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A Supramolecular Strategy for Tuning the Energy 
Level of Naphthalenediimide: Promoted Formation of 
Radical Anions with Extraordinary Stability 

Qiao Song, Fei Li, Zhiqiang Wang and Xi Zhang* 

We reported a supramolecular strategy to promote and stabilize the formation of 
naphthalenediimide (NDI) radical anions. The LUMO and HOMO energy of NDI were 
lowered significantly by introducing cucurbit[7]uril (CB[7]) to each side of a designed NDI 
molecule through supramolecular complexation. This efficiently promoted the photo-induced 
electron transfer process between NDI and bromide anions in aqueous solution. The resulting 
NDI supramolecular radical anions are of outstanding stability. They are even stable in 
aqueous solution at higher temperatures of 40 °C and 60 °C. It is anticipated that this 
supramolecular strategy may provide a facile method for stabilizing radicals towards the 
development of novel materials with spin-based properties and optical properties in the visible 
and near-infrared regions. 
 

Introduction 

Organic radicals are of prime interest because of their various 
spin-based applications and near-infrared optical applications.[1] 
Most organic radicals are highly reactive due to their unpaired 
electrons, which are often unstable under ambient conditions; 
only a few families of stable radicals at ambient conditions 
have been reported for many decades.[2] The 1,4,5,8-
naphthalenediimides (NDIs) are π-electron-deficient 
compounds. NDI radical anions are one of the most widely 
studied organic radicals recently. As reported, there are two 
pathways to generate NDI radical anions, electron transfer (ET) 
or photo-induced electron transfer (PET). To display anion-
involved ET and PET process, the NDIs must possess low 
LUMO energy levels. Electron-withdrawing N-substituents 
have been introduced to NDIs to lower the LUMO energy and 
promote the formation of NDI radical anions.[3] For example, 
NDI derivatives with strong electron-withdrawing 
phosphonium groups displayed LUMO energy as low as -4.90 
eV. The acquired NDI radical anions are of extraordinary 
stability to air, light and chromatography, which can even be 
isolated as a single crystal.[4] 

 
In addition to the above covalent modification, we wondered if 
it is possible to realize the stabilization of radicals through 
noncovalent synthesis, and the complicated covalent synthesis 
could be avoided to some extent. Recently, there exist examples 
to stabilize radicals through supramolecular interactions. Kim et 
al. reported several cases of the stabilization of radicals in host-
guest complexes.[5] Methylviologen cation radicals and 

tetrathiafulvalene cation radicals were incorporated into the 
hydrophobic cavity of the cucurbit[8]uril (CB[8]) in the molar 
ratio of 2:1, forming stable radical dimers, respectively. The 
stability of the radical dimers within CB[8] may be attributed to 
the hydrophobic cavity with a proper size. In other words, the 
CB[8] is used to protect the radical dimers through a direct 
encapsulation strategy. 
 
In this paper, we aim to establish a general and facile strategy 
to stabilize radicals by tuning the LUMO and HOMO energy 
level of organic molecules through noncovalent interactions. To 
achieve this goal, we designed and synthesized a water-soluble 
NDI derivative with one quaternary ammonium alkyl chain as 
the N-substituent on each end, as shown in Scheme 1. 
Cucurbit[7]uril (CB[7]) is a macrocyclic host that contains 
seven electron-withdrawing carbonyl groups on each side, 
which was used to combine with NDI in aqueous solutions 
through noncovalent host-guest interactions.[6] Although the 
NDI core was not encapsulated into the CB[7] hydrophobic 
cavity, the LUMO and HOMO energy of NDI would be 
significantly lowered because of the electron-withdrawing 
effect of the carbonyl groups of CB[7]. This may greatly 
promote the PET proceccss between the supramolecular 
complex of NDI and CB[7] (NDI/CB[7]) and bromide anion to 
form stable NDI radical anions. It is anticipated that this 
strategy of fabricating supramolecular radicals could provide a 
facile method for stabilizing radicals towards the development 
of novel materials with spin-based properties and optical 
properties in the visible and near-infrared regions. 
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Scheme 1. The formation of NDI radical anions is promoted and stabilized efficiently by introducing CB[7] to each side of NDI 
through supramolecular complexation. 

 

Results and discussion 

The supramolecular complex between NDI derivative and 
CB[7] was prepared simply by mixing NDI and CB[7] in a 
molar ratio of 1:2 in aqueous solution. As shown in the 1H 
NMR spectra (Figure 1), peaks ascribed to the alkyl chains of 
NDI exhibited an upfield shift, indicating that CB[7] was 
introduced to each side of the NDI derivative. Furthermore, 
the ITC data indicated that complexation induced a significant 
change in the titration curve when CB[7] was added into the 
solution of NDI in a molar ratio of 2:1. One set of binding site 
model was utilized to fit the isothermal titration curve, which 
gave a binding constant of 2.4×104 M-1 (see Figure S1 in the 
Supporting Information). Therefore, noncovalent host-guest 
interactions between the alkyl chains in the NDI derivative 
and CB[7] are responsible for the formation of the NDI/CB[7] 
supramolecular complex with well-defined composition. 

  

Figure 1. 1H NMR spectra of NDI and NDI/CB[7] 
supramolecular complex (400 MHz, D2O, 25 °C). 

To understand if the supramolecular complexation could 
promote the PET process, we did a comparative study by 
irradiating the aqueous solutions of NDI/CB[7] and NDI under 
UV light. The NDI/CB[7] solution turned dark red after 5 s of 
irradiation while NDI solution remained almost colourless at 
the same condition. As monitored by UV/vis spectra (Figure 
2a), the absorption bands peaked at 363 nm and 383 nm 
ascribed to NDI vanished after UV irradiation. Concomitantly, 
several new absorption bands at long wavelengths appeared 
that are characteristic of NDI radical anions.[7] Moreover, the 
resulting NDI radical anions could be verified through 
electron paramagnetic resonance (EPR), which showed 
characteristic EPR signals after UV irradiation (see Figure S2 
in the Supporting Information). 1H NMR and fluorescent 
spectra also support the formation of NDI radical anions for 
the NDI/CB[7] solution (see Figures S3 and S4 in the 
Supporting Information). We studied the reaction rates of both 
NDI and NDI/CB[7] by monitoring the absorption bands at 
363 nm and 383 nm at different irradiation times (Figure 2b). 
Simulated according to the principle of first-order reaction, the 
reaction rate constant of NDI/CB[7] is 0.50±0.01 s-1, which is 
around 10 times larger than that of NDI (0.051±0.001 s-1). 
Therefore, the formation of NDI radical anions under UV 
irradiation is significantly promoted because of the 
supramolecular complexation. 
 
The fluorescent lifetime of both NDI and NDI/CB[7] 
supramolecular complex was measured through time-resolved 
fluorescence measurements. As shown in Figure 2c, the 
fluorescent lifetime of NDI is 165 ps, while the fluorescent 
lifetime of NDI/CB[7] supramolecular complex is 100 ps. The 
shortened fluorescent lifetime further confirms that the PET 
process of NDI is promoted by the supramolecular 
complexation. 
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Figure 2. (a) UV/vis spectra of NDI/CB[7] before and after 
UV irradiation. (b) Reaction dynamics of NDI and NDI/CB[7] 

under UV irradiation. (c) Time-resolved fluorescence 
measurements of NDI and NDI/CB[7]. 

 
To investigate whether the LUMO and HOMO energy level of 
NDI was influenced by the supramolecular complexation, we 
evaluated the reduction potentials of NDI and NDI/CB[7] 
supramolecular complex through cyclic voltammetry (CV).[8] 
As demonstrated in Figure 3, they both underwent two 
reversible one-electron reductions, forming NDI·- and NDI2- 
species, respectively. NDI/CB[7] showed two reduction peaks 
as 0.138 eV and -0.557 eV while NDI as -0.331 eV and -0.670 
eV. To calculate the LUMO and HOMO energy of these two 
species, the UV/vis absorption spectra were utilized to 
estimate the HOMO-LUMO energy gap (ΔE) (Figure 4). Both 

NDI and NDI/CB[7] gave identical ΔE values of 3.15 eV. 
From the calculated LUMO and HOMO energy shown in 
Figure 4, the LUMO energy of NDI/CB[7] is 0.48 eV lower 
than NDI itself, and therefore the LUMO energy level is as 
low as -4.89 eV. This lowered LUMO energy level accounts 
for the promoted formation of NDI supramolecular radical 
anions under UV irradiation. 

  

Figure 3. Cyclic voltammograms of NDI and NDI/CB[7]. 

  

Figure 4. Calculation of energy gap between HOMO and 
LUMO of NDI and NDI/CB[7] (left); LUMO and HOMO 

energy of NDI and NDI/CB[7] (right). 
 
We wondered whether the lowered LUMO energy was due to 
the supramolecular complexation or simply because of 
physical mixing. To answer this question, a control 
experiment was carried out. Here, 1-adamantanamine 
hydrochloride (ADA), which has a much stronger binding 
strength with CB[7] than NDI,[9] was added to the solution of 
NDI/CB[7] supramolecular complex to destroy the 
complexation, which was verified by 1H NMR spectra (see 
Figure S5 in the Supporting Information). The UV/vis spectra 
showed that the formation of NDI radical anions was greatly 
suppressed, which was similar to the NDI solution (see Figure 
S6 in the Supporting Information). This control experiment 
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reveals that the CB[7] should combine with the alkyl chains of 
the NDI derivative, and it is in this way that the carbonyl 
groups can stay close enough to affect the energy level of NDI. 
 
The supramolecular radical anions formed in this way are of 
outstanding stability. The solution of NDI radical anions 
became colourless within a few seconds upon shaking against 
ambient atmosphere, suggesting that the NDI radical anions 
are very unstable. However, the NDI supramolecular radical 
anions changed very slowly, suggesting the stability of NDI 
radical anions has been significantly enhanced. For more 
quantitative data, we studied the stability of radical anions of 
NDI and NDI/CB[7] supramolecular complex in aqueous 
solutions via UV/vis spectroscopy. We monitored the 
absorption bands peaked at 363 nm and 383 nm at different 
times after UV irradiation. This gave the retention rate of the 
NDI radical anions as a function of time (Figure 5). At room 
temperature (25 °C), the NDI supramolecular radical anions 
decreased only by 14% after 6 h, while the radical anions in 
NDI vanished completely in 3 h. Furthermore, the 
supramolecular radical anions are comparably stable at higher 
temperature with retention rates of 80% and 70% after 6 h at 
40 °C and 60 °C, respectively. Therefore, not only can we 
promote the formation of NDI radical anions, but also we can 
stabilize the NDI radical anions efficiently in a supramolecular 
way. 

  

Figure 5. Stability of NDI and NDI/CB[7] monitored by 
UV/vis spectra. 

 
The formed NDI radical anions can be utilized as reducing 
agent, which allows for the function of NDI/CB[7] 
supramolecular complex as supramolecular photo-reducing 
agent with high efficiency. Here, cytochrome c (cyt c) was 
selected as a model compound. Cyt c is a small redox protein 
in organism, participating in the mitochondrial electron 
transfer chain. It contains a heme group whose central iron 
atom can be reversibly reduced from the Fe(III) to the Fe(II) 

state.[10] It was reported that NDI derivatives could be used to 
reduce cyt c.[11] The reduction kinetics of cyt c were 
investigated upon monitoring the absorption band peaked at 
549 nm under UV irradiation at the existence of NDI or 
NDI/CB[7] supramolecular complex. As shown in Figure 6, 
the cyt c was fully reduced in 140 s in the presence of NDI 
while the reduction time was shortened to only 20 s with the 
aid of NDI/CB[7] supramolecular complex. Benefiting from 
the promoted PET of the NDI/CB[7] supramolecular complex, 
the reduction process of cyt c is significantly accelerated 
under UV irradiation, which provides a facile way to realize 
photo-reduction with promoted efficiency. 

 

Figure 6. Reduction kinetics of cyt c at the existence of NDI 
or NDI/CB[7] supramolecular complex. 

 
Importantly, this supramolecular strategy works for a wide 
range of NDI molecules. Taking NDI derivative (NDI-nap) 
bearing one naphthalene group on each end for example 
(Figure 7a), NDI-nap could combine with CB[7] in a molar 
ratio of 1:2,[12] which was proved by 1H NMR spectrum and 
ITC (see Figures S7 and S8 in the Supporting Information). 
There was no change in the UV/vis spectra for NDI-nap alone, 
but the NDI-nap/CB[7] supramolecular complex presented 
characteristic absorption bands of NDI radical anions after UV 
irradiation (Figure 7b and 7c). Once again, we evaluated the 
LUMO and HOMO energy of the NDI-nap and NDI-
nap/CB[7] based on CV and UV/vis spectra (see Figures S9 
and S10 in the Supporting Information). The results show that 
the LUMO energy of NDI-nap/CB[7] is 0.34 eV lower than 
NDI-nap, which proves furthermore the feasibility of this 
supramolecular strategy. 
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Figure 7. (a) Molecular structure of NDI-nap. (b) UV/vis 
spectra of NDI-nap before and after UV irradiation. (c) UV/vis 

spectra of NDI-nap/CB[7] before and after UV irradiation.  

Conclusions 

In conclusion, we have developed a supramolecular strategy to 
promote and stabilize the formation of NDI radical anions 
through the supramolecular complexation of cucurbit[7]uril 
and NDI derivatives. This strategy significantly lowers the 
LUMO and HOMO energy of NDI, favouring the formation of 
NDI supramolecular radical anions with extraordinary stability. 
It is highly anticipated that this line of research may provide a 
general method to stabilize radicals through a facile 
supramolecular route for the development of materials with 
spin-based properties and optical properties in the visible and 
near-infrared regions. 
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