dependent), and the majority of the 'CS state is short lived in
polar solvents, for example it undergoes charge recombination
(CR) in 10.3 ps in acetonitrile. The small residual 'CS population
undergoes ISC to produce 3CS (probably mediated by the
formation of 3LE state) on a longer timescale (undetermined
because of the very weak signal), and the CR from this triplet
state takes 142 ns. Nanosecond transient absorption spectra
show that the long-lived transient species with 15.4 us lifetime,
has mixed features of *LE and *CS states. This is supported by
the spectroelectrochemical study of the radical anion and
cation of the dyad, and the much longer triplet state lifetimes
of the reference compounds (for NI and bromo-NI, triplet state
lifetimes are 67.2 us and 122 us respectively). In polar solvents
(THF and ACN), only the 3CS state was observed on the long
timescale, with lifetimes of 226 ns and 142 ns, respectively,
indicating that >CS state has lower energy than the NI state.
Time-resolved electron paramagnetic resonance (TREPR) spectra
show that the transient species of the dyad in frozen solution
include two triplet states with *LE and 3CS feature, respectively,
and the two states are in strong spin exchange, with effective
zero field splitting (ZFS) |D| parameters of 1484 MHz and
109 MHz, respectively, which are much smaller than the native
NI states (2475 and 135 MHz, respectively), this is rare but solid
evidence that an closely-lying and intermediate °LE state is
essential for occurrence of TADF. The study of the TADF
property of NI-PXZ shows that the °LE state is essential for the
rISC in TADF, and a long-lived 3CS state may be formed in a
compact electron donor-acceptor dyad, for which the electron
exchange (J) of the CS state is sufficient for formation of CS
state, instead of spin correlated radical pair.
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