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New near-infrared absorbing conjugated
electron donor–acceptor molecules with
a fused tetrathiafulvalene–naphthalene
diimide framework†
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Molecular materials that can absorb and emit light in the near-infrared (NIR) region are attracting more

and more attention in many fields. In this paper, we report the synthesis and studies of the photo-

physical and semiconducting properties of tetrathiafulvalene (TTF)–naphthalene diimide (NDI) fused

molecules (NDITTF2, NDI2TTF and NDI2TTF3). The results reveal that all molecules show strong absorp-

tions in the NIR region, and their absorption maxima can reach 1015 nm with molar extinction coeffi-

cients (e) up to 66 900 M�1 cm�1 in the solution state. Moreover, NIR emissions were found for NDITTF2

and NDI2TTF either in solution or in the film state. The emission maxima in the CHCl3 solution locate at

892 nm for NDI2TTF (f = 1.64%) and 1062 nm for NDITTF2 (f = 0.21%). Furthermore, the thin film of

NDITTF2 was found to show p-type semiconducting properties with a hole mobility up to 0.45 cm2 V�1 s�1.

1. Introduction

Organic molecules that can absorb and emit light in the near-
infrared (NIR, 4750 nm) region are of tremendous interest
because of their practical applications in a number of impor-
tant fields, such as organic photovoltaics, NIR light photode-
tectors, bioimaging, phototherapy, etc.1–12 Due to the fact that
NIR light exhibits low light scattering and deep penetration
behaviors and most biological samples absorb weakly in the
NIR region which can lower the background absorbance and
autofluorescence, these NIR-absorbing and emitting molecules
are particularly interesting for photodiagnosis (e.g. NIR fluores-
cence imaging and photoacoustic imaging) and phototherapy
(e.g. photodynamic therapy and photothermal therapy).9–12 To
meet the urgent demand for NIR absorbing and emitting
materials, various design approaches have been adopted, such
as extension of the conjugation length, reduction of bond
length alternation, and introduction of appropriate electron
donor and acceptor units.1,2 Among them, introduction of a
strong electron donor (D) and a strong electron acceptor (A) in

small molecules and polymers becomes a common strategy to
realize such materials.

As a typical strong electron donor, tetrathiafulvalene (TTF)
and its derivatives have played a key role in the construction of
organic conductors and superconductors in the past several
decades.13,14 With the passage of time, abundant properties of
TTF have been exploited, which made them intensively studied
in many fields including chemical sensors, molecular devices
as well as optoelectronic devices in the recent years.15–29 Among
these TTF derivatives, TTF based conjugated electron donor–
acceptor systems have received extensive attention. This is
because the incorporation of TTF units in a conjugated way
can raise the highest occupied molecular orbital (HOMO)
energy levels of the D–A molecules, redshift the absorption
and enhance the intermolecular interaction.23 Such modifica-
tions can enrich the physical and chemical properties of TTF
derivatives and thus enable them to be applied in organic
optoelectronic materials. Up to now, all kinds of TTF based
electron donor–acceptor systems had been developed.13–29

However, TTF-based molecules with both NIR-absorbing and
emitting properties remain scarcely reported.

Herein, we report three D–A molecules: NDITTF2, NDI2TTF
and NDI2TTF3 (see Scheme 1), in which the TTF and naphtha-
lene diimide (NDI) moieties are fused in conjugated ways. The
combinations of both strong electron donating and accepting
units are likely to redshift their absorptions to the NIR region.
In addition, the fusion of TTF with NDI units might endow
them with not only NIR absorption but also NIR emission
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properties.23,27–29 The results manifest that NDITTF2, NDI2TTF
and NDI2TTF3 exhibit NIR absorptions and the maximum
absorption of NDI2TTF3 in the film state can reach 1072 nm.
Moreover, emissions in solution were detected for NDITTF2
and NDI2TTF. The maximum emissions of CHCl3 solutions of
NDITTF2 and NDI2TTF appear around 1062 and 892 nm, with
quantum yields of 0.21% and 1.64%, respectively. Finally, thin-
film OFETs based on NDITTF2 exhibit good a hole mobility up
to 0.45 cm2 V�1 s�1.

2. Results and discussion
Synthesis and characterization

As shown in Scheme 1, the reaction of NDIBr4 with potassium
O-t-butyl dithiocarbonate afforded the key intermediate (NDI-1)
in 71.5% yield, which can be transformed into NDITTF2 in
68.2% yield after reaction with 5-bis-(methylthio)-1,3-dithiole-2-
thione. Meanwhile, self-coupling of NDI-1 in the presence of
triethylphosphite formed NDI2TTF in 45.3% yield, which
further reacted with 4,5-bis(hexylthio)-1,3-dithiole-2-thione to
form NDI2TTF3 in 19.1% yield. All the reactions were carried
under a nitrogen atmosphere. NDITTF2, NDI2TTF and
NDI2TTF3 were characterized by NMR and high-resolution
mass spectrometry (HRMS) as well as elemental analysis. Also,
as shown in Fig. S1 (ESI†), the degradation temperatures at 5%
weight loss were measured to be 348 1C for NDITTF2, 426 1C for
NDI2TTF and 311 1C for NDI2TTF3, indicating that they all
show good thermal stability.

Spectroscopic studies and theoretical calculations

The UV-vis absorption spectra of NDITTF2, NDI2TTF and
NDI2TTF3 in chloroform are shown in Fig. 1 and the respective
absorption peaks are collected in Table 1. Intense broad
absorptions in the region of 500–1200 nm were detected for
NDI2TTF, NDITTF2 and NDI2TTF3. Moreover, these absorp-
tions are red-shifted in the following order: NDI2TTF o
NDITTF2 o NDI2TTF3. The absorptions of the thin films of

NDITTF2, NDI2TTF and NDI2TTF3 were also measured. As
shown in Fig. 1, the absorption spectra of the thin films of
NDITTF2, NDI2TTF and NDI2TTF3 were all red-shifted com-
pared to those in solutions owing to the intermolecular
interactions within their thin films, which may involve inter-
molecular electron donor and acceptor interactions. Based on
the absorption edges of their thin films, the band gaps of
NDITTF2, NDI2TTF and NDI2TTF3 were estimated to be
1.03 eV, 1.09 eV and 0.99 eV, respectively. These are in good
agreement with those obtained with cyclic voltammetry data as
it will be discussed below.

Density functional theory (DFT) and time-dependent DFT
(TDDFT) calculations were performed to figure out the origin of
the absorption spectra of the three compounds by using the
B3LYP functional and the 6-31G(d) basis set. Briefly, the
calculated results are given in Fig. S2, S3 and Tables S1–S3
(ESI†), including the absorption peak positions, oscillator
strengths, transition properties and the charge density of the
frontier molecular orbitals. Comparing the calculated and
experimental results, it can be inferred that (i) the absorptions
are red-shifted gradually from NDI2TTF through NDITTF2 to
NDI2TTF3, in good agreement with the respective absorption
spectra measured experimentally (see Fig. S3, ESI†); (ii) the
absorptions in the long-wavelength regions mainly stem from
the transition from S0 to S1 with large oscillator strength for the
three compounds, which agrees with the strong absorption
intensity observed in the experimental spectra. The fine struc-
tures may be caused by the contribution from vibration struc-
tures, which are very common in rigid organic compounds.30

The maximum absorption for NDI2TTF3 deviates from the
0–0 transition and blue-shifted to 915 nm owing to the
vibration-caused satellite band, which results in the difference
between the experimental value and the calculated one without
considering the vibration effect. The electronic transition and
orbital properties indicate that NDITTF2 and NDI2TTF3 have
similar features: the transition is mainly from the HOMO to
the LUMO, and the HOMO is delocalized over TTF and the
naphthalene ring of NDI and the LUMO is largely concentrated

Scheme 1 Chemical structures of NDI-1, NDITTF2, NDI2TTF and
NDI2TTF3 and the synthetic approach.

Fig. 1 Absorption spectra of chloroform solutions (solid lines) and thin
films (dashed lines) of NDITTF2, NDI2TTF and NDI2TTF3. The concen-
tration for each molecule was 10 mM.
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on the NDI moiety, which leads to a very similar absorption
spectrum. At the same time, it suggests a bit stronger conjuga-
tion degree in NDI2TTF3 than in NDITTF2, which results in a
slight enhancement of the HOMO and the decrease of the
LUMO in energy for NDI2TTF3 by comparing NDITTF2; thus,
it rationally explains the red-shift of the absorption bands.
Differently, the absorption of NDI2TTF is caused by the transi-
tion between the HOMO and LUMO which both spread over the
whole molecule, resulting in a blue-shifted absorption spec-
trum relative to NDITTF2 and NDI2TTF3. (iii) The short-
wavelength absorptions mainly come from S3 (HOMO�2 -

LUMO) and S5 (HOMO�6 - LUMO and HOMO�3 - LUMO)
for NDITTF2, S4 (HOMO�2 - LUMO) and S7 (HOMO�1 -

LUMO+1) for NDI2TTF and S9 (HOMO�4 - LUMO and
HOMO�3 - LUMO) and S10 (HOMO�3 - LUMO and
HOMO�4 - LUMO) for NDI2TTF3 (Table S1–S3, ESI†).

NIR fluorescence was detected for NDITTF2 and NDI2TTF
both in the solution state and in the film state (see Fig. 2). For
example, the emission maxima locate at 892 nm for NDI2TTF
and 1062 nm for NDITTF2 after being excited with an 808 nm
light source, and their quantum yields were 1.64% and 0.21%,
respectively (see Table 1). Compared with their solution fluores-
cence spectra, large red-shifted emissions up to 1188 and
1158 nm were observed for thin films of NDITTF2 and NDI2TTF
(see Fig. 2), respectively, though their quantum yields were too

low to be detected. But almost no fluorescence was detected for
NDI2TTF3 in both solution and thin film states.

It is well known that the absorption and emission spectra of
D–A molecules show solvatochromic behavior. Fig. S4 and S5
(ESI†) show the absorption of NDITTF2, NDI2TTF and
NDI2TTF3 and emission spectra of NDITTF2 and NDI2TTF in
chloroform, chlorobenzene and toluene with different polari-
ties. Redshifts (albeit slight) of both absorption and emission
spectra of these molecules were observed by increasing the
solvent polarities. This indicates the existence of charge trans-
fer character in these molecules.25–27

Electrochemical and spectroelectrochemical studies

Cyclic voltammograms (CVs) and differential pulse voltammo-
grams (DPVs) of NDITTF2, NDI2TTF and NDI2TTF3 were
measured (see Fig. 3) by using a ferrocene/ferrocenium (Fc/
Fc+) redox couple as the reference standard (see Fig. S6, ESI†),
and the respective oxidation and reduction potentials are
presented in Table S4 (ESI†). As shown in Fig. 3, all the three
molecules show multistate redox properties. For example,
NDITTF2 undergoes six reversible redox processes (E1/2

ox1 =
0.72 V, E1/2

ox2 = 0.96 V, E1/2
ox3 = 1.30 V, E1/2

ox4 = 1.43 V, E1/2
red1 =

�0.64 V, E1/2
red2 = �1.01 V), which can be assigned to the

oxidation of the TTF units and the reduction of the NDI moiety.
NDI2TTF and NDI2TTF3 also exhibit quasi-reversible redox
waves. As compared to those of NDI2TTF3 (E1/2

ox1 = 0.69 V,
E1/2

red1 = �0.60 V), the redox potentials (E1/2
ox1 =1.3 V and E1/2

red1 =
�0.11 V) of NDI2TTF are positively shifted. This may be caused
by the two electron withdrawing carbonyl groups in NDI2TTF.

Table 1 The absorption and fluorescence data, HOMO/LUMO energies and bandgaps of NDITTF2, NDI2TTF and NDI2TTF3

Compd la (nm) ld (nm) ELUMO (eV) EHOMO
f (eV) Ecv

g
g (eV) Eopt

g
h (eV)

Solutionb (e, M�1 cm�1) Filmc (a, cm�1) Solution Film Fe (%)

NDITTF2 946 (42 900), 858 (31 600), 439, 413 1052 (165 000), 892 (176 000) 1062 1188 0.21 �3.60 �4.96 1.36 1.03
NDI2TTF 846 (66 900), 765 (60 500), 444, 421 872 (166 000), 790 (161 000) 892, 1005 1158 1.64 �4.12 �5.54 1.42 1.09
NDI2TTF3 1015 (40 400), 915 (47 800), 448, 413 1072 (173 000), 915(154 000) — — — �3.64 �4.93 1.29 0.99

a Absorption peaks in CHCl3 solution (1.0 � 10�5 M) and spin-coated thin films. b Molar extinction coefficient. c Extinction coefficient for spin-
coated thin films. d Emission peaks in CHCl3 solution (1.0 � 10�5 M) and spin-coated thin films. e Quantum yield in CHCl3 solution (1.0 � 10�5

M). f Estimated using the equations: EHOMO =�(E1/2
ox1 + 4.8� EFcFc+

ox ) eV and ELUMO =� (E1/2
red1 + 4.8� EFcFc+

ox ) eV, where the E1/2
ox1 and E1/2

red1 values can be
found in Table S4 (ESI), and EFcFc+

ox = 0.56 V. g Ecv
g = ELUMO � EHOMO. h Calculated on the basis of the onset of thin film absorption spectra; ‘—’

means too weak to be detected.

Fig. 2 Normalized emission spectra of the CHCl3 solutions (solid lines)
and thin films (dashed lines) of NDITTF2 and NDI2TTF. The concentration
for each molecule was 10 mM and the excitation wavelength was 808 nm.

Fig. 3 DPVs (red line) and CVs (black line) of NDITTF2 (a), NDI2TTF (b) and
NDI2TTF3 (c) in a mixture of o-dichlorobenzene and CH2Cl2 (1 : 1, v/v) at a
scan rate of 100 mV s�1 with a Pt disc (2 mm diameter) as the working
electrode, a Pt wire as the counter electrode, a Ag wire as the reference
electrode, and n-Bu4NPF6 (0.1 M) as the supporting electrolyte. The
concentration of each sample was 1 mM.
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The HOMO/LUMO energies were estimated to be �4.96/
�3.6, �5.54/�4.12 and �4.93/�3.64 eV for NDITTF2, NDI2TTF
and NDI2TTF3, respectively (see Table 1). Obviously, the HOMO
energy increases in the following order: NDI2TTF o NDITTF2 o
NDI2TTF3, which agrees well with the order obtained from
theoretical calculations (see Table S4, ESI†). The band gaps were
estimated to be 1.36 eV, 1.42 eV and 1.29 eV for NDITTF2,
NDI2TTF and NDI2TTF3, respectively, based on their HOMO/
LUMO energies.

We also investigated the variation of the absorption spec-
trum upon electrochemical oxidation/reduction for NDITTF2.
Oxidation of the dichlorobenzene/CH2Cl2 (1 : 1, v/v) solution of
NDITTF2 containing n-Bu4NPF6 (0.15 M) was performed by
applying an oxidation potential of 0.8 V (vs Ag wire). Obviously,
as shown in Fig. S7A (ESI†), a steady decrease in the absorption
band around 918 nm and emergence of an absorption band
around 1083 nm as well as a broad absorption from 2044 nm to
3075 nm were observed. This variation of the absorption
spectra should be attributed to the transformation of neutral
NDITTF2 into its radical cation form. This was proved by
chemical oxidation of NDITTF2. For example, as shown in
Fig. S8 (ESI†), the absorption band around 1083 nm and the
broad absorption from 2044 nm to 3075 nm appeared and
reached their maxima after the addition of 2.66 eq. of Fe(ClO4)3.
Interestingly, application of a reduction potential of 0.4 V
(vs. Ag wire) to the solution to which an oxidation potential
was applied for 2000 s resulted in a gradual decrease of the
absorption band to around 1083 nm and the broad absorption
from 2044 nm to 3075 nm (Fig. S7B, ESI†). After the electro-
chemical reduction was carried out for 500 s, the initial
absorption spectrum of the solution was almost recovered.
Briefly, the NIR absorption of NDITTF2 can be reversibly
modulated by the sequential electrochemical oxidation and
reduction.

Thin film semiconducting properties

The semiconducting properties of NDITTF2, NDI2TTF and
NDI2TTF3 were explored by fabrication of top-gate/bottom-
contact (TGBC) OFETs with their thin films on OTS (octadecyl-
trichlorosilane) modified SiO2/Si substrates (see the ESI†).

Fig. 4 and Fig. S9 (ESI†) show the transfer and output curves
for the FET with a thin film of NDITTF2 before and after
thermal annealing. Clearly, IDS increases when applying a
negative VGs, which means that NDITTF2 exhibits p-type semi-
conducting behavior, agreeing well with its HOMO and LUMO
energy levels as discussed above.31 The average hole mobility of
the as-prepared spin-coated thin film of NDITTF2 was extracted
to be 0.31 cm2 V�1 s�1. Further thermal annealing of the thin
film of NDITTF2 has no remarkable effect on the enhancement
of mobility. For example, the maximum mobility can be
boosted to only 0.45 cm2 V�1 s�1 even after thermal annealing
at 160 1C for 15 min (see Table S5, ESI†). However, the
semiconducting properties of thin films of NDI2TTF and
NDI2TTF3 are too poor to be detected.

Thin films of NDITTF2 before and after annealing were
investigated with X-ray diffraction (XRD) and atomic force
microscopy (AFM). As depicted in Fig. 5, two very weak diffrac-
tion peaks were detected for the thin-film of NDITTF2 before
annealing. After annealing at 160 1C for 15 min, the diffraction
intensities of both peaks (3.371 and 6.751) were slightly
enhanced. These results reveal that the crystallinity of the thin
film of NDITTF2 is slightly enhanced after annealing. The AFM
images of thin-films of NDITTF2 before and after annealing
were further recorded as depicted in Fig. S10 (ESI†). After
annealing, the morphology of the thin film of NDITTF2 was
smoother and more uniform with a better continuity and the
root-mean square roughness (RRMS) values varied from 6.01 nm
to 4.64 nm. Thus, the results of both XRD and AFM studies are
in agreement with the fact that the hole mobility of the thin-
film of NDITTF2 can be enhanced slightly after annealing.

3. Conclusion

In summary, three TTF–NDI fused and conjugated D–A systems
(NDITTF2, NDI2TTF and NDI2TTF3) were synthesized and
studied. They all exhibit rigid and planar structures, and their
HOMO orbitals are delocalized over their entire p system, while
their LUMOs were mainly localized on the NDI fragments,
based on the DFT calculations. They all show strong absorp-
tions in the NIR region, and the absorption maximum for the
thin film of NDI2TTF3 can be extended to 1072 nm. Moreover,
the CHCl3 solutions of NDITTF2 and NDI2TTF are emissive in

Fig. 4 The transfer and output characteristics of the FET device based on
NDITTF2 after being annealed at 160 1C for 15 min. The transistor channel
width and channel length were 1440 mm and 40 mm, respectively.

Fig. 5 XRD pattern of the as-cast thin-film of NDITTF2 and that after
annealing at 160 1C for 15 min.
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the NIR region with emission maxima at 1062 and 892 nm, with
quantum yields of 0.21% and 1.64%, respectively. Furthermore,
the thin film of NDITTF2 was found to show p-type semicon-
ducting properties with a hole mobility up to 0.45 cm2 V�1 s�1.
Further structural modifications of these molecules are under-
way with the end to improve their quantum yields in the NIR
region as well as explore their applications in photodiagnosis
and phototherapy.

4. Experimental section
Synthesis of NDI-1

Under a nitrogen atmosphere, a mixture of NDIBr4 (2.5 g,
2 mmol) and potassium O-t-butyl dithiocarbonate (1.12 g,
6 mmol) in THF (100 mL) was stirred at 0 1C for 1 hour. After
the reaction, the solvent was removed by rotary evaporation and
the crude product was purified by silica gel chromatography
with petroleum ether (60–90 1C) and CH2Cl2 (4 : 1, v/v) as the
eluent to give NDI-1 (1.59 g) as a yellow solid in 71.5% yield.
1H NMR (300 MHz, CDCl3) d 4.19 (d, J = 7.2 Hz, 4H), 2.01
(br, 2H), 1.68–0.98 (m, 80H), 0.87 (t, J = 6.0 Hz, 12H). 13C NMR
(75 MHz, CDCl3) d 195.23, 162.16, 143.21, 123.75, 117.50, 46.04,
36.40, 31.94, 31.45, 30.01, 29.70, 29.66, 29.60, 29.38, 26.22,
22.71, 14.13. HRMS (MALDI-TOF): calcd for C64H98N2O6S4,
1118.6313; found, 1118.6308. Elemental analysis: calcd for
C64H98N2O6S4: C 68.65, H 8.82, N 2.50; found: C 68.73, H
8.84, N 2.50.

Synthesis of NDITTF2

Under a nitrogen atmosphere, to a mixture of 4, 5-bis
(methylthio)-1,3-dithiole-2-thione (204 mg, 0.9 mmol) and
NDI-1 (100 mg, 0.09 mmol) in a Schlenk tube, triethylphosphite
(10 mL) was added. Then the mixture was stirred at 140 1C for
4 h. After being cooled to room temperature, the resulting
mixture was poured into methanol (30 mL) and filtered. The
residue was purified by silica gel chromatography with gradient
elution: firstly, the mixture of petroleum ether (60–90 1C) and
CH2Cl2 (4 : 1, v/v) was used to remove the impurities, then
CHCl3 was used to wash the product out of the silica gel
column. Finally, NDITTF2 (0.091 g) was obtained in 68.2%
yield. 1H NMR (500 MHz, CDCl2) d 4.18 (d, J = 6.9 Hz, 4H),
2.52 (s, 12H), 2.12 (br, 2H), 1.61–1.01 (m, 80H), 0.89–0.87 (br,
12H).13C NMR (125 MHz, o-dichlorobenzene-d4) d 162.39, 147.88,
128.09, 125.71, 116.81, 115.57, 114.02, 46.18, 37.15, 32.39, 32.01,
30.48, 29.88, 29.43, 26.90, 22.70, 18.71, 13.92. HRMS (MALDI-
TOF): calcd for C74H110N2O4S12, 1474.5109; found, 1474.5101.
Elemental analysis: calcd for C74H110N2O4S12: C 60.20, H 7.51, N
1.90; found: C 60.16, H 7.53, N 1.92.

Synthesis of NDI2TTF

Under a nitrogen atmosphere, a toluene solution of NDI-1
(800 mg, 0.7 mmol) and triethylphosphite (1.0 mL) was stirred
at 100 1C for one hour. After being cooled to room temperature,
the resulting mixture was poured into methanol (30 mL) and
filtered, and the residue was purified by silica gel chromatography

with petroleum ether (60–90 1C) and CH2Cl2 (4 : 1, v/v) to give
NDI2TTF (0.35 g, 45.3%). 1H NMR (500 MHz, CDCl2) d 4.30 (d, J =
6.5 Hz, 8H), 2.18 (br, 4H), 1.94–1.01 (m, 160H), 0.89–0.87 (br,
24H); 13C NMR (126 MHz, toluene-d8) d 193.38, 162.11, 162.02,
148.15, 140.95, 124.85, 122.99, 117.27, 115.14, 46.67, 36.93, 32.35,
31.87, 30.43, 29.84, 29.70, 29.65, 29.33, 29.27, 26.91, 22.50, 13.54;
HRMS (MALDI-TOF): calcd for C128H196N4O10S8, 2205.2723;
found, 2205.2747. Elemental analysis for C128H196N4O10S8: C
69.65, H 8.95, N 2.54; found: C 69.62, H 8.96, N 2.39.

Synthesis of NDI2TTF3

Under a nitrogen atmosphere, a toluene solution of NDI2TTF
(100 mg, 0.046 mmol), 4,5-bis(hexylthio)-1,3-dithiole-2-thione
(366 mg, 1 mmol) and triethylphosphite (1.0 mL) was stirred at
120 1C for 12 hours. After being cooled to room temperature,
the resulting mixture was poured into methanol (30 mL) and
filtered. The residue was purified by silica gel chromatography
with gradient elution: firstly, the mixture of petroleum ether
(60–90 1C) and CH2Cl2 (4 : 1, v/v) and CH2Cl2 were used to
remove the impurities sequentially; then CHCl3 was used to
wash the product out of the silica gel column. Finally,
NDI2TTF3 (0.025 g) was obtained in 19.1% yield. 1H NMR
(500 MHz, C6D4Cl2) d 4.54 (br, 8H), 3.08 (br, 8H), 2.60 (br,
4H), 2.28–1.13 (m, 192H), 1.03 (br, 36H). 13C NMR (100 MHz,
solid) d 161.44, 146.61, 124.91, 113.64, 46.54, 36.20, 30.65,
23.53, 14.77. HRMS (MALDI-TOF): calcd for C158H248N4O8S16,
2841.4648; found, 2841.4667. Elemental analysis: calcd for
C142H216N4O10S16: C 66.71; H 8.79, N 1.97, found: C 67.01, H
8.76, N 1.91.
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J. Sessler, Chem. Soc. Rev., 2018, 47, 5614; (c) A. Jana,
M. Ishida, J. Park, S. Bahring, J. Jeppesen and J. Sessler,
Chem. Rev., 2017, 117, 2641.

17 C. Rovira, Chem. Rev., 2004, 104, 5289.
18 N. Duvva, U. Chilakamarthi and L. Giribabu, Sustainable

Energy Fuels, 2017, 1, 678.
19 (a) J. Spruell, A. Coskun, D. Friedman, R. Forgan, A. Sarjeant,

A. Trabolsi, A. Fahrenbach, G. Barin, W. Paxton, S. Dey,
M. Olson, D. Benı́tez, E. Tkatchouk, M. Colvin, R. Carmielli,
S. Caldwell, G. Rosair, S. Hewage, F. Duclairoir, J. Seymour,
A. Slawin, W. Goddard III, M. Wasielewski, G. Cooke and
J. F. Stoddart, Nat. Chem., 2010, 2, 870; (b) J. Xiao, Z. Yin, H. Li,
Q. Zhang, F. Boey, H. Zhang and Q. Zhang, J. Am. Chem. Soc.,
2010, 132, 6926.

20 (a) X. Li, G. Zhang, H. Ma, D. Zhang, J. Li and D. Zhu, J. Am.
Chem. Soc., 2004, 126, 11543; (b) G. Zhang, D. Zhang, X. Guo
and D. Zhu, Org. Lett., 2004, 6, 1209; (c) H. Wu, D. Zhang,
L. Su, K. Ohkubo, C. Zhang, S. Yin, L. Mao, Z. Shuai,
S. Fukuzumi and D. Zhu, J. Am. Chem. Soc., 2007, 129, 6839.

21 (a) S. Bivaud, S. Goeb, V. Croué, P. I. Dron, M. Allain and
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