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Photostable NIR-II Pigments from Extended
Rylenecarboximides
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Abstract: A series of near-infrared (NIR) organic absorbers,
named FNs and FPs, have been obtained with absorption
maxima from 870 nm to 1100 nm and thus falling into the
attractive second near-infrared region (NIR-II). The synthesis
of their extended aromatic cores utilized an initial aryl-
amination between 4-aminonaphthalene-1,8-dicarboximide
(NMI-NH2) or 9-aminoperylene-3,4-dicarboximide (PMI-NH2)

with chloro-substituted 9,10-anthraquinones followed by a
novel base-induced cyclodehydrogenation. A NIR-II pigment,
compound FPP, was obtained through de-alkylation of a
soluble precursor. The synthesis of this photostable pigment
is high-yielding and avoids column chromatographic purifica-
tion which is important for many applications.

Introduction

Research into organic near-infrared (NIR) absorbers has at-
tracted attention due to their many optoelectronic[1] and
biological applications.[2] Recently, increasing efforts are di-
rected towards the second near-infrared region (NIR-II, 1000–
1700 nm) which offers special advantages such as deep
penetration depth in photothermal therapy[3] and high signal-
to-noise ratio in sensing.[4] Organic NIR absorbers are more
favorable than their inorganic counterparts in view of their
tunable chemical structures, solution processability and bio-
logical compatibility.[5] Nevertheless, the number of organic
molecules with NIR-II absorption is still limited.[6–8]

The main bottleneck of organic NIR-II absorbers in applica-
tions is the limited photostability during, both, manufacturing
and operation.[9] Design strategies towards organic NIR absorb-
ers rest upon extending π-conjugation and enhancing intra-
molecular charge transfer.[10] The high-lying HOMO energies
resulting from the presence of electron donors, however, can
cause undesired photooxidation upon irradiation.[11] In some
applications, the photostability can be improved by processing

techniques. Thus, in photothermal therapy, NIR absorbers are
encapsulated into nanoparticles via co-assembly with biocom-
patible polymers,[12] while in organic photovoltaics (OPVs) an
inverted device structure is employed.[13]

Common pigments such as quinophthalone[14] and
quinacridone[15] which are completely or nearly insoluble in
their matrix systems exhibit light and weather fastness as well
as stability against chemical decomposition. These outstanding
properties are closely related to the formation of a dense
polymer-like molecular packing[16] induced by strong intra- or
intermolecular hydrogen bonds and π-π interactions.[17] These
give rise to high lattice energies and provide barriers against
solvent and oxygen penetration.[18]

Thus, combining NIR-II absorption and pigment stability
becomes mandatory, but defines additional requirements in
terms of synthesis and purification. Herein, we developed a
series of new NIR dyes based on anthraquinone, named as FNs
and FPs (as shown in Figure 1). Their absorption maxima (λmax)
cover an attractive wavelength domain from 870 nm to
1100 nm, extending far into the NIR-II. The synthetic protocol
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comprises three steps: i) Connecting naphthalene-1,8-dicarbox-
imide (NMI) and perylene-3,4-dicarboximide (PMI), respectively,
to an anthraquinone core through Buchwald–Hartwig C� N
coupling; ii) Extending the conjugation by fusing the peri-
positions of NMI and PMI with anthraquinone via base-
promoted dehydrogenative cyclization; iii) Employing a de-
alkylation reaction to transform the F15P dye into a pigment.
Importantly from an application point of view, the entire
synthetic procedure is high-yielding without column chromato-
graphic purification and thus prone of straightforward upscal-
ing.

Results and Discussion

As depicted in Scheme 1, a Buchwald–Hartwig C� N coupling
connected 4-aminonaphthalene-1,8-carboximide (NMI-NH2)
with 1,4-dichloroanthraquinone, 1,5-dichloroanthraquinone and
1,4,5,8-tetrachloroanthraquinone, respectively, to provide the
coupling products 14N, 15N and 4N. Due to the electron-
withdrawing character of the dicarboximide group,[19] the
nucleophilicity of the amino group in NMI-NH2 is significantly
reduced.[20,21] Thus, the commonly used ligands of the metal
catalyst such as 2,2’-bis(diphenylphosphino)-1,1’-binaphthalene
(BINAP), dicyclohexyl[2’,4’,6’-tris(propan-2-yl)[1,1’-biphenyl]-2-
yl]phosphane (Xphos) and tri-tert-butylphosphine (t-Bu3P) are
not applicable when targeting the C� N coupling of the electron
deficient aromatic amines. After screening, the coupling reac-
tions of NMI-NH2 were successfully conducted with 2-(dicyclo-
hexylphosphino)-3,6-dimethoxy-2,4,6’-triisopropyl-1,1’-biphenyl
(Brettphos) and its precatalyst.[22] The highly efficient C� N-bond
formation allowed one to avoid purification by column
chromatography. Remaining NMI-NH2 reagent could be readily
removed through extraction and precipitation in dichloro-
methane/methanol, furnishing 14N, 15N and 4N in yields of
80%, 85% and 70%, respectively. The next step, a remarkable

C� C coupling between the 2,3,6,7-positions of anthraquinone
(shown in Scheme 1) and the peri-positions of NMI, can be
regarded as a cyclodehydrogenation. Similar processes have
been employed in the synthesis of large polycyclic aromatic
hydrocarbons and graphene nanoribbons.[23,24] The oxidants
used for such fusions of electron-rich oligo- and polyphenylene
precursors are inapplicable for the present molecules.[25] Herein,
we utilized a base-induced anionic cyclization reaction[26,27] as a
complement to the ring fusions performed under acidic and/or
oxidizing conditions. The base causes deprotonation and
promotes the nucleophilic attack of carbanion intermediates on
the adjacent aromatic units followed by oxidation upon
exposure to oxygen in the workup. Using potassium carbonate
as base, the fused products, F14N, F15N and F4N were
obtained in yields of 60%, 65% and 60%, respectively. Here
again, the workup circumvents column chromatography as the
base and hydrolysis byproducts can be removed by filtration,
washing and precipitation in dichloromethane/methanol.

As described in Scheme 2, the analogous protocol for the
C� N coupling of 9-aminoperylene-3,4-carboximide (PMI-NH2)
with 1,4-, 1,5- and 1,4,5,8-chloro substituted anthraquinones
afforded 14P, 15P and 4P, respectively, in yields of 80%, 70%
and 60%. In these cases, ring fusion was achieved by base-
promoted dehydrogenative cyclization with 1,5-
diazabicyclo(4.3.0)non-5-ene (DBN) and potassium tert-butoxide
(tBuONa) furnishing the fused products, F14P, F15P, and F4P in
yields of 70%, 70%, and 60%, respectively.

The final products FNs and FPs as well as their precursors
can be dissolved in common solvents such as dichloromethane
and tetrahydrofuran to give concentrations above 2 mg/mL.
Their molecular structures were fully characterized by nuclear
magnetic resonance (NMR) spectroscopy, high-resolution ma-
trix-assisted laser desorption/ionization time-of-flight mass
spectrometry (HR MALDI-TOF MS), combustion analysis and
Fourier transform infrared spectroscopy (FTIR) spectroscopy. In

Scheme 1. Synthetic route for FNs. Reagents and conditions of C� N
coupling: Brettphos, Brettphos Pd G1, Cs2CO3, toluene, 110 °C, 12 h, 80% for
14N, 85% for 15N, 70% for 4N. Reagents and conditions of dehydrogenative
cyclization reaction: K2CO3, ethanolamine, 130 °C, 24 h, 60% for F14N, 65%
for F15N, 60% for F4N.

Scheme 2. Synthetic route for FPs. Reagents and conditions of C� N
coupling: Brettphos, Brettphos Pd G1, Cs2CO3, toluene, 110 °C, 12 h, 80% for
compound 14P, 70% for 15P, 60% for 4P. Reagents and conditions of
dehydrogenative cyclization reaction: DBN, tBuONa, Diglyme, 130 °C, 24 h,
70% for F14P and F15P, 60% for F4P.
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order to suppress the - still existing - strong aggregation due to
π-π interaction of these conjugated compounds, 1H NMR
spectra have to be recorded at elevated temperature (130 °C) in
o-dichlorobenzene-d4 or 1,1,2,2-tetrachlorethane-d2 with con-
centrations less than 2 mg/mL. MALDI-TOF MS analysis firmly
proved the removal of 4 protons in F14N, F14P, F15N and F15P
as well as 8 protons in F4N and F4P upon multiple C� C bond
formation and corroborated the complete dehydrogenation.
The observed isotopic distribution patterns are fully consistent
with the simulated mass spectra.

The optical properties of FNs and FPs were studied by UV-
vis-NIR absorption spectrometry in tetrahydrofuran (THF). As
shown in Figure 2, the absorption maxima (λmax) of F14N, F15N,
F4N, F14P, F15P and F4P are located at 872, 720, 1286, 1028,
900 and 1023 nm, respectively, which can be assigned to the
HOMO!LUMO electronic transition based on time-dependent
density functional theory (TD-DFT) calculations (Table S2). In
comparison with the λmax of their corresponding precursors in
the range of 521 to 729 nm (Figure S1), prominent bath-
ochromic shifts by more than 200 nm are demonstrated,
reflecting the extremely useful cyclodehydrogenation.[28] As
displayed in Figure S3, F4N exhibits the largest solvatochrom-
ism. Its λmax at 1286 nm in THF is red-shifted to 1310 nm in
toluene with concomitant increase of absorbance. The solvent-
dependent absorption indicates the n-π* electron transition
characteristics[29] of λmax, as originating from the electrostatic
interactions[30] between solvents and nitrogen lone pair
electrons[30] on the 1,4,5,8-positions of anthraquinone.

The electrochemical properties of the title compounds were
estimated by cyclic voltammetry (CV) in THF. The HOMO and LUMO

energy levels (EHOMO and ELUMO) were calculated from the oxidation
and reduction onsets which were calibrated using ferrocene/
ferrocene+ (Fc+/Fc) as standard. As summarized in Table S1, FNs
and FPs exhibit low-lying ELUMO in the range of � 3.65 to � 4.18 eV
as well as energy gaps (Egap) in the range of 1.43 to 0.83 eV. These
values indicate a potential as narrow-gap acceptors in organic
photovoltaics to extend the absorption spectral range into the NIR
region and reduce energy loss during charge generation.[32]

The important photostability of the chromophores was tested
by monitoring the diffuse reflectance spectrum of thoroughly
ground solid powders upon irradiation with sunlight under ambient
atmosphere for 14 days. The light fastness of all soluble NIR-II dyes
was screened in order to select the most promising candidate for
subsequent pigment formation. As illustrated in Figure S7, F15P
demonstrates the highest photostability by displaying a 15%
decrease of reflectance at λmax after 1 day of irradiation without any
further changes upon further irradiation. The initial decay can be
attributed to the photodissociation of small-sized amorphous
particles while, the remaining particles demonstrate good light
fastness due to dense molecular packing.[33]

Thus, F15P was used for pigment formation by de-alkylation.
Herein, 4-tert-butyl-α-methylbenzylamine was employed as side
group at the imide of PMI which could be readily removed by
treatment with boronic tribromide (BBr3) at 0°C in nearly
quantitative yield. As depicted in Figure 3a, the latent pigment
(compound 1) was obtained in 60% yield following the same
synthetic protocol as for F15P. Subsequent de-alkylation with BBr3

afforded the pigment, that is compound FPP, in 80% yield. The
molecular structure was characterized by MALDI-TOF MS, combus-
tion analysis and FTIR spectroscopy. As becoming obvious from the
high-resolution mass spectrum of FPP (Figure 3b), the intense signal
at 872.1736 is in good agreement with corresponding calculated
molecular mass of 872.1696, and the observed isotopic distribution
patterns are fully consistent with the calculated spectrum. The FTIR
spectrum of pigment FPP (Figure 3c) displays two peaks of N� H

Figure 2. UV-vis-NIR absorption spectra of a) F14N, b) F15N, c) F4N, d) F14P,
e) F15P and f) F4P. The photographs of solutions (1×10� 4 M in tetrahy-
drofuran) are inserted in corresponding absorption spectra.

Figure 3. a) De-alkylation reaction from latent pigment 1 to FPP. Reagents
and condition: BBr3, dichloromethane, 0 °C, 12 h. b) MALDI-TOF MS of FPP.
Inset: experimental and theoretical isotopic distribution patterns. c) FTIR
spectrum of FPP. d) Diffuse reflectance spectrum of FPP upon irradiation
with sunlight for 14 days under ambient atmosphere. Inset: the photograph
of solid powder.
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stretching vibrations at 3200 and 3420 cm� 1. The former (broader)
band suggests intermolecular hydrogen bonding at the carbox-
imide functions.[34] This is supported by a comparison with the
latent pigment 1 (Figure S6) which only exhibits the N� H vibration
band at 3420 cm� 1 of the amino group on the anthraquinone.[35]

The resulting close packing in FPP was confirmed by its diffuse
reflectance spectrum in the solid state which exhibits a red-shifted
λmax at 930 nm (Figure 3d). After irradiation with sunlight under
ambient atmosphere for 14 days, no attenuation of reflectance in
the NIR-II region was observed, revealing the excellent light fastness
of FPP. Under the same test condition, the commercially available
NIR dye, indocyanine green exhibited 8–16% attenuation of
reflectance at λmax per day (Figure S7) which indicates the superior
photostability of FPP.

Conclusion

We have demonstrated an efficient strategy towards a series of new
NIR dyes based on anthraquinone with absorption peaks ranging
from 870 nm to 1100 nm. A FPP pigment with NIR-II absorption
was developed through a de-alkylation reaction. The resulting
intermolecular N� H···O=C hydrogen bond leads to dense packing
and brings about excellent light fastness. This pigment holds great
potential not only as colorant, but also in high-end applications
with critical photostability requirements such as security printing,
heat shielding and laser welding. The entire synthetic procedure is
efficient without column chromatographic purification and thus
prone of large-scale production. The reaction conditions of C� N
coupling and cyclodehydrogenation in this work will be applicable
to other electron-deficient structures such as 1,4-naphthoquinone
and 6,13-pentacenequinone. Further studies on even more ex-
tended rylene homologues are ongoing in our group.
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