Photochemical & Photobiological Sciences (2021) 20:69-85
https://doi.org/10.1007/543630-020-00002-w

ORIGINAL PAPERS q

Check for
updates

Charge separation, charge recombination and intersystem crossing
in orthogonal naphthalimide—perylene electron donor/acceptor dyad

Xi Chen' - Junhong Pang? - Muhammad Imran’ - Xiaolian Li' - Jianzhang Zhao'3® - Mingde Li?

Received: 5 October 2020 / Accepted: 25 November 2020 / Published online: 3 January 2021
© European Photochemistry Association,European Society for Photobiology 2021

Abstract

We prepared an orthogonal electron donor/acceptor dyad (NI-Py) with perylene (Py) as electron donor and 4-aminonaph-
thalimide (NI) as an electron acceptor. The molecule adopts orthogonal geometry due to the steric hindrance exerted by the
4-amino substituents on the NI moiety. The photophysical properties of dyad were studied by steady-state UV—Vis absorp-
tion and fluorescence spectroscopies, femtosecond/nanosecond transient absorption spectroscopies and DFT computations.
Ground state interaction between the NI and Py units is negligible; however, charge separation occurs upon photoexcitation,
indicated by the quenching of the fluorescence of the dyad in polar solvents, i.e. fluorescence quantum yield (@p) is 61.9%
in toluene and @;=0.2% in methanol. Spin—orbit-coupled charge transfer-induced intersystem crossing (SOCT-ISC) was
confirmed by femtosecond transient absorption spectroscopy (charge separation takes 1.7 ps and charge recombination takes
6.9 ns, in CH,Cl,). Nanosecond transient absorption spectra indicated the formation of perylene-localized triplet state, and
the triplet state lifetime (175 ps) is much longer than that accessed with the heavy atom effect (3-bromoperylene; 16 ps). The
singlet oxygen quantum (&, ) yield of the dyad is 2.2% in hexane and 9.5% in dichloromethane. The low SOCT-ISC efficiency
as compared to the previously reported analogue (@, =80%) is attributed to the mismatch of the 'CT/T, state energies,
and/or the orientation of the NI and Py units, i.e. orthogonal geometry is not sufficient for achieving efficient SOCT-ISC in
compact electron donor/acceptor dyads.
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Triplet photosensitizers (PSs) are molecules which show
long-lived triplet state upon photoexcitation, the triplet
excited state is populated through intersystem crossing
(ISC) [1-3]. The triplet state can phosphorescence, or
initiate energy or electron transfer. Triplet PSs have been
widely used in photocatalysis, [4—6] photodynamic therapy,
[7-10] photovoltaics, [11] and photon upconversion [12-18].
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Excellent triplet photosensitizers should show large molar
absorption coefficients, high ISC efficiency, and long tri-
plet lifetime [2, 19, 20]. Since the ISC is an electron spin
forbidden process, the traditional triplet photosensitizers
are mostly based on heavy atom effect, such as those con-
tain Ir(IIT), Pt(II), Ru(II) and Os(II) transition metal ions
[21-26]. However, this type of transitional photosensitizers
suffer from some disadvantages, for instance, high cost of
preparation, weak absorption of light in the visible region,
[27, 28] toxicity and short triplet lifetime (heavy atom
effect can enhance the T; — S, relaxation) [29, 30]. Thus,
it is highly desired to design heavy atom-free triplet PSs.
However, it is still a challenge in photochemistry to design
heavy atom-free triplet PSs, because the ISC of heavy atom-
free organic compounds is elusive and difficult to predict,
without the heavy atom effect. There is no general and effec-
tive strategy to design heavy atom-free organic compounds
showing efficient ISC [2, 31-33].

Charge recombination (CR)-induced ISC has been known
for decades in electron donor/acceptor dyads [34—41]. In
these dyads, the separation of the electron donor and accep-
tor is large; as a result, the electronic coupling between the
electron donor and acceptor is weak. Thus, the small electron
exchange interaction (J values) is small (e.g. <0.01 cm™),
the radical pair ISC (RP ISC) may occur, i.e. charge transfer
singlet state to charge transfer triplet state ('CT —>CT), [42,
43] then the locally excited triplet state CLE) can be popu-
lated given the ’LE energy is lower than *CT state. However,
the RP ISC kinetics is slow, usually on the ns scale, and
fast CR (can be on ps time scale) to ground state (S,,) may
reduce the ISC yield [44]. Moreover, these traditional elec-
tron donor/acceptor dyads which show RP ISC are difficult
to prepare because of the rigid and long linker between the
donor and acceptor.

Recently, efficient ISC was observed for compact elec-
tron donor/acceptor dyads adopting orthogonal geometry
[37-39]. In these compact dyads, the linker between the
donor and acceptor is short and the synthesis is feasible.
The orthogonal orientation of the m-conjugation planes of
the donor and acceptor ensure the offsetting of the elec-
tron spin angular momentum change of the ISC with the
molecular orbital angular momentum change, thus the so-
called spin—orbit charge transfer ISC (SOCT-ISC) is fast
(on ps time scale) and the ISC can be highly efficient (ISC
quantum yield can be 70%) [37-39]. Recently, a variety
of visible light absorbing chromophores has been used
for the preparation of electron donor/acceptor dyads, for
instance, anthracene, [45, 47] Bodipy, [17, 43, 46, 48-50]
perylenebisimide, [51] etc. However, it is clear that much
room is left for investigation of the SOCT-ISC mechanism.
For instances, we used naphthalimide (NI) as electron
acceptor and phenothiazine (PTZ) as electron donor, the
corresponding electron donor/acceptor dyad showed the
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formation of long-lived CT state (most likely *CT state)
at room temperature (2.6 ps), and thermally activated
delayed fluorescence was observed [42]. With perylene
(electron donor) attached at the 4-position of NI, efficient
SOCT-ISC was observed (singlet oxygen quantum yield
@, =80% in dichloromethane) [52]. On the other hand,
perylene was also used as an electron acceptor with PTZ as
an electron donor, efficient SOCT-ISC was observed (yield
&, =60% in dichloromethane) [53]. Our results show that
the perylene can be used as either electron donor or accep-
tor for dyads showing SOCT-ISC, which is different from
the scenario of Bodipy, which is claimed to act only as the
electron acceptor in SOCT-ISC systems [49].

To study the molecular diversity of the charge recombi-
nation-induced ISC of the compact electron donor/acceptor
dyads, herein we attached perylene moiety at the 3-posi-
tion of NI moiety, and 4-amino substituent was attached at
the 4-position of NI to increase the visible light absorption
(NI-Py, Scheme 1). The 4-amino NI moiety is an electron
acceptor and the perylene unit is the electron donor. Com-
pared to the recently reported NI-perylene dyad without
the amino substituent, [52] the current dyad shows differ-
ent photophysical properties. The photophysical properties
were studied with UV-Vis absorption, fluorescence emis-
sion, fluorescence lifetime measurements, femtosecond and
nanosecond transient absorption spectroscopy, electrochemi-
cal characterization, as well as DFT computations. We found
the SOCT-ISC efficiency is lower than the recently reported
analogue without the amino substituent, and the reason is
attributed to the mutual orientation of the NI and the per-
ylene units.

2 Experimental section
2.1 General methods

All raw materials and organic solvents used in the synthesis
were used as received, without further purification before
use. All organic solvents used in the anhydrous reaction are
dried by 4 A molecular sieves. The inert gas used in the
synthesis and spectral measurements is dry N, with a purity
of 99.999%. Column chromatography uses 200 — 300 mesh
silica gel as the stationary phase. The UV—visible absorption
spectrum was tested using a UV2550 dual-beam ultravio-
let—visible spectrophotometer (Shimadzu Ltd., Japan). The
fluorescence emission and excitation spectra were taken
using FS5 fluorescence spectrometer (Edinburgh Instru-
ments, U.K.). Fluorescence lifetime was measured on a
OB920 luminescence lifetime spectrometer (Edinburgh
Instruments, U.K.). The excitation light source is a picosec-
ond pulsed laser (EPL series).
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Scheme 1. Synthesis of NI-Py dyad, reagents and conditions: (a)
4-bromo-1,8-naphthalicanhydride, EtOH, reflux 6 h, under N,, yield:
72%; (b) butan-1-amine, 2-methoxyethanol, reflux 8 h, under N,,
yield: 50%; (c) bromine, CH,Cl,, 25 °C, 12 h, under N,, yield: 29%;
(d) NBS, CCl,, 0 °C, 4 h, yield: 84%; (e) bis(pinacolato)diboron,

2.1.1 Syntheis of 1 [54]

Under N, atmosphere, the mixture of 4-bromo-1,8-naph-
thalicanhydride (1 g, 3.63 mmol) and 2-ethyl-1-hexylamine
(0.65 mL, 3.986 mmol) in EtOH (100 mL) was refluxed
for 6 h at 89 “C. The progress of the reaction was moni-
tored by TLC. After the reaction is complete, the reaction
mixture was cooled to room temperature. The solvent was
removed under reduced pressure, then the crude product
was purified by column chromatography (silica gel; hex-
ane/dichloromethane 3:1, v/v). A yellow solid was obtained
(1.02 g, yield 72%). '"H NMR (CDCl,, 400 MHz): § 8.67
(d, 1H, J=8.07 Hz), 8.59 (d, 1H, J=8.56 Hz), 8.47 (d, 1H,
J=17.83 Hz), 8.06 (d, 1H, J=7.95 Hz), 7.87 —7.83 (m,
1H), 4.17—-4.06 (m, 2H), 1.98 —1.89 (m, 1H), 1.41 —1.26
(m, 8H), 0.95-0.86 (m, 6H). MALDI-TOF-HRMS: calc
([CyoH,,NO,Br]"), m/z=387.0834; found, m/z=387.0844.

2.1.2 Synthesis of NI [55]

Under N, atmosphere, compound 1 (400 mg, 1.032 mmol)
and n-butylamine (377.64 mg, 0.512 mmol) were dissolved
in 2-methoxyethanol (10 mL), then the mixture was refluxed
for 8 h. After the reaction is complete, water (50 mL) was
added and the mixture was extracted with dichloromethane
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1,4-dioxane, Pd(dppf)Cl, CH,Cl,, CH;COOK, 80 °C, 15 h, yield:
22%; (f) compound 3, K,CO;, Pd(pphs),, DMF, 80 °C, 4 h, yield:
18%; (g) K,CO;, Pd(PPh;),, EtOH/toluene/H,0 (2:2:1 v/v/v), stirred
at 70 °C for 9 h, under N, yield: 70%

(3%25 mL). The organic layer was dried over anhydrous
Na,SO,. The solvent was removed under reduced pres-
sure. The residue was purified by column chromatography
(silica gel, CH,Cl, / Petroleum ether=1:1, v/v). A yellow
solid was obtained (0.98 g, yield 50%). '"H NMR (CDCl,,
400 MHz), 68.59 (d, J=7.3 Hz, 1 H), 8.48 (d, J=8.3 Hz,
1 H), 8.10 (d, J=7.7 Hz, 1 H), 7.64 (t, J=7.8 Hz, 1 H),
6.75 (s, 1 H), 4.15-4.06 (m, 2 H), 3.43 (t, J=7.2 Hz, 2 H),
1.96—-1.93 (m, 1 H), 1.84—-1.77 (m, 2 H), 1.58 — 1.49(m, 2
H), 1.41-1.29(m, 9 H), 1.04 (t, J=7.3 Hz, 3 H), 0.94-0.85
(m, 6 H). MALDI-TOF-HRMS: calc ([C,,H,,NO,Br]*),
m/z=380.2464; found, m/z=380.2468.

2.1.3 Synthesis of NI-Br [55]

At room temperature, Br, (2 mL, 0.50 g, 3.2 mmol) was
mixed with anhydrous CH,Cl, (20 mL), then the solution
was added dropwise to a solution of NI (0.40 g, 1 mmol) in
CH,Cl, (20 mL). Under N, atmosphere, the reaction mix-
ture was stirred for 12 h. After the reaction was completed,
the solvent was removed under reduced pressure, and the
residue was purified by column chromatography (silica gel,
CH,Cl,: petroleum ether=1:1) to obtain NI-Br as a yel-
low so0lid(0.30 g, yield 29%)."H NMR (CDCl;, 400 MHz):
08.64 (s, 1H), 8.59 (d, J=7.5Hz, 1 H), 8.47 (d, J=8.4 Hz,
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1 H), 7.65 (t, J=7.9 Hz, 1 H), 4.18—3.95 (m, 2 H), 3.67
(t, J=7.0 Hz, 2 H), 1.94—1.91 (m, 1 H), 1.76 — 1.70 (m, 2
H), 1.50—1.43 (m, 2 H), 1.41—1.19 (m, 9 H), 1.02—0.81
(m, 9 H). MALDI-TOF-HRMS: calc ([CoH,,NO,Br]"),
m/z=458.1569; found, m/z =458.1561.

2.1.4 Synthesis of 2 [56]

Under N, atmosphere, N-bromosuccinimide (NBS. 70.5 mg,
1.0 mmol) was dissolved in anhydrous THF (5 mL) and
the solution was added to a solution of perylene (100 mg,
1.0 mmol) in anhydrous THF (5 mL). The mixture was
stirred in an ice-water bath for 4 h. After the reaction was
completed, the mixture was poured into water (30 mL)
and extracted with CCl, (30 mL). The organic layer was
dried over anhydrous MgSO,. The solvent was removed
under reduced pressure to obtain compound 2 as a yellow
solid (0.128 g, yield 84%). "H NMR (CDCl,, 400 MHz): &
8.21 —8.05 (m, 4H), 7.95 (d, J=8.1 Hz, 1H), 7.74 —7.65
(m, 3H), 7.57 —7.44 (m, 3H). MALDI-TOF-HRMS: calc
([CoHy,NO,Br]"), m/z=330.0044; found, m/z=330.0052.

2.1.5 Synthesis of 3 [57]

Under N, atmosphere, KOH (10 mg, 0.18 mmol) was
added into the dry 1,4-dioxane (25 mL), then the mixture
was stirred for 15 min. Took the supernatant (15 mL),
bis(pinacolato)diboron (114.39 mg, 0.45 mmol), CH;COOK
(88.182 mg, 0.9 mmol), and 3-bromoperylene (100 mg,
0.3 mmol) were added. The mixture was then bubbled with
N, for 20 min. Then Pb(dppf)Cl, (10 mg, 0.01 mmol) was
added, and the mixture was stirred at 80 °C for 15 h. The
reaction mixture was cooled to room temperature, water
(5 mL) and dichloromethane (20 mL) for extraction, then
the organic layer was washed with brine for three times.
After the organic liquid was dried over Na,SO,, the solvent
was removed under reduced pressure. The compound was
separated through a silica gel column to obtain a yellow
solid (silica gel, CH,Cl,: petroleum ether=2:3) 0.025 g,
yield 22%. '"H NMR (CDCl;, 400 MHz): & 8.76 —8.65
(d, 1H, J=8.29 Hz), 8.25-8.17 (m, 4H), 8.07 —8.05 (d,
1H, J=7.53 Hz), 7.71 —7.67 (m, 2H), 7.56 — 7.47 (m,
3H), 1.44 (s, 12H), 1.33 (s, 1H), 1.28 (m, 14H), 1.25(s, 4H),
0.88—0.86 (s, 6H), 0.07 (s, 2H). MALDI-TOF-HRMS: calc
([C5oH,NO,Br]"), m/z=378.1791; found, m/z=378.1795.

2.1.6 Synthesis of NI-Py [58]

Compound 3 (100 mg, 0.26 mmol), NI-Br (121 mg,
0.26 mmol), and K,CO; (109 mg, 0.79 mmol) were mixed
in dry DMF (10 mL), then water (0.1 mL) was added. After
bubbling of the mixture with N, for 15 min, Pd(PPh;,),
(15.3 mg, 1.325 mmol) was added. Then the mixture was
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stirred at 80 °C for 4 h under N, atmosphere. After the
reaction was completed, the reaction mixture was cooled
to room temperature. The mixture was extracted with
dichloromethane, then washed with water (4 X 50 mL),
and dried with Na,SO,. The solvent was removed under
reduced pressure and the crude product was purified
by column chromatography (silica gel, CH,Cl,: Hex-
ane =2:3, v/v) to give yellow solid (30 mg, yield 18%). Mp
(174.4—176.5 °C)."H NMR (CDCls, 400 MHz): 6 8.67
(d, J=7.2 Hz, 1 H), 8.60 (d, J=8.8 Hz, 1 H), 8.50 (s, 1
H), 8.35-8.23 (m, 4 H), 7.82-7.72 (m, 3 H), 7.59 - 7.49
(m, 3 H), 7.48-7.42 (m, 1 H), 7.40 —7.34 (m, 1 H),
4.21-4.04 (m, 2 H), 3.28 (s, 2 H), 1.48 —1.24 (m, 12
H), 1.07 — 1.84 (m, 9 H), 0.64 (t, J=7.3 Hz, 3 H). 1°C
NMR (CDCl;, 125 MHz): 6 167.73, 165.01, 164.38, 35.81,
134.72, 133.28, 131.30, 128.21, 127.29, 126.71, 120.66,
120.11, 65.58, 53.42, 44.04, 37.99, 31.94, 30.82, 29.70,
28.79, 24.10, 23.12, 22.70, 19.66, 19.19, 14.14, 13.50,
10.72. MALDI-TOF-HRMS: calc ([C,yH,,NO,Br]*),
m/z=629.3168; found, m/z=629.3160.

2.2 Measurement of singlet oxygen quantum yields

1,3-Diphenylisobenzofuran (DPBF) was used as a 1O2
scavenger to determine the singlet oxygen quantum yield
(®,) by monitoring the absorbance of DPBF at 414 nm.

—Ay i , 2
q)sam=q)std<11 11(())_A_d><l;ﬂ><mﬂ> (1)
- sam std Nstd
In the above formula, @ represents the singlet oxy-
gen quantum yield; A represents the absorbance at the
excitation wavelength (usually in the range 0.2 ~ 0.3 );
I represents the slope of the plot of absorption of DPBF
against the photoirradiation time; 5 represents the refrac-

tive index of the solution; Sam represents the sample to be
tested; std represents the standard sample [59].

2.3 Nanosecond transient absorption spectroscopy

The nanosecond transient absorption spectrum was
obtained by a LP980 nanosecond laser flash photolysis
spectrometer (Edinburgh Instruments, U.K.), the pulsed
light source was a wavelength tunable nanosecond laser
(oscilloscope HE 355 LD UV). A Tektronix TDS 3012C
oscilloscope was used for digitizing the signal. The data
was analyzed with L900 software. The sample solution
was purged with N, for 15 min before measurements. To
eliminate the triplet—triplet-annihilation quenching effect,
a kinetic model with TTA effect considered was used for
the simulation [60].
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2.4 Femtosecond transient absorption spectra

The fs-TA measurements were performed based on a fem-
tosecond TI: Sapphire regenerative amplified TI: Sapphire
laser system (Coherent, Astrella-Tunable-F-1k) and femto-
second transient absorption spectrometer system (Ultrafast
Systems, Helios Fire). The repetition frequency of ampli-
fier is 1 kHz and the pulse width of 800 nm is 84 fs, the
output power of 800 nm from amplifier is 7.2 W. The probe
pulse was obtained using approximately 4% of the amplified
800 nm output from the Astrella to generate a white-light
continuum (320 — 700 nm) using a CaF, plate. The probe
beam was split into two beams before passing through the
sample. One probe beam travel through the sample, and the
other is sent directly to the reference spectrometer that moni-
tors the fluctuations in the probe beam intensity.

Fiber optics was coupled to a multichannel spectrometer
with a CMOS sensor that had a 1.5 nm intrinsic resolution.
The maximum extent of the temporal delay was 8000 ps.
The instrument response function was determined to be ca.
120 fs. At each temporal delay, data were averaged for 2 s
and collected by the acquisition system. For the experiments
described in this study, the sample solution was excited by
a400-nm pump beam (from TOPAS). The sample solutions
were excited in a 2-mm path-length cuvette. The absorp-
tion intensity at 400 nm of sample is ca. 0.7 when UV-Vis
absorption spectra were measured in a 2-mm path-length
cuvette. The data were stored as three-dimensional (3D)
wavelength—time—absorbance matrices that were exported
for use with the fitting software. Chirp correction was done
for the all the data shown here. The attenuation of transient
species adopts a sequential model and is obtained by global
fitting [61].

2.5 DFT calculation

Density functional theory (DFT) was used to optimize the
ground state geometry of the molecules, and time-dependent
density functional theory (TD-DFT) was used to calculate
the excited state energy. The calculations were performed
with Gaussian 09 software and at the B3LYP/6-31G(d) level
[62].

3 Results and discussion
3.1 Design and synthesis of the compounds

With 4-amino substituent attached on NI moiety, the
absorption is red-shifted as compared to the unsubstituted
NI. Thus we selected the 4-aminoNI as one of the chromo-
phore. Previously it was reported that the 4-aminoNI is with
reduction potential of —2.04 V (vs. Fc/Fc™), as comparison

to the — 1.88 V (vs. Fc/Fc™) of unsubstituted NI [63]. On
the contrary, the perylene moiety is with oxidation poten-
tial of +0.55 V (vs. Fc/Fc™) [53]. Thus, we suppose the NI
moiety is the electron acceptor, and the perylene unit is the
electron donor. The connection of the perylene unit is at
the 3-position of NI moiety, i.e. the ortho- position of the
4-amino substituted NI, thus significant steric hindrance is
expected, and the dyad may adopt orthogonal geometry,
which is beneficial to the SOCT-ISC [45, 46, 64].

The synthesis is with 4-bromonaphthalimide as the
starting material, compound 1 was prepared by refluxing
4-bromoNI with 2-ethylhexylamine. Then by reaction with
1-butylamine, the intermediate NI was obtained. Bromina-
tion of NI gives intermediate NI-Br in 29% yield. 1-Per-
yleneboronic acid ester was used for the Pd(0)-catalyzed
Suzuki—Miyaura coupling reaction to give the final product
NI-Py in 18% yield. Py-Ph and NI were used as reference
compounds in the study. The molecular structures of all the
compounds were characterized with 'TH NMR and HR MS
spectra.

3.2 UV-Vis absorption spectra

The UV-Vis absorption spectra of the compounds were
studied (Fig. 1). For dyad NI-Py, a broad, structured absorp-
tion band was observed in the range of 350 nm — 500 nm
(Fig. 1a). The spectrum is almost the sum of the mixed solu-
tion of compounds NI and Py-Ph, thus the electronic inter-
action between the NI and the perylene units in the dyad is
negligible at ground state (S,) [65-67]. This is attributed
to the orthogonal geometry and thus the inhibition of the
m-conjugation (see later section). This orthogonal geom-
etry excluded the formation of CT absorption bands in
the UV-Vis absorption spectrum [68—70]. The absorption
spectra of the four compounds were compared (Fig. 1b), it
was found that the NI unit and the perylene unit absorp-
tion bands are in the same range, but a structureless band
was observed for the NI unit, and absorption band with

——NI b
0.44{——NI-Py 1

Absérbaﬁce

7350 400 450 500 350 400 450 500
Wavelength / nm Wavelength / nm
Fig.1 a UV —Vis absorption spectra of NI-Py and NI+ Py-Ph,

b UV —Vis absorption spectra of NI, NI-Br, NI-Py, Py-Ph in ace-
tonitrile. c=1.0x 107> M, 20 °C
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significant vibrational progression was observed for the
perylene unit.

3.3 Fluorescence spectroscopy

The fluorescence of the compounds was compared in dif-
ferent solvents (Fig. 2). In n-hexane, Py-Ph gives a strong
emission band in the range of 450-600 nm, with vibrational
progression feature. For compounds NI and NI-Br; how-
ever, broad structureless emission band centered at 465 nm
was observed (Fig. 2a). For NI-Py, a broad, structureless
emission band centered at 500 nm was observed, which is
assigned to the NI moiety in the dyad. Note this is an inter-
esting example of Forster resonance energy transfer (FRET)
that the fluorescence emission of the energy donor (NI) over-
lap with the absorption spectrum of the energy acceptor unit
(Perylene) in nonpolar solvents (see ESI, Fig. S18), but most
of the emission spectrum is on the red-side of the absorp-
tion spectrum of the energy acceptor [71]. Previously, we
observed a similar phenomenon with a FRET pairs based
on Bodipy derivatives [72]. In these cases, the Stokes shifts
of the energy donor and acceptors play a role for the obser-
vation, and the comparison of the relaxed S, states of the
energy donor and acceptor may rationalize the unusual
FRET [73, 74]. In dichloromethane, the fluorescence emis-
sion intensity of Py-Ph, NI and NI-Br are similar, but the
emission of NI-Py became much weaker, and the emission
band (FWHM: 4230 cm™") is much broader than the NI and
NI-Br (FWHM: 2900 cm™'). Therefore, we propose that the
emissive state of NI-Py in DCM is drastically different from
that of NI/NI-Br.

We propose the emissive state is a CT state with NI as an
electron acceptor and perylene unit as electron donor, it is
different from the intramolecular charge transfer (ICT) state
of NI and NI-Br. The quenched emission of NI-Py is more
significant in ACN (Fig. 2¢). The different emissive state of
NI-Py as compared to NI and NI-Br, especially in polar

solvents, is supported by the analysis of the dipole moments
of the emissive states (see later section).

To further prove that the luminescence bands of NI-Py
are generated by the electronic interaction between D/A in
the dyad, the luminescence spectra of the compounds in dif-
ferent solvents were studied (Fig. 3). As the polarity of the
solvent increases, the emission of NI and NI-Br are only
slightly red-shifted, the quenching of the fluorescence emis-
sion is not significant (Fig. 3a, b). The emission of Py-Ph is
almost independent of the solvent polarity (Fig. 3d). On the
contrary, NI-Py shows much red-shifted and weaker emis-
sion bands in polar solvents as compared to that in non-polar
solvents, indicating the emissive state of NI-Py is different
from the other compounds discussed herein. The emission

15 15
A a b
2 101 n-HEX
x —— TOL
£ —DCM
= : —— ACN
S 5 T MeOH
, N
0' i .
500 600 700 800
Wavelength / nm
10.0 T
7.5- 2

-
o

Counts x 10°
=)

Counts x 10°
w
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o
il
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s
=]

800 500 600 700 800
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500 600 700
Wavelength / nm

Fig.3 Fluorescence emission spectra of a NI b NI-Br ¢ NI-Py and
d Py-Ph in different solvents. Optically matched solutions were used
(A=0.242 at 410 nm), 20 °C

25— . 25 25
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Fig. 2 Fluorescence emission spectra of NI, NI-Br, NI-Py and Py-Ph in a hexane, b dichloromethane, ¢ acetonitrile. Optically matched solu-

tions were used (A =0.242 at 410 nm), c=ca.1.0x 107> M, 20 °C
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Table 1 Photophysical Ay, () &P A (M) 7). D% tp(ps) k(1075 k(10757
properties of the compounds i
NI-Py 421/447 0.4/0.50.5 584 7.6 15.2 175 2.0 11.2
Py-Ph  420/446 0.3/0.40.4 461 3.8(98%) 91.0 —h 21.5 2.1
25.3 2%)
NI 426 0.2 501 10.6 91.8 —h 8.7 0.77
NI-Br 412 0.2 494 7.7 99.7 16 12.9 0.04
iIn DCM, ¢=1.0x 107 M
®Molar absorption coefficient ¢, in 10 M~ cm™!
“Fluorescence quantum yield in ns
4 Absolute fluorescence quantum yield
“The triplet state lifetime, in ps
Radiative rate constant of the CT emission band
€Nonradiative rate constant of the CT emission band
"Not observed
Table 2 Fluorescence quantum yields (@) of the compounds in dif- 1.5 60 . :
ferent solvents” ——na | a b |
o] NI-Br o NI-Br L |
b c —— NI-Py 504 4
Compounds HEX TOL DCM ACN MEOH 210 o |
(&} !
NI-Py 57.6%  619%  152%  1.6%  02% 3 _!
NI-Br 66.6%  72.8%  69.1%  559%  35.1% £05 |
Py-Ph 68.5% 84.2% 91.0% 80.4% 80.0% 2 ]|
NI 70.1% 82.8% 91.8% 79.2% 60.9% 0.0 |

#The Ey (30) values of the solvents in kcal/mol are HEX (31.0), TOL
(33.9), DCM (40.7) and ACN (45.6)

® Absolute fluorescence quantum yield (@) of compounds

is assigned to be from a CT state with NI moiety as electron
acceptor and perylene unit as electron donor. Similar CT
emission was observed for compact electron donor/acceptor
dyads [17, 42, 43, 46, 53, 75, 76].

The photophysical properties of the compounds are
summarized in Table 1. The fluorescence quantum yield
of NI-Py (15.2% in DCM) is much lower than the other
compounds (Tables 1 and 2). The non-radiative decay rate
constant of the emissive S, state of NI-Py is much larger
than the other compounds indicates the efficient non-radi-
ative decay channel for this compound. The fluorescence
quantum yield of NI-Py in DCM (15.2) is higher than the
recently reported NI-perylene analogue without the amino
substituent (5.6%) [52].

Thus, we propose the electron transfer of NI-Py is less
efficient than the recently reported analogue [52]. The
solvent-dependent fluorescence of the compounds was
studied in detail (Table 2). NI-Py is highly fluorescent in
low-polarity solvent, for instance, in toluene, @z=61.9%.
As the polarity of the solvent increases, the luminescence
quantum yield gradually decreases. In a highly polar
solvent (MeOH), the fluorescence is almost completely
quenched. This is consistent with the NI-Py emission

500 600 700 800
Wavelength / nm

Fig.4 a Normalized fluorescence emission spectra of NI, NI-Br,
NI-Py and Py-Ph in acetonitrile. b Linear fitting of Lippert—-Mataga
model based on the solvatochromic shift of the energy related to the
fluorescence maxima in different solvents

spectra. The absolute fluorescence quantum yield of NI-
Br decreases with increasing solvent polarity to much
less extent (Table 2). The absolute fluorescence quantum
yields of Py-Ph and NI do not change significantly with
increasing solvent polarity. The normalized emission spec-
trum in acetonitrile shows that the compound NI-Py has
a fine-structured luminescence peak at about 450-500 nm
(Fig. 4a), which is assigned to the LE-state emission of
the perylene unit, and a broad structureless emission band
centred at 600 nm was also observed, which is attributed to
the emission of charge transfer state. This state is different
from the ICT featured emissive state of the compounds
NI and NI-Br, for which the emission bands are at much
shorter wavelength. Based on the solvent polarity-depend-
ent fluorescence emission data, the Lippert—Mataga plots
of the compounds are constructed to derived the dipole
moments of the emissive excited states of the compounds
(Fig. 4b) [65, 71].

The regression is based on the Lippert—Mataga
equation:
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Table 3 The dipole moment of the states of the compounds., and g
represent the dipole moment of the ground state, singlet excited state
by experiment results

Compounds p (D) u e(D)"
NI-Py 7.16 (Sy) 19.92 (!'CT)
NI-Br 0.23 (Sy) 2.03 ('LE)
Py-Ph 7.88 (Sp) 17.15 ('LE)
NI 5.83 (Sp) 11.72 ('LE)

#The dipole moment of ground states of the compounds, calculated
by the DFT//B3LYP/6-31G(d)

"The dipole moment of singlet excited states of the compounds,
obtained by Lippert—Mataga plot

2f, ~F) [ e—1 2_
—CT  —CT - - e " H) | € n
(51~ T10) = el =) + = 5
(2)
2(H, — Hy)*
—CT —CT e g
hc(vabs Vi ) = hc(va - vf) = hc(vg - v?)Tf(s,n)
(€)]

He 1s the excited state dipole moment, , is the ground-
state dipole moment, a is the solvent Onsager cavity radius, &

21.0- A

2 \ /A

9 —— 1-10" ffa“.l'\; bl

L e =3 WA ol

g ff' I| ] |;III|

Nos .o i

z VA
S * |
- \// |

00{ " L

300 350 400 450
Wavelength / nm

is the solvent dielectric and # is the solvent refractive index,
(va — vf) is the Stokes-shift [71, 77]. The dipole moment of
the excited state of the compound can be calculated from the
Lippert—Mataga formula. The ground state dipole moment
(Table 3) of the compound is obtained from the calculation,
thereby obtaining the excited state dipole moment. It can be
seen the slope of NI-Py is the largest, and the calculated
difference between the dipole distance between the excited
state and the ground state is 12.76 D. The Lippert—-Mataga
plots indicate that the dipole moment of the emissive singlet
excited state of NI-Py is 19.92 D.

The UV — Vis absorption and fluorescence excitation
spectra of NI-Py in different solvents were compared
(Fig. 5) to study the energy transfer and electron transfer in
the dyad. The excitation and absorption spectra of NI-Py
in different solvents are similar, indicating that the energy
transfer or the charge separation by photoexcitation into the
two parts are with the same efficiency (Fig. 5).

Fluorescence lifetime was used in different solu-
tions (Fig. 6). The fluorescence lifetime of NI-Py in DCM
is 7.6 ns, which is similar to that of NI-Br (7.7 ns) and NI
(11.8 ns). In ACN solution, however, the fluorescence decay
of NI-Py is with a double exponential fit (at 588 nm), which

b c
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§ —1-107" ff'-r-i\\J/l'.'ll % 410" ;’_:‘u,' \
A A g [TRF )
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Fig. 5 Normalized fluorescence excitation spectra and UV — Vis absorption spectra of NI-Py in a n-hexane, 4.,,=550 nm; b dichloromethane,

Aem =650 nm and ¢ acetonitrile, 4

ACN:
1=1.3ns (67 %)
9.2 ns (33 %)

DCM:
1=76ns
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Time / ns
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Fig. 6 Fluorescence lifetime decay traces of a NI-Py at 562 nm in dichloromethane, and 588 nm in acetonitrile; b NI-Br at 489 nm in dichlo-
romethane, and 518 nm in acetonitrile; ¢ NI at 492 nm in dichloromethane, and 526 nm in acetonitrile. 1,, =405 nm, c=1.0X 107> M, 20 °C
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indicates that two processes exist, one with a short lifetime
of 1.3 ns (population: 67%), the other with a long-life path
attenuation of 9.2 ns (population: 33%). The shorter lifetime
component shows the non-radiative transition of the emis-
sive state of NI-Py in polar solvent.

On the contrary, the luminescence decay trace of NI-
Br in ACN is with a single exponential fitting, the lifetime
(7.0 ns) is similar to that in DCM, and the change is not
obvious. NI shows similar fluorescence lifetimes in DCM
(11.8 ns) and ACN (10.5 ns). The fluorescence lifetime of
NI-Py in DCM (7.6 ns) is longer than a recently reported
naphthalimide—perylene dyad (4.0 ns), may also contribute
to the poor ISC efficiency of the NI-Py (see later section).

We determined the singlet oxygen (102) quantum yield
(®,) by a relative method (see Experimental section). The
singlet oxygen quantum yields of NI-Py in DCM is 9.5%
and 2.2% in n-hexane (Table 4). The formation of the tri-
plet state depends on the polarity of the solvent, which is
typical SOCT-ISC feature. The low singlet oxygen quantum
yield is tentatively attributed to the mutual orientation of
the NI and the perylene moieties, previously with anthryl-
Bodipy compact electron donor/acceptor dyads, we show
that although some dyads are with orthogonal geometry, but
the mutual orientation of the electron donor and acceptor

Table 4 Singlet oxygen quantum yields (&,) of the compounds in
different solvents®

Compounds”  HEX TOL DCM  ACN MEOH
NI-Py 2.2% 26%  9.5% - -
NI-Br 162%  15%  6.6% 347%  ©
Py_Ph _(' _L' _C _L' _C

NI _L‘ _L‘ _(‘ _C _L‘

®The E; (30) values of the solvents in kcal/mol are HEX (31.0), TOL
(33.9), DCM (40.7) and ACN (45.6)

®Singlet oxygen quantum yield (®,) with Ru(bpy);[PFg], as standard
(@, =0.57 in DCM) in different solvents

“Not observed

plays a significant role in determination of the singlet oxygen
quantum yields of the dyads [17, 43, 76].

The highest singlet oxygen quantum yield of NI-Br in
ACN is 34.7%, in other solvents, the singlet oxygen quan-
tum yield is low. This is an interesting result that attaching
a heavy atom, at least bromine, to the chromophore does not
always induce efficient ISC. We observed similar effect with
naphthalimide chromophore [78]. No singlet oxygen produc-
tion was detected for NI and Py-Ph, indicating the ISC is
non-efficient, which is supported by the high fluorescence
quantum yields (Table 1).

3.4 Femtosecond transient absorption (fs-TA)
spectroscopy

To study the excited state dynamics of the dyad, the fem-
tosecond transient absorption (fs-TA) spectra of NI-Py
were measured in different solvents (Figs. 7 and 8). The
fs-TA spectra were acquired in n-hexane and DCM solvents
for dyad NI-Py and the data were analyzed using singular
value decomposition and global fitting (sequential model)
to obtain the species associated difference spectra (SADS).

First, the fs TA spectra of NI-Py in n-hexane were stud-
ied (Fig. 7a). Steady-state fluorescence study shows that
the dyad is highly fluorescent in hexane (®p=57.6%). In
n-hexane, NI-Py shows a ground state bleaching peak
(GSB) at 443 nm upon femtosecond laser excitation, which
is in agreement with the UV—Vis absorption spectrum of the
compound (Fig. 1a). A stimulated emission (SE) band was
observed at 468 nm, which corresponds to the steady state
fluorescence of the compound. The excited state absorption
(ESA) band in the range of 600 — 720 nm is attributed to an
S, — S, absorption of the perylene (Fig. 7a) [79]. The forma-
tion of the triplet state is not significant.

By examining the decay trace of the ESA peak of the sin-
glet excited state at 697 nm (Fig. 7c), it was found that this
singlet excited state shows a rapid decay process, with a life-
time of 5.6 ps, we suppose this is due to FRET from perylene

0.04 0.04 0.06
- 0.04+
. . 0.021
a o
o 0.00 S
S < 0,00
---A56ps |
-0.02 B 535.5 ps
C long -0.02;
-0.04 125 ; ; ; ; : ; v i ; -0.041— : . ;
450 500 550 600 650 700 450 500 550 600 650 700 0 2000 4000 6000

Wavelength / nm

Wavelength / nm

Wavelength / nm

Fig.7 a fs TA spectra of NI-Py in n-hexane; b corresponding species-associated difference spectra (SADS) obtained from global fitting and tar-
get analysis and c kinetic traces at selected wavelengths with their fitting lines; conditions: 4,, =400 nm, 20 °C
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Fig.8 a Femtosecond transient absorption spectra of NI-Py in DCM at different delay times. b Corresponding species-associated difference
spectra (SADS) obtained from target analysis and c¢ kinetic traces at selected wavelengths. 4., =400 nm, 20 °C

to the NI moiety [80]. Then a broad band absorption band
centered at 468 nm is resulted, which is with lifetime of
535.5 ps, which is supposed to be geometry relation and
minor ISC process. The long-lived final species is in princi-
ple the S, state of the NI moiety. No obvious charge separa-
tion (see fs TA results in DCM) was observed in hexane.

For NI-Py in dichloromethane, the GSB band is centered
at about 445 nm, and an ESA band at 550 nm is intensified
after excitation (Fig. 8a), which is attributed to the absorp-
tion of perylene radical cation[52]. The weak absorption
band at ca. 470 nm may be attributed to the absorption of the
NI radical anion [42]. With global fitting, the SADS spectra
were obtained (Fig. 8b). At short delay time, the ESA band
centered at 720 nm (species A, the black line in Fig. 8b) is
assigned to the perylene singlet excited state (S; — S, transi-
tion). The lifetime of this species is 1.7 ps. Since the species
B is with significant CT absorption character, thus the CS
takes 1.7 ps. Species B is with lifetime of 24.6 ps, which
developed to a species C which show stronger absorption
band at 550 nm, which may be attributed to geometry/sol-
vation relaxation. Species C is with lifetime of 6.9 ns, and
it developed to the final long-lived state (species D, triplet
state). Thus the CR-induced ISC takes ca. 6.9 ns. This time
constant is similar to the fluorescence lifetime of NI-Py in
DCM (7.6 ns). This result indicates that the triplet state is
produced after charge separate and most probably via the
SOCT-ISC mechanism as found with several electron donor/
acceptor systems previously. [53].

3.5 Nanosecond transient absorption spectroscopy:
formation of triplet state

Nanosecond transient absorption (ns-TA) spectra were used
to study the triplet state of the compounds (Fig. 9a, b). In
deaerated DCM, the ns-TA spectrum of NI-Py shows two
apparent ESA bands centered at 430 nm and 480 nm, respec-
tively. This is the typical feature of the perylene-localized
triplet state. [79, 81] There is a broad, weak, ESA band in

@ Springer

the range of 550 nm — 700 nm and no ground-state bleaching
peak was detected, this is due to the overlap of the ESA band
and the GSB band at 445 nm. The triplet lifetime was deter-
mined as 175 ps by monitoring the decay trace at 510 nm
(intrinsic triplet state lifetime, obtained with a kinetic model
with triplet—triplet annihilation quenching effect considered.
The apparent triplet state lifetime is 126 ps). [60] In aerated
solution, the triplet state lifetime was reduced to 0.2 ps (see
ESI, Fig. S20). The triplet state lifetime is similar to that of
the previously reported results with intramolecular photo-
sensitizing method (ca. 270 ps) or with phenothiazine—per-
ylene dyad (156 —223 ps). [53] And the recently reported
perylene—NI analogue without amino substituent (237 ps)
[52]. The localization of the T, state on the perylene moiety
is reasonable, because the *Perylene state (1.52 eV) is lower
than the 3NI state (2.21 eV) [82, 83].

The confinement of the T, state of Py-NI on the perylene
unit is supported by the analysis of the ns TA spectra of
the reference compounds. The ns-TA spectra of NI-Br were
recorded (Fig. 9c, d). A GSB band centred at 430 nm was
observed, this GSB peak is weak because it is superimposed
with the triplet excited state absorption of the NI moiety.
A broad ESA band in the range of 450 nm to 750 nm was
observed, which is in agreement with the previous observa-
tions [55, 84]. However, it should be noted that the ESA
band is different from the T, state of the NI moiety without
the 4-amino substituent, which does not show broad ESA
band in the range 450 — 750 nm [42, 52]. The triplet state
lifetime was fitted as 17 pus by monitoring the decay trace
at 600 nm (Fig. 7d). Interestingly, no formation of perylene
radical cation absorption at 553 nm was observed, which is
different from the recently reported NI—perylene analogue
[52].

The ns TA of Py-Br was also studied (Fig. 9). The
observed ESA bands are typical perylene LE triplet state
in the range of 430 — 550 nm populated by heavy atom
effect (bromo atom). By monitoring the decay curve of
the ESA band at 465 nm, the lifetime of the triplet excited
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Fig.9 Nanosecond time-resolved transient difference absorp-
tion spectroscopic studies of a NI-Py (4,,=410 nm), ¢ NI-Br
(Aex=410 nm), e Py-Br (4., =435 nm). Decay curves of d NI-Py (at

state was determined as 53 ps (Fig. 9f). The comparison
of the ns-TA spectra of the three compounds revealed that
the triplet state of NI-Py is localized on the perylene unit.
Moreover, it is interesting that the triplet state lifetime of
Py-Br (53 ps), for which the triplet state is accessed with
the heavy atom effect, is much shorter than that accessed
with the SOCT-ISC (175 ps). Long triplet state lifetime
of triplet photosensitizers is beneficial for application in
phosphorescence oxygen sensing, [23, 85, 86] PDT, [87,
88] and TTA upconversion. [13, 89, 90].

The relative energy of the perylene and the NI units
in the dyad NI-Py was also confirmed through the
intermolecular triplet—triplet energy transfer (TTET)
experiment. First, NI-Br was used as the electron donor
(Ep;=2.21 eV), [84] perylene was used as the energy
acceptor (Ep;=1.52 eV) [52]. Significant quenching
of the NI-Br triplet state was observed (Fig. 10), with
Stern—Volmer constant Kgy determined as 1.37 x 10° M.
This TTET experiment indicates that the triplet state of the
perylene unit is lower than the NI unit in the dyad NI-Py.

On the other hand, with Py-Br as the energy donor and
NI as the energy acceptor, no quenching of the triplet state
of Py-Br was observed (Fig. 10). This TTET result indi-
cates that the triplet energy level of the NI moiety is higher
than the perylene, thus no energy transfer is possible.

Time / us

100
Time / us

510 nm), d NI-Br (at 600 nm), f Py-Br (at 465 nm) after pulsed laser
excitation. c=1.0x 107> M in deaerated dichloromethane, 20 °C
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= NI-Br+Py
101 « Py-Br+NI
Fit Result
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Fig. 10 Stern—Volmer plots generated from triplet state lifetime-
quenching of NI-Br with perylene as a quencher and Py-Br with NI
used as a quencher, (4,,=410 nm). ¢ (Sensitizers)=2.0 X 107> M in
deaerated dichloromethane, 20 °C

3.6 DFT computations: rationalization
of the photophysical properties
of the compounds

DFT computations were used for study of the photophysical

property of the compounds. Firstly, the ground state geom-
etry of NI-Py was optimized, a dihedral angle between the
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Fig. 11 Optimized molecular structures of NI-Py at a singlet
excited state in n-hexane; b singlet excited state in acetonitrile; ¢ tri-
plet excited state in n-hexane and d triplet excited state in acetoni-
trile. Isovalue=0.0004 a.u.. Calculations were performed at the
B3LYP/6—31G (d) level with Gaussian 09

Fig. 12 HOMO/LUMO energy
levels (in eV) of NI-Py at EnerQY[ev]
the optimized ground state 4
in acetonitrile and n-hexane
(CPCM model). Calcula-

tions were performed at the
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peylene and the NI moiety of 74.2° was observed (see ESI,
Fig. S25). For the singlet excited state in n-hexane, the dihe-
dral angle is 53.5° (Fig. 11a). In acetonitrile, however, the
dihedral angle is larger (70.2°, Fig. 11b). For the triplet state,
the dihedral angle between the NI and the Py moieties is
different from the S, state, and the T, state geometry is also
solvent dependent.

As the solvent polarity increases, the CT state may
be the lowest state. Therefore, the ground state (Fig. 12)
and singlet excited state (see ESI Figs. S27 and S287) in
n-hexane and acetonitrile were optimized. The HOMO is
mainly localized on the perylene moiety, and the LUMO is
on the whole molecule. For S, state (2.19 eV, 567 nm. In
acetonitrile), the HOMO — LUMO is the main transition
(69%), which is a CT between NI moiety and the whole
molecule; thus, S; state is with CT character (see ESI,
Table S27). For the optimized S, state (2.28 eV, 545 nm, in
acetonitrile), the HOMO — LUMO + 1 is the main transi-
tion (71%), and the LUMO + 1 is delocalized on the NI
moiety, which indicates charge transfer occurred from
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perylene to NI. The S, is a CT state thus may also contrib-
ute to fluorescence (see ESI Table S27), considering the
larger oscillator strength of S, — S, (f=0.711) than that of
S, state (S; — S, f=0.183), and the similar energy of the
S, state (2.28 eV) and the S, state (2.19 eV).

The triplet state was also studied with TD-DFT. For T,
state, the molecular orbitals involved are HOMO/LUMO,
which are confined on the perylene moiety, the calculated
energy is 1.52 eV. For T, state, the molecular orbitals
involved are HOMO — 1/LUMO + 1, which are more local-
ized on the NI moiety, the state energy is 2.07 eV. These
results are in agreement with the ns TA spectral data.

The spin density surfaces of the triplet state, radical
anion and radical cation were computed (Fig. 13). The
triplet state is localized on the perylene moiety, which is
in agreement with the ns TA absorption spectra. The spin
density surface of the radical anion is localized on the NI
moiety, and the radical cation is confined on the perylene
moiety, these results corroborate with the previous conclu-
sion that NT unit is the electron acceptor and the perylene
unit is the electron donor.

The photophysical properties of compounds are sum-
marized in Scheme 2. For NI-Py, when the LE state of
the molecule is excited, NI-Py will have a fast charge
separation (1.7 ps), resulting in a CT state. Comparing
the CT state energy levels in different polar solvents, it
can be seen that the CT state energy levels decrease with
the increase of solvent polarity, so the CT state energy lev-
els in dichloromethane (2.18 eV) are lower than those in
n-hexane (2.52 eV) and toluene (2.41 eV).The CT energy
level of NI-Py in dichloromethane matches the T, energy
level (2.07 eV) more closely, which proves that SOCT-ISC
can occur. In the higher polarity solvents, like acetonitrile,
the charge separation state energy level is lower, but no tri-
plet state signal was observed, because the charge recom-
bination rate in acetonitrile to the ground state is faster.

For NI-Br, the large energy gap between the S, and the
T, states may contribute to the low ISC yield (Table 4). In
acetonitrile, the energy gap is smaller, high ISC yield was
observed (34.7%).

81
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Scheme 2. The photophysical processes of a NI-Py and b NI-Br
upon photoexcitation

4 Conclusions

We prepared an orthogonal compact electron donor/accep-
tor dyad with perylene (Py) as electron donor and 4-amino
substituted naphthalimide (NI) as an electron acceptor. The
perylene unit was attached at the 3-position of the NI moi-
ety, i.e. the ortho position of the amino substituent so that
steric hindrance will cause an orthogonal geometry, which
is beneficial for the spin orbit charge transfer intersystem
crossing (SOCT-ISC). The photophysical properties of dyad
NI-Py were studied by steady-state UV—Vis absorption
and fluorescence spectroscopies, femtosecond/nanosecond
transient absorption spectroscopies and DFT computations.
Ground state interaction between the NI and Py units is

Fig. 13 Spin density distribution of the NI-Py a at triplet state of NI-Py; b radical anion [NI-Py]* and ¢ radical cation [NI-Py]** in
acetonitrile(CPCM model). Calculated at B3LYP/6 —31G d level using Gaussian 09, isovalue=0.004 a.u.
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negligible; however, charge separation (CS) occurs at sin-
glet excited-state manifold, indicated by the quenching of the
fluorescence of the dyad in polar solvents, i.e. fluorescence
quantum yield (@) is 61.9% in toluene and @=0.2% in
methanol. SOCT-ISC was confirmed by femtosecond tran-
sient absorption spectroscopy, CS takes 1.7 ps and charge
recombination (CR) takes 7.6 ns (in dichloromethane).
These kinetics are similar to the recently reported NI-per-
ylene analogue (0.66 ps and 8 ns, respectively). Nanosecond
transient absorption spectra indicate the formation of per-
ylene-localized triplet state, and the intrinsic triplet state life-
time (175 ps). It is much longer than that accessed with the
heavy atom effect (53 ps, for 3-bromoperylene). The singlet
oxygen quantum (@,) yield is 2.2% in hexane and 9.5% in
dichloromethane. The low SOCT-ISC efficiency (®,=9.5%)
as compared to the previously reported analogue ($, =80%)
is attributed to the mismatch of the !CT and the T, states
energies and the mutual orientation of the NI and the per-
ylene units (although orthogonal is achieved in the current
dyad, yet the dipole—dipole mutual orientation of the elec-
tron donor/acceptor is different from the previously reported
analogue showing higher ISC efficiency. These information
are useful for design of new compact electron donor/accep-
tor dyads as heavy atom-free triplet photosensitizers show-
ing efficient intersystem crossing ability.
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