Showcasing research from Professor Jeyaraman Sankar’s
laboratory, Department of Chemistry, Indian Institute of
Science Education and Research Bhopal, Bhopal, India.

The deeper it goes, the brighter it glows: NIR emissive
nitro-terrylene diimides with deep LUMOs

Molecules with ultra-low LUMO energy levels are highly
reactive and unstable under ambient conditions. Herein,

we report the identification of nitrated terrylene diimides

as a series of stable deep-LUMO materials. Contrary to the
expectation for nitroaromatics, the molecules also fluoresce,
including in the elusive near-infrared region.
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Herein, we present the first examples of air-stable, deep-lowest unoccupied molecular orbital (LUMO)
polycyclic aromatic molecules with emission in the near-infrared (NIR) region, using nitration as a strategy.

Despite the fact that nitroaromatics are non-emissive, the choice of a comparatively electron-rich terrylene
Received 8th November 2022

Accepted 29th January 2023 core proved to be beneficial for achieving fluorescence in these molecules. The extent of nitration

proportionately stabilized the LUMOs. Tetra-nitrated terrylene diimide exhibited a deep-LUMO (=—4.5 eV)

DOI-10.1039/d25c061629 of —5.0 eV vs. Fc/Fc*, the lowest for any larger RDIs. These are also the only examples of emissive nitro-
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Introduction

Luminescent molecules emitting in the near-IR region (NIR) find
wide applications in organic light emitting diodes (OLEDs)," in
organic solar cells,” and in photobiomodulation (PBM), including
for side-effect alleviation after chemoradiotherapy.® Very few
electron-deficient molecules are known to have emission in the
NIR.* This is due to the 7-extension or expansion strategy utilized
for this purpose. While this method helps in reducing the
band gap (Eg), most of the well-known NIR emitters such as
porphyrins, phthalocyanines or squaraines, are always used as
donors in optoelectronic devices."® Also, the narrow bandgap
influences the stability of the molecules on prolonged use.®
Alternatively, electron-deficient rylene diimides (RDIs) have been
explored to achieve NIR absorption and emission by the -
extension approach.” However, this strategy could not sufficiently
lower the LUMO levels, to suit their application as efficient
acceptors.

Open-shell or closed-shell RDIs with electron-withdrawing
substituents have classically been exploited as molecules with
stabilized LUMOs (Scheme 1).® In this direction, tetracyanated
naphthalene diimide NDI-CN, has been shown to have a deep-
LUMO value of —5.0 eV vs. Fc/Fc'. This is attributed to the
smaller m-core connected to multiple electron-withdrawing uni-
ts.** Even though this approach helped to achieve low LUMO
levels, the resultant molecule lacked any emission. On the other
hand, larger RDIs such as perylene diimides (PDIs) and terrylene
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diimides (TDIs), despite their bathochromically shifted absorp-
tion and emission, could not lower the LUMO on simple cyana-
tion (—4.4 eV and —4.49 eV vs. Fc/Fc', respectively).® Recently, Li
et al. and Tan et al. have reported aggregation induced, emissive
RDI-based molecules albeit with LUMO energies at —3.5 and
—3.6 eV respectively.*

Deriving from the positive Hammett constants, the nitro
group can be an effective alternative. However, in
nitroaromatics, the preferred route of excited state relaxation is
non-radiative stemming from efficient intersystem crossing. This
non-emissive nature of nitroaromatics makes them less attractive
despite their ability to efficiently stabilize the LUMO levels."
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Scheme 1 Selected examples of RDIs with their LUMO levels (vs. Fc/
Fc*).
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Predictably, dinitro-PDIs with a lower LUMO level of —4.35 eV (vs
Saturated Calomel Electrode (SCE)) exhibited no emission.**

In recent years, there is a renaissance in developing novel
luminescent nitroaromatics for modern optoelectronic and
biomedical applications."* One of the exploited routes to
achieve emission in these molecules is by the introduction of
intramolecular donor-acceptor nature in their excited state.
This charge transfer (CT) character can hinder the spin-orbit
coupling (SOC), facilitating a reduced overlap between the -
orbital on the aromatic unit (donor) and the n-orbital on the
nitro group (acceptor). This results in favourable radiative
deactivation. Nitro-PDIs are non-emissive presumably because
of the ineffective intramolecular charge transfer (ICT) between
electron-deficient PDI and NO, units."** In this regard,
a possible route could be to choose a larger RDI such as TDI.”*?
That (i) will aid in obtaining multiple nitration on the core to
achieve deeper LUMOs; (ii) will help to modulate the
intramolecular charge transfer in their excited states, rendering
them emissive; (iii) will also alleviate any possible steric
crowding at the bay positions.

In the current work, we demonstrate that this strategy leads
to the formation of a series of nitro derivatives, such as mono,
di-, tri- and tetra-nitro TDIs in good yields. With the extent of
nitration, their LUMO levels (vs. Fc/Fc') get stabilized
proportionately from T, (—4.4 €V) t0 Tapca (—5.0 €V) (Scheme 1).
It is to be highlighted here that T,p.q also emits in the NIR
region, thus making it one of the unique electron-deficient
molecules with a deep-LUMO level to do so.

Results and discussion
Synthesis

A heterocoupling reaction of perylene monoimide (PMI) with
naphthalene monoimide (NMI)”? in the presence of sodium
tertiary butoxide and 1,5-diazabicyclo(4.3.0)non-5-ene (DBN)
yielded the parent TDI in 36% yield (Scheme 2). Novel nitro-TDI
derivatives were obtained by careful addition of concentrated
nitric acid to TDI in chloroform under ambient conditions. The
extent of nitration could precisely be controlled with reaction
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Scheme 2 Synthetic scheme for the nitration of terrylene diimides.
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duration and equivalence of nitric acid. Unlike the case of PDI,
the reaction proceeded without the need for any additive.”
Mono-nitrated TDI T, was obtained rapidly (85%), within a few
minutes of the addition of HNO; to TDI, along with trace
amounts of dinitro-TDIs. The quick formation of T, reiterates
the ease of nitration of TDI. Increasing the equivalents of acid
and the reaction duration (100 eq. & 1 h) yielded a complex
mixture of three regioisomers of dinitro-TDIs in yields ranging
from 20-40%. In contrast to bromination, all three possible
regioisomers namely T, (1,9-) and Taq (1,14-), including Ty
(1,6-) could successfully be obtained and characterized.*
Incidentally, this is the first instance in which all three isomers
of di-substituted TDIs have been achieved. Through this
method, even tri- and tetranitro-TDIs namely Tape and Tapea
could be obtained in moderate yields (50% and 55%
respectively), without the use of any harsh or hazardous
conditions. All the molecules have been isolated and purified by
column chromatography using CH,Cl,/hexane as eluents
and recrystallized from CH,Cl,/MeOH. The complete
characterization data are provided in the ESI (Fig. S1-S247).

SCXRD studies

The structures of the molecules have been unambiguously
ascertained by single crystal X-ray diffraction (SCXRD) studies.
Despite our best efforts, suitable single crystals could not be
obtained for T,. Except for T,, all the other nitro-TDIs afforded
crystals by a solvent vapour diffusion method. The obtained
structures have been given in Fig. 1. The structures of all the
molecules show an almost planar TDI core, with the NO, groups
protruding out in varying angles.

The central naphthalene rings, flanked by two NMI units,
twist out of the main plane slightly. This twist was observed to
be proportional to the number of NO, units attached to the bay
region and to the positions of the NO, groups. In the case of T,p,
the structure reveals two different conformers in the unit cell;
in one of them, the two -NO, units are placed above the
neighbouring naphthalene ring (Tap.s), Mmaintaining the
planarity of the core. In the other conformer, the two groups are
placed above and below the neighbouring ring (Tap.trans) @S
shown in the Fig. 2a inset. This suggests that in solution,
this molecule is expected to have at least two conformers
contributing to the photophysical properties (vide infra). The
solid-state structure of T,q reveals a planar TDI core, with the
exception of only two C-H units of the central naphthalene
pointing upwards. In T, both the naphthalene monoimide
units twist symmetrically in opposite directions, with respect to
the central naphthalene unit. As expected, Tap. assumes an
unsymmetrical structure. One of the NO, groups in this
molecule is positionally disordered between two bay positions.
However, the introduction of an additional nitro group to the
bay position affords a symmetrically twisted Tapea With an angle
of 19.3° between the mean plane and the central naphthalene
ring.

The larger m-surface of these molecules is supposed to
facilitate m-m stacking in the solid state. However, a near-
perpendicular arrangement of the aryl groups on the imide

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Molecular structures obtained from single crystal X-ray diffraction studies (CCDC 2204224-2204228). (a) Top views, (b and c) side views,

and Frontier molecular orbitals (DFT-B3LYP-6-31G**) with experimental energy levels. Hydrogen atoms and lattice solvent molecules have been

removed for clarity.
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nitrogens and the NO, groups at the bay positions prevented
strong intermolecular stacking (Fig. 2). Instead, several C-H---7
contacts and C-H---O hydrogen bonds are seen in the packing
of these molecules. It is presumed that this arrangement in the
solid state is responsible for the ready solubility of these
molecules in common organic solvents. It is seen that the lattice
solvent molecules, wherever present, bind with the core of the
TDI via C-H-7 interactions and with the imide oxygens via C-
H---O hydrogen bonding.

Cyclic voltammetry

In cyclic voltammetric studies (vs. Fc/Fc'), it was observed that
the first reversible reduction potentials (E%") gradually became
anodic with the increase in the extent of nitration (Fig. 3a). T,
exhibited E5S* at —0.34 V, which is significantly lower than that
observed for TDI (—0.60 V). Strikingly, even the second reduction
of T, is easier (—0.47 V) than the first reduction of TDI (Table 1 &
Fig. S367). Only T, shows a reversible oxidation wave within the
potential range scanned, which is anodic to that of TDI. The
dinitro regioisomers exhibited a peculiar trend with the E!
, values of —0.15 V, —0.24 V, and —0.18 V for T,p, Tac and Taq
respectively. This underscores the importance of the position of
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Fig. 3 Cyclic voltammograms of the nitro-TDlIs vs. Fc/Fc* (a); stability
of Tapeg after 30 cycles (b), and ESP surfaces for Taped. Tabed” + Tabed
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Table 1 Optical and redox data for all the synthesized molecules
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functionalization in fine tuning the electronic energy levels. T,pc
and T,peq can be more easily reduced with E=d! values of 0.03 V
and 0.20 V respectively. The stability of these molecules is of
paramount importance to utilize them for further applications.
To verify the same, Tapeq With the lowest reduction potential had
been subjected to a cyclic test at 100 mVs ' and found to be
stable (Fig. 3b) even after 30 cycles. The LUMO values are listed in
Fig. 1, Tables 1 and S1.F The trend observed for the values is T, >
Tac > Tad > Tab > Tabe > Tabed: Tabed (—5.0 €V) was found to have one
of the deepest LUMOs reported for any stable, longer RDI.

Absorption and fluorescence studies

The absorption spectra of the nitrated derivatives were broader,
with minimal bathochromic shifts, and less intense, compared
to those of parent TDI (Table 1 & Fig. 4). This is attributed to the
impending deviation of core planarity stemming from steric
crowding at the bay positions.”** The di- and tetra-substituted
TDIs have marginally higher molar extinction (¢) values. As
found in SCXRD studies, these molecules may have other
conformers in solution with improved planarity. The absorption
onset obtained from the electronic spectra revealed a near
identical E, for all the nitro-TDIs, irrespective of the extent of
nitration (Table 1). This is due to the stabilization of both
HOMO and LUMO levels evenly.

As presumed, the nitro derivatives were found to be
fluorescent. Even though the absorption profiles were in the
visible region, their emission maxima were in the NIR region
(>700 nm), owing to larger Stokes shifts (Fig. 4 & Table 1). Nitro-
aromatics are often non-emissive in nature. They release the
excitation energy effectively via an inter-system crossing (ISC)
process. To make them emissive, it is necessary to introduce
a charge transfer (CT) character in their excited states, which
can be achieved by introduction of a donor-accepter
configuration in the molecule. These CT states can hinder ISC
and a radiative decay is preferred from the singlet states.''* In
the present case, a comparatively electron-rich TDI forms a CT
state due to the push—pull configuration with nitro groups. This
in turn impedes the inter-system crossing (ISC) and facilitates
a radiative channel. The emission of the nitro-TDIs stems from
this phenomenon. Our hypothesis was further supported by
solvent dependent emission studies. As the CT states are
sensitive to solvent polarity, the effect of solvent was
investigated.

Amax,abs Amax,em Stokes shift

Comp [nm] eM ' em™] Egop[€V] [nm] [em™] ¢ [%] Erea [V] Eox [V] LUMO? [eV] 1t [ns] & [s7'] ar [s71]

TDI 653 131 000 1.81 666 298 90 —0.60, —0.65 1.22  —4.2 3.31 2.7 x 10® 3.02 x 107
T, 657 76 000 1.74 720 1332 3(6) —0.336, —0.47 1.4 —4.4 1.49 2.0 x 107 6.4 x 10°
Tap 669 81 000 1.65 696 580 2(2) —0.148, —0.46 — —4.6 1.33 1.5 x 10 7.3 x 10°
Tae 658 82 000 1.75 702 952 12(14) —0.24 — —4.5 1.27 9.4 x 10* 6.9 x 10°
Taa 663 75 000 1.74 708 980 11(14) —0.18 — —4.6 1.38 7.9 x 107 6.4 x 10°
Tape 666 68 000 1.72 732 1354 2(5)  0.03, —0.10 — —4.8 0.98 2.0 x 107 1.0 x 10°
Tapea 664 82 000 1.75 717 1113 8((10) 0.20, 0.07 — —5.0 1.39 5.7 x 10 6.5 x 10°

@ Quantum yield recorded in hexane (values from paraffin oil in parentheses), using TDI as the reference.’® > LUMO vs. Fc/Fc.
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Nonpolar solvents such as n-hexane could not stabilize the
CT state and thus the molecules exhibited emission. However,
in polar solvents, the CT states get stabilized effectively and
exhibited redshifted emission with reduced intensity (Fig. S25-
S30t)."* In the case of the three regio-isomers of dinitro-TDIs,
the emission spectra were not identical. This can be
attributed to the difference in the electronic nature of the
excited states, depending on the position of the nitro groups. As
discussed in the X-ray diffraction analysis, Tap, where the two
nitro groups are linked to the same naphthalene unit, shows
two conformers in the solid state. These conformers might have
dynamic interconversion in solution, thus reducing the
emission intensity significantly by nonradiative decay,
compared to other regio-isomers.

The fluorescence intensity of all the molecules increased
significantly at 77 K (Fig. 5a-b & S34). A similar observation was
obtained from a viscous paraffin oil solution of the compounds
(Fig. S25-S3071). Further, there was no apparent change in
emission when recorded under deaerated conditions (Fig.
S31f). The emission dependence on solvent viscosity and
temperature is partially attributed to the restricted dynamics
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a nitro-TDI (x107® M) solution of CHCls (excitation wavelength 600
nm).
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Fig. 5 Emission profiles of T, (a) and Tapeq (b) at 77 K and 298 K; (c)
absorption response for Tapeq With the addition of triethylamine in
chloroform; (d) photograph of Tapcq before and after TEA addition.

around the C-N bond. Moreover, under these conditions, the
nitro groups may attain co-planarity with the aromatic core and
thus enhanced emission was observed. The singlet lifetimes
measured were between 1 and 2 ns, much longer than expected
for nitroaromatics (sub-ps or sub-ns). The radiative decay rate of
~10% s* further supported the emissive nature.

The electron-deficient nature of T,p.q directs the attention
towards probing its electron affinity for possible applications.
The absorption spectrum obtained while titrating Tapea in
chloroform against triethyl amine exhibits a new set of bands
between 900 nm and 1400 nm, with a decrease in the intensity
of the 664 nm band (Fig. 5c and d). The new bands can be
attributed to the formation of a dianion, even in the absence of
light, reflecting the enhanced electron affinity. The direct
formation of a dianion, bypassing the formation of an anion
radical, can be originating from the smaller potential gap (130
mV) between the two oxidation states (Fig. 3). Further, the trend
observed for the reduction of other nitro-TDIs is linearly
correlated with the extent of nitration (Fig. S321). A measure of
the ease of reduction for T,peq is further emphasized by the
formation of a dianion even with a milder base such as DABCO
(Fig. S331). The easier reduction along with their strong
absorption in the visible region would make them excellent
catalysts.'®

Conclusion

In summary, electron deficient derivatives of TDI with deep-
LUMO energy levels have been achieved and are structurally
characterized. These molecules demonstrated impressive redox
stability and structural rigidity. The tunability of the redox
properties of regioisomers highlights the finer flexibility in
modulating the electronic nature. Its low lying LUMO enables
Tapea to get reduced even in the presence of bases such as
DABCO. Owing to their apt energy levels, all derivatives showed
emission in the NIR range. The fluorescence quantum yields are
among the best for any electron deficient, NIR emissive
molecules. This is attributed to the electronic synergy between

Chem. Sci., 2023, 14, 3147-3153 | 3151
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the TDI core and the electron withdrawing nitro groups,
resulting in longer singlet lifetimes stemming from the
modulation of the ICT process. The cryoemission, along with
viscosity studies further support the fact that the nonradiative
pathways resulting from dynamics can be suppressed to achieve
intense emission. Their ultra-low LUMO levels, ambient
stability, redox robustness along with emissive nature in the
NIR, make nitro-TDIs excellent candidates for modern
electronic applications and as catalysts. This work highlights
the utility of nitration as an excellent strategy for developing
new functional rylene diimides. Further investigations in these
directions are currently underway.
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