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Guest-dependent folding and tunable charge transfer of an 
NDI-pentamer   

Dhanyashree Das,a Dhrubajyoti Talukdar a and Bappaditya Gole*a 

We present a covalently linked, electroactive, conformationally flexible naphthalene diimide (NDI) pentamer exhibiting 

unprecedented 10-electron reduction, solvent-dependent folding, and guest-induced tunable charge-transfer (CT). In 

dichloromethane and chloroform, the oligomer adopts a partially folded state, displaying bright excimer emission at 500 

nm. The addition of methyl cyclohexane promotes ordered, long-range folding, thereby enhancing excimer emission. 

Conversely, the addition of toluene causes folding but quenches the excimer emission while inducing a distinct CT emission. 

Furthermore, various polyaromatic donors such as anthracene, triphenylene, pyrene, perylene, etc., promote folding by 

intercalating between NDI layers, forming a long-range alternate donor-acceptor stack with tunable CT absorption. The 

estimation of the association constant (Ka) revealed that the strength of CT complexation depends on the donor ability of 

the guests, with perylene showing the highest association constant. Interestingly, sequential addition of two different 

donors produces dual CT bands, resulting in broad visible light absorption. This study demonstrates a rare example of guest-

dependent tunable CT-driven folding of a flexible multidecker NDI system, offering new insights into the guest-mediated 

conformational control of foldamer, and an approach towards ordered π-stacked materials.

Introduction 

Co-facial stacking of extended aromatic chromophores has 

emerged as a promising approach to construct supramolecular 

self-assembled functional materials.1-9 Such assemblies exhibit 

unique optical and electronic properties that are inaccessible to 

their monomeric counterparts. The precise alignment of the 

chromophores promotes extended orbital interaction, thereby 

facilitating charge transport and making them attractive 

candidates for efficient light harvesting and high-performance 

conductive materials in artificial photosynthetic systems.10-15 

However, unlike natural light-harvesting complexes, where 

protein scaffolds ensure precise organization of chromophores 

to facilitate efficient photoinduced charge separation and 

transport, artificial assemblies rely on various noncovalent 

interactions to achieve long-range order.16-22 To elucidate the 

fundamental interactions among chromophores that result in 

their function, well-defined self-assembled aggregates with 

precise control over arrangement and size are desirable. Yet, 

conventional aggregations often suffer from uncontrolled 

growth and structural ambiguity due to their intrinsic dynamic 

nature.23 Thus, it remains a persistent obstacle to their broader 

application.  

An alternate emerging strategy involves the use of 

foldamer-based architectures, in which a defined number of 

chromophores are covalently linked through carefully designed 

turn units that direct hierarchical folding into multilayered π- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 (a) Schematic representation of the dynamic folded and 

unfolded states of the dye-appended oligomer. The presence of 

flexible turn units endows the dominant unfolded state in 

solution. An ordered folded state can be induced either by 

adding nonpolar solvents or by introducing electronically 

complementary polyaromatic donors, which intercalate to form 

donor–acceptor arrays through charge-transfer (CT) 

interactions. The CT response can be tuned by employing 

different donor guests. (b) Molecular structure of NDI-

pentamer 1. (c) Planar polyaromatic donors used in this study. 
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Scheme 1 The schematic flowchart of the synthesis of 1. (a) i) Oxalyl chloride, anhydrous DCM, 3 hours; ii) N-Boc-1,4-

butanediamine, THF, DIPEA, 2 hours, 85%. (b) TFA:DCM (1:2), 3 hours, quantitative, (c) DMF, DIPEA, 378 K, 15 hours, 58%. (d) LiI, 

anhydrous ethyl acetate, 351 K, 15 hours, 83%. (e) N-Boc-1,4-butanediamine, DMF, 373 K, 14 hours, 52%. (f) 2, HBTU, DIPEA, DCM, 

12 hours, 60%. (g) TFA:DCM (1:1), 3 hours, quantitative. (h) HBTU, DIPEA, DCM, 12 hours, 35%. (i) LiI, dry ethyl acetate, 351 K, 4 

hours, quantitative. (j) EDC, HOBt, DIPEA, DMF, 12 hours, 35%.

stacks reminiscent of β-sheets in proteins.24-31 Their predictable 

folding behaviour affords long-range order within discrete 

stacks, enabling tunable photophysical properties suitable for 

optoelectronic applications.32-42 Recent examples include 

merocyanine foldamers that display panchromatic light 

absorption across the solar spectrum and perylene bisimide 

(PBI) tetramers exhibiting stepwise photoinduced charge 

hopping between terminal donor and acceptor units.10, 43 

Despite these advances, controlling their folding in solution 

remains a major challenge. While rigid, conformationally locked 

oligomers ensure predictable structures, flexible systems are 

inherently dynamic, populating both folded and unfolded 

conformers. Seminal reports have shown that oligomers 

containing strongly dipolar chromophores such as merocyanine 

dyes exhibit solvent-dependent hierarchical folding, 

progressing from dimers to pentamers and eventually to 

extended aggregates.44, 45 Solvent polarity thus modulates the 

energy landscape between partially folded and fully stacked 

states, offering a means to control conformation and function. 

Among the various chromophores considered in this 

direction, naphthalene diimide (NDI) is a promising candidate 

due to its electron-acceptor properties and versatile optical and 

electrochemical properties, enabling its widespread 

applications in optoelectronics, photovoltaics, and conductive 

materials.41, 46-57 While self-assembled NDI monomers have 

been extensively studied in the past, reports on covalently 

linked NDI oligomers with long-range order remain limited.58-65 

Matile and co-workers demonstrated a tetrameric NDI foldamer 

with remarkable catalytic activity arising from synergistic π–π 

and anion–π interactions.38 Takeuchi and co-workers recently 

reported discrete multi-decker NDI oligomers capable of 

multielectron reduction.66 The relatively rigid conformation of 

these systems allows predictable stacking geometries, 

however, controlling the folding of flexible NDI oligomer 

remains an enduring challenge. We envisioned that CT 

interactions between electron-rich donors and electron-

deficient NDI motifs could generate directional co-facial 

stacking stabilized by electronic complementarity.67 These 

interactions may reinforce folding of the oligomer and long-

range alternate donor-acceptor order, endowing materials with 

new optoelectronic functions such as colour tuning, 

photoinduced electron transfer, and exciton coupling. 

Herein, we report the synthesis of a covalently linked, 

discrete, conformationally flexible NDI pentamer (1) designed 

to investigate its folding behavior and tunable CT interactions 

with polyaromatic donors in solution. The oligomer exhibits 

conformational dynamics, existing predominantly in a partially 

folded state in dichloromethane and chloroform, with a bright 

excimer emission at 500 nm. An ordered folded state is 

achieved by the gradual addition of nonpolar solvents such as 

methylcyclohexane (MCH) and toluene. Notably, the addition of 

MCH enhances excimer emission, validating the reinforced 

folding process. In contrast, toluene quenches the excimer 

emission while inducing a CT emission. Furthermore, the 

oligomer 1 exhibits tunable CT behavior that depends on the 

nature of the polyaromatic donor. These donor guests facilitate 

the folding of 1 by intercalating between the electron-deficient 

NDI sheets to form a long-range, alternate donor-acceptor 

stack. The association strength of these polyaromatic guests 

with 1 is primarily governed by their electron-donating ability, 

with perylene displaying the highest affinity. Additionally, 

sequential addition of two guests provides double CT bands, 

resulting in broad visible absorption. To the best of our 

knowledge, such guest-dependent, tunable CT interactions 

driving the folding of a discrete, flexible chromophore oligomer 

have rarely been investigated previously. 

Results and discussion 

Oligomer design and Synthesis. The oligomer NDI-pentamer 1 

was prepared in a multistep reaction involving coupling, 

protection, and deprotection steps. Pyridine has been 
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considered a turn because of its easy functionalization protocol. 

It is anticipated to help the oligomer achieve a folded state by 

organizing NDI units in a sheet-like orientation for interlayer 

electronic interaction. It was functionalized with 2-ethyl butoxy 

to provide sufficient solubility of the oligomer. The interlinking 

alkyl chains that connect the pyridine and NDI units were 

strategically introduced to provide sufficient flexibility in the 

system, which may influence adaptable folding behaviour and 

could encapsulate guests within the sheets. In our initial design, 

the intention was to prepare all amide pentamers. However, 

challenges in the desymmetrisation of NDI-monomer 

encouraged us to prepare a mixed ester and amide oligomer. 

Our studies revealed that the ester linkages are significantly 

stable and have allowed further functionalization. 

The steps involving the synthesis of 1 are given in Scheme 1. 

In brief, initially, the terminal block 7 was prepared starting 

from pyridine mono acid 2. First, an amide coupling reaction 

with N-Boc-1,4-butanediamine, subsequent Boc deprotection, 

and imidization with naphthalene monoanhydride 5 provided 6. 

It was further demethylated by LiI to get the acid 7. All these 

steps perform well with a reasonably good yield. The NDI-N-Boc 

alcohol 9 was prepared starting from 8 in an imidization 

reaction. Subsequent coupling reaction with pyridine mono acid 

2 and Boc-deprotection provided 11, which was further reacted 

with 7 to obtain the NDI dimer block 12. It was demethylated by 

LiI to obtain the acid 13 quantitatively, establishing the stability 

of the other ester linkage under these conditions. Finally, an 

amide coupling reaction with the NDI diamine 14 provided the 

target oligomer 1 in a 35% yield, having five NDI units. It can be 

noted that the coupling reactions mostly worked better with 

Hexafluorophosphate Benzotriazole Tetramethyl Uronium 

(HBTU) over other coupling reagents and generated fewer by-

products, except for the final coupling, where 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), Hydroxybenzo-

triazole (HOBT) provided a better yield. The detailed synthetic 

procedure is provided in the supplementary information.  

Characterization and electrochemical studies. The oligomer 1 

was characterized by nuclear magnetic resonance (NMR), mass 

spectroscopy, and other analytical tools. The 1H-NMR of 1 in 

CDCl3 at 298 K shows a sharp set of signals (Fig. 2a and S1). The 

well-resolved signals in the aromatic region indicate the 

presence of the defined species. Three different sets of NDI 

signals in the range of 8.7 – 8.5 ppm in a 2:2:1 ratio 

corresponding to the terminal, adjacent to it, and central NDI 

units with gradual upfield shifts. The splitting of the terminal 

NDI proton signals signifies that they are not chemically 

equivalent to each other. The weak splitting of the next NDI 

protons is an indication that all the protons are chemically 

equivalent and are not influenced much by the amide and ester 

linkage at both ends. All the protons of the central NDI give a 

singlet due to the symmetry. The separate and well-resolved 

signals for the three different types of NDI in the oligomer are 

indicative of the presence of an ordered structure (could be 

partially folded, vide infra), where the central NDI faces the 

highest ring current, thus more upfield shifted. The amide 

signals spread between 8.4 – 8.2 ppm in a 2:1 ratio 

corresponding to the three types of amide protons, with two 

amide signals merged (Fig. 2a and S2). The pyridine protons are 

observed within 7.8 – 7.6 ppm. The MALDI-TOF mass spectra 

also suggest the formation of the oligomer 1 (Fig. S3). All these 

results collectively confirm the formation and purity of the 

compound 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Selected region of 400 MHz 1H-NMR spectra of 1 (5 mM) 

in CDCl3 with peak assignment at 298 K (a) and at 323 K (b). (c) 

Side and (d) top view of the energy-minimized models 

(Universal force field) of 1 with inter NDI distances showing the 

partially folded nature of the oligomer. Side chains are removed 

for clarity. (e) UV-Vis (6  10-6 M) and normalized fluorescence 

(ex=360 nm) spectra of 1 and NDI-ref in DCM at 298 K. The 

visual color of the solution of 1 under ambient and UV (365 nm) 

light. (f) Cyclic voltammogram (CV) of 1 (~0.2 mM) recorded 

using a glassy carbon working electrode and Ag/AgNO3 as 

reference electrode at a scan rate of 50 mV/s in Ar-purged 

anhydrous dichloromethane with 0.1 M Bu4NPF6 as supporting 

electrolyte at 298 K. (g) Differential pulse voltammogram (DPV) 

in a 10 mV step pulse. All the potentials are given against Fc/Fc+. 
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To understand whether oligomer 1 has any temperature 

dependency, a variable temperature 1H-NMR was performed in 

CDCl3 in a temperature range of 298 – 323 K, which indicates 

that the signals belong to NDIs shifted slightly while pyridine 

signals remain unaltered (Fig. 2b & Fig. S4). Additionally, the 

amide signals are upfield shifted and resolved. The well-

distributed NDI signals and minute shift in temperature 

variation indicate that 1 is perhaps in the partially folded state, 

if not completely folded. The concentration-dependent NMR 

within the 0.5 – 5 mM range does not show any significant 

change either (Fig. S5), which confirms the absence of 

intermolecular aggregation within this concentration range. To 

understand the structure of 1, we performed energy 

minimization of the oligomer using the Universal Force Field 

implemented in the Forcite module of Materials Studio. It 

reveals that the molecule is partially folded, where NDIs on both 

sides of the central NDI are paired with inter NDI distances of 

~3.6 Å (Fig. 2c&d). The overall length of the molecules is around 

26.2 Å, which is close to the solvodynamic diameter (~29.8 Å) 

estimated from the 1H-DOSY (Diffusion Ordered Spectroscopy) 

NMR experiment using the Stokes-Einstein equation (Fig. S6).  

The absorption spectra of 1 (6  10-6 M) in DCM show typical 

bands similar to the NDI monomer (NDI-ref) with a 

characteristic vibronic feature for the S0-S1 transition with 

maxima at around 381 nm (A0-0), with vibronic progressions at 

360 nm (A0-1) and 343 nm (A0-2) (Fig. 2e). The molar absorptivity 

() of A0-0 band of 1 (1.48  105 M-1cm-1) is little less than five 

times than that of the NDI-ref (2.98  104 M-1cm-1). It is 

presumably the fact that the prevailing partially folded state of 

the oligomer in DCM, and some electronic interactions between 

NDI units, cannot be ruled out. The concentration-dependent 

UV-Vis studies of 3–50 μM solutions show a linear variation in 

absorbance, indicating insignificant molecular association 

within this concentration range (Fig. S7). Therefore, all other 

studies were performed at concentrations below 50 μM of 1. 

The fluorescence spectroscopy revealed that the oligomer has 

a strong excimer-like emission at 500 nm along with typical 

monomer emission at 387 nm. It is known that the NDI 

derivatives have low monomeric fluorescence quantum yields 

and short fluorescence lifetime due to the rapid deactivation of 

the S1 state (in picoseconds) via intersystem crossing to a closely 

placed triplet state.68 An excimer-like emission, a rarely 

observed phenomenon due to the intermolecular stacking 

effect in the higher concentration, generally gives bright 

fluorescence.69-71 Remarkably, oligomer 1 shows a bright 

excimer-like emission at as low as 5  10-6 M concentration with 

quantum yield (QY) 2.5%, indicative of the intramolecular 

phenomenon (Fig. 2e and Fig. S8). In contrast, the NDI-ref does 

not show any excimer emission at low concentration. It further 

highlights that the dynamic nature of the oligomer, where the 

NDI units organize in a partially folded state to provide intense 

excimer emission. The time-correlated single photon counting 

(TCSPC) measurements with excitation at 375 nm and 

monitoring emission at 500 nm provided a single exponential 

decay with a lifetime of 20 ns, confirming the excimer emission 

nature of the band (Fig. S9).  

 NDI derivatives are known for their exciting electrochemical 

properties, having two reversible one-electron reductions.49-51, 

56 To understand the electrochemical property of oligomer 1, 

cyclic voltammetry (CV) was performed in DCM with Bu4NPF6 as 

supporting electrolyte. It exhibits several reversible reduction 

waves, E1/2 at -0.69 V, -0.92 V, and -1.27 V vs. Fc/Fc+ (Fc: 

ferrocene) of varying intensities (Fig. 2f). To quantify the 

number of electrons involved in the reduction processes, a 

differential pulse voltammetry (DPV) was performed at a 10 mV 

step pulse, and electron transfer was quantified against Fc/Fc+ 

(Fig. 2g). The DPV showed a broad unresolved reduction in 

between -0.6 - -1.15 V, having maxima at -0.98 V and humps at 

-0.86 V and -0.75 V. Another most intense signal was observed 

at -1.31 V. To quantify the number of electrons involved in each 

reduction process, we have deconvoluted each band, which 

demonstrated that the broad signal (-0.6 V - -1.15 V) involves 

three clear reduction processes involving two one electron 

reductions and then a three-electron reduction. The reduction 

at -1.31 V involves a five-electron process. These results are 

consistent with the total 10 electron reduction expected for 

oligomer 1, comprising five NDI units, each can undergo the 

two-electron reduction. The reduction processes between -0.6 

V - -1.15 V are a result of the first reduction of five NDI units 

involving one electron each. The reduction at -1.31 V originates 

from the second reduction of all NDI units, similar to the NDI-

ref, which has first and second reduction at -0.91 V and -1.32 V 

(Fig S10), respectively. Notably, even though the second 

reduction of all the NDI units happened at a similar potential, 

their first reduction did not occur simultaneously, but rather 

stepwise. It indicates that the first electron-accepting ability of 

all the NDIs was not the same. Particularly, the relatively easier 

first reduction indicates that it has a higher electron affinity 

compared to the NDI monomer (NDI-ref). However, once the 

first reduction happens, subsequent reductions require a higher 

potential.  

Solvent-dependent folding. The folding of the dye appended 

oligomers allows dye stacks, giving access to the exciton 

coupling between them.37, 39, 72, 73 Previous studies revealed that 

the folding of the dye oligomers can be significantly influenced 

by the solvent polarity.40, 44, 45 Generally, in polar solvents, like 

DCM and chloroform, rylene dyes tend to be solvated and have 

less tendency to be folded. However, the nonpolar solvents can 

induce the folding that can be monitored by the UV-Vis 

spectroscopy. The ratio of the vibronic absorptions (A0-0/A0-1) of 

the S0-S1 transition is often used to understand the extent of 

folding of the oligomers.36, 74-76 This method has been used to 

differentiate between the monomeric absorption and the 

presence of exciton coupling between them, influenced by the 

aggregation or folding. The A0-0/A0-1 ratio observed for 1 in DCM 

is 1.11, which is lower than NDI-ref (A0-0/A0-1=1.2) in similar 

conditions in DCM (Fig. S11), a solvent known for the excellent 

solvation properties of the rylene dyes. This lower A0-0/A0-1 

value reaffirms that the oligomer is partially folded. While this 

ratio for NDI-ref does not change in chloroform but has a higher 

value for 1 (A0-0/A0-1=1.16), an indication of the dominant 

unfolded state.  
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Fig. 3 UV-Vis spectral changes upon gradual addition of 60% 

MCH (a) and toluene (b) in a 6 M solution of 1 in chloroform at 

298 K. Both results are plotted with normalization of 

absorbance at 381 nm (A0-0) to see the changes at 361 nm (A0-

1), which clearly intensified on MCH and toluene addition. (c) 

Plot showing a linear variation of the A0-0/A0-1 ratio with 

increasing proportion of the MCH and toluene, where the latter 

has a pronounced effect than the former. (d) Variation of the A0-

0/A0-1 ratio after addition of 50% MCH or toluene in different 

concentrations of 1 in CHCl3. Near-unchanged variation clearly 

signifies an intramolecular folding process that intensifies the 

A0-1 band. (e) Change of excimer emission intensity after gradual 

addition of MCH (up to 60%) in a 6 M solution of 1 in CHCl3. 

The fluorescence was normalized at 387 nm (monomeric 

emission). (f) Change of fluorescence of 1 upon addition of 

toluene. Quenching of fluorescence was observed after the 

addition of 5% toluene. Then further addition of toluene results 

in CT emission. The emission was normalized at 387 nm. The 

samples were excited at 360 nm. 

To induce the folding by a nonpolar solvent, MCH was added 

gradually (upto 60%) to a 6 M chloroform solution of 1, and 

the UV-Vis spectra were recorded subsequently. With the 

increase in the MCH proportion, the intensity of the A0-1 band 

increased significantly compared to the A0-0 band (Fig. 3a). The 

linear decrease of the A0-0/A0-1 ratio with respect to the 

proportion of MCH added clearly indicates significant electronic 

interaction between the NDI units as a result of the folding (Fig. 

3c). Similar behaviour was observed when toluene was added 

to the solution of 1 in CHCl3 (Fig. 3b). Interestingly, the change 

was more prominent, where A0-0/A0-1 ratio reduced to 1.01 

compared to 1.05 in MCH from 1.16 in CHCl3. Additionally, the 

band becomes broader with significant absorption at 400 nm 

compared to the MCH scenario. This is due to the charge 

transfer interaction between the NDI units and toluene, in 

accordance with the previous observations of NDI monomers.77 

It follows a similar trend for other aromatic hydrocarbons such 

as p-xylene and mesitylene (Fig. S12-S13). These solvent-

dependent changes in the absorption spectra at low 

concentration can be unambiguously attributed to the 

intramolecular folding, as no spectral changes were observed 

when the concentration was increased to 10-5 M in chloroform 

(Fig. S7). Moreover, the A0-0/A0-1 ratio remained nearly constant 

when the concentration was varied from 1.5  10-6 M to 25  

10-6 M with 50% MCH and toluene addition in chloroform, 

further ascertaining the solely intramolecular folding behaviour 

(Fig. 3d).  

 

Folding-induced emission property. To investigate the effect of 

solvent addition on the emission property, the fluorescence was 

measured with varying proportions of MCH and toluene in 

chloroform. Interestingly, with increasing MCH proportion, the 

intensity of the excimer fluorescence band was significantly 

enhanced after addition of 60% MCH (Fig. 3e). This is evident 

from the enhancement of the QY to 5.9% from 2.5% in 

chloroform. It further establishes solvent-dependent reinforced 

folding of the oligomer that brings NDI units closer, facilitating 

excimer formation. In contrast, the effect of toluene addition on 

fluorescence is more complex. Initially, the gradual addition of 

5% toluene to the solution of 1 in chloroform (6  10-6 M) 

resulted in quenching of the excimer fluorescence (Fig. 3f). 

Then, further addition of toluene (up to 30%), a broad 

fluorescence having maxima at 500 nm, the same wavelength 

as excimer emission, appeared before being saturated in 

further increments of toluene proportion. The quenching of 

excimer fluorescence is perhaps due to facile charge transfer 

(CT) between toluene molecules and NDI units of the oligomer. 

Consequently, it provides a broad CT emission band with an 

increasing toluene proportion. The overall QY reduced to 1.1% 

after addition of 30% toluene. This observation is consistent 

with the UV-Vis studies, where the addition of toluene yielded 

a CT absorption at around 400 nm (Fig. 3b). To further ascertain 

it, we have performed fluorescence titrations with p-xylene and 

mesitylene, which provide a similar behaviour and have CT 

emissions at 536 nm and 540 nm, respectively (Fig. S14). 

Remarkably, this system exhibits a multifaceted fluorescence 

property, a rare phenomenon, depending on the solvent. To 

understand the lifetime of the different emission processes, we 

have performed TCSPC measurements by exciting the sample in 

CHCl3 at 375 nm and monitoring at 500 nm before and after the 

addition of MCH. The fluorescence decays were fitted by a 

single exponential to estimate the lifetime of these emission 

processes to be 20 ns and 19.8 ns, respectively. The similar 

lifetimes of these bands after the addition of MCH in a CHCl3 

solution of 1 indicate an identical emission process. However, 

after the addition of toluene, the band at 500 nm has a relatively 

faster decay with a lifetime of 0.25 ns, affirming our anticipation 

of the formation of the CT emission band (Fig. S15). The 
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emission bands originating from the interaction of p-xylene and 

mesitylene also have similar lifetimes of 0.51 ns and 0.38 ns, 

respectively (Fig. S16), further establishing their CT nature.  

Guest-dependent folding and tunable charge-transfer. 

Motivated by the CT phenomenon observed with toluene, p-

xylene, and mesitylene, we anticipated polyaromatic donors 

may interact with 1 by leveraging donor-acceptor − 

interactions with the NDI units. Such interaction also may give 

rise to the CT phenomenon at the visible range, providing 

interesting photophysical properties fundamental for 

optoelectronics. Moreover, they might assist the folding of the 

oligomer by intercalating within the NDI sheets and creating a 

long-range donor-acceptor stack. To explore it, first, we have 

titrated 1 with perylene (Pe), in CHCl3 at 298 K. A gradual rise of 

the broad characteristic CT-band was observed at 600 nm, 

which got saturated after the addition of nearly 4 equivalents of 

the Pe (Fig. 4a), corroborating the four cleft-like cavities 

available in the oligomer. This result emphasizes that the Pe 

molecules favor the folded conformer of 1 and stabilize it by D-

A interaction. Notably, during this process, the colorless 

solution of 1 turned dark green, signifying its complexation.  The 

variable temperature UV-Vis studies of the mixture indicate that 

the CT-complex becomes dominated with an intensified CT-

band at 278 K (Fig. 4b). However, intensity reduces at higher 

temperatures, forcing the disassembly of the complex, a 

characteristic feature of the CT-complexes. 

Encouraged by this finding, we have tested a few other 

polyaromatic guests (Fig. 1), such as naphthalene (Np), 

anthracene (An), carbazole (Cz), phenanthrene (Pn), 

triphenylene (Tp), and Pyrene (Py) with varying size and donor 

ability to explore whether they provide tunable CT-behaviour 

(Fig. S17 – S22). Titration with these guests further demonstrate 

their ability to interact with 1, but interestingly, have different 

CT absorption bands (CT, Table 1) ranging from 450 nm for Np 

to 600 nm for Pe with tunable visual color change of the solution 

with guest addition (Fig. 4c). Astonishingly, their absorption can 

be tuned within the whole visible region depending on the 

guests (Fig. 4c inset). Such strong CT interaction in chloroform 

is notable, where both 1 and the guests tend to be solvated and 

possess low to medium association constants. The discrete 

folded structure of the oligomer perhaps allows a relatively 

stronger interaction between them that results in a long-range 

D-A order. The CT absorption intensity has also varied 

depending on the guests. This could be related to the electronic 

complementarity between 1 and the guests, while the  surface 

of the guests may also contribute to the dispersive interaction. 

To ascertain whether the cleft-like cavities between the NDI 

sheet are responsible for such efficient CT complexation, we 

have performed UV-Vis titration of NDI-ref with Pe. We 

observed the appearance of a weak CT band even after the 

addition of a large excess of Pe (6 equivalents; Fig. S23). It 

further indicates their influence in the folding process of 1 and 

the role of the cavities in guest intercalation. 

To quantify the strength of CT-complexation, we attempted 

to estimate the association constants (Ka) by fitting the change 

of absorbance of the CT band with the equivalent of the guest  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 (a) Changes in UV-Vis absorption spectra of 1 (3 mM) upon 

titration with perylene (Pe) in chloroform at 298 K. Blue line: 

spectra before titration; Red line: after 4.5 equivalents of Pe 

were added. The arrow indicates the appearance of a strong 

charge transfer (CT) band. Inset: Variation of absorbance at 600 

nm with respect to increasing Pe equivalence. (b) Temperature 

dependency of the CT band within the temperature range 278-

323 K. Inset: Variation of absorbance at 600 nm with 

temperature. (c) Guest-dependent variation of charge transfer 

band and consequent visible color change (inset).  

added using a 1:1 binding model (Fig. S24-S26).78 The findings 

summarized in Table 1 shows perylene has the highest Ka with 

291 M-1 compared to other polyaromatic donors. This trend 

primarily follows their electron-donating abilities, since CT is 

related to an intermolecular interaction between the highest 

occupied molecular orbital (HOMO) of the polyaromatic guests 

to the lowest unoccupied molecular orbital (LUMO) of 1. 
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However, Tp displays a higher Kₐ than expected from the 

relative HOMO energy alone (Fig. S45). We presume that the 

existence of some dispersion interaction is involved, where the 

large -surface area (greater number of C=C bonds) of the 

guests contributes to the Ka.79 To examine this further, we have 

plotted the free energy of stabilization (-G0
298) against the 

oxidation potential (EOx
1/2) and the number of C=C bonds in each 

guest (Fig. 5a). The EOx
1/2 is directly related to the HOMO of the 

guests; the higher HOMO energy reflects lower EOx
1/2, thus a 

better donor. A trend shows that -G0
298 increases with the 

lower EOx
1/2 and an increasing number of C=C bonds of the 

guests, following the order Pn < Cz < Py  An  Tp < Pe (Fig. 5a). 

As expected, Pe displays the highest -G0
298 owing to its lowest 

EOx
1/2 (0.85 V) and maximum C=C bonds. Py and An exhibit 

similar values; the slightly higher EOx
1/2 of Py (1.16 V vs. 1.09 V 

for An) is compensated by the one extra C=C bond present in it. 

The unusually higher -G0
298 value for Tp is dominated by its 

greater C=C bonds, despite its high EOx
1/2 (1.55 V). A similar 

effect is observed for Pn, whereas Cz follows the expected 

trend. Overall, the extent of host–guest complexation is a result 

of complementary electronic effect as well as -surface area.  

Since 1 has four cleft-like cavities that can accommodate 

four guests, and as reflected from the UV-Vis titration in some 

cases, the saturation of CT absorbance is observed after the 

addition of four equivalents of guest, we have considered a 1:4 

model as well, modifying the previously reported 1:1 model by 

Stoddart and co-workers (see supplementary information for 

details).80 It assumes that the appearance of the absorbance of 

the CT-band is solely a result of the association of the host and 

the guests and formation of the 1:4 complex. Here, the 

absorbance of the CT-band (ACT) was monitored from UV-Vis 

spectra as a function of host (1) concentration while 4 

equivalents of guest were added every time (Fig. S27-S29). The 

Ka and molar extinction coefficient (CT) of the CT complex were 

estimated from the slope and intercept of the c/ACT vs. 1/ACT
4/5 

linear plot (Fig. 5b) using the following equation. 

𝑐

𝐴𝐶𝑇
=

1

√256𝐾𝑎𝜀𝐶𝑇𝑙5
∙

1

𝐴𝐶𝑇
4/5

+
1

𝜀𝐶𝑇𝑙
                      (1) 

Where c and l represent the initial concentration of the host 

and the optical path length, respectively. The linear variation of 

c/ACT vs. 1/ACT
4/5 is also an indication of the intramolecular CT 

complexation between 1 and polyaromatic guests rather than 

an intermolecular phenomenon. The estimated Ka has been 

summarized in Table 1. It can be noted that the Ka values 

obtained from the previous method are much higher than those 

obtained in the subsequent method. This is because the Ka 

estimated in the second method is the average association 

constant in the case of stepwise complexation of four guests in 

1. The estimation of individual association constants in every  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 (a) The variation of free energy of stabilization (-G0
298) 

obtained from the 1:1 binding model (Table 1) with the EOx
1/2 

(filled circles) and the number of C=C bonds (empty circles) on 

guests. The lower EOx
1/2 represents better electronic 

complementarity to CT complexation. Large -surface (higher 

C=C bonds) contributes to the dispersive interaction. (b) The 

variation of c/ACT vs. 1/ACT
4/5 when the concentration (c) of 1 

was varied, maintaining a constant 4 equivalents of guests, and 

the absorbance (ACT) of the CT band was measured. The Ka and 

CT were estimated from the slope and intercept of the linear fit 

of each variation. 

Table 1. Estimated association constants (Ka), molar absorptivity (CT), and change in Gibbs free energy (GCT) of CT-complexation 

obtained from the change of absorbance of the CT-band with concentration of host using 1:1 and 1:4 models.  

 aKa was estimated by a 1:1 binding model. bKa and CT were calculated using equation 1. cΔG0
 = -RTlnKa at T=298 K. 

Guests 

NDI-ref 1 

1:1 model 1:1 model 1:4 model 

Ka (M-1)a -G0
298 (kJ/mol)c CT (nm) Ka (M-1)a -G0

298 (kJ/mol)c Ka (M-1)b CT (M-1cm-1)b ΔG0
CT (kJ/mol)c 

Pe 31.82 8.57 600  291.41 14.06 14.04 945.85 -6.54 

An - - 526 92.77 11.22 10.76 182.02 -5.88 

Cz - - 506 75.27 10.71 8.82 458.22 -5.39 

Py - - 513 93.26 11.24 7.88 555.85 -5.11 

Tp - - 444 103.21 11.49 7.18 1170.67 -4.88 

Pn - - 443 67.84 10.45 6.19 566.21 -4.51 
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binding and understanding of the presence of any cooperativity 

in the binding process cannot be performed due to the 

complexity of the process. However, the first and second guest 

binding is expected to be stronger than the subsequent binding 

simply because each guest binding to the host makes it less 

electron-deficient than its native state. Nevertheless, this 

method gives an overall understanding of the difference in the 

CT complex formation with various guests. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Changes in UV-Vis absorption spectra of 1 (3 mM) upon 

subsequent addition of (a) Tp (2 eq.) and Py (2 eq.) and (b) Pe 

(2 eq.) and Py (2 eq.) in chloroform at 298 K. The arrow indicates 

the CT band corresponding to NDI-Tp, NDI-Py and NDI-Pe 

interactions. Inset: Distinct visual color of the solution after the 

addition of only Tp, Py, Pe, and the combination Tp+Py or Pe+Py 

to the solution of 1.  

 

Considering all the guests having different CT absorptions, 

and 1 has four cleft-like cavities, we wanted to explore the 

possibility of double CT interaction by adding two different 

guests to 1. Double CT interaction allows obtaining an exciting 

functional system that can absorb broad visible light and may 

enable efficient charge separation. For this purpose, first, we 

have titrated 1 by two equivalents of Tp, followed by another 

two equivalents of Py. Initially, during the addition of Tp, we 

observed the appearance of a CT band at 444 nm, and then, 

subsequent addition of Py, another CT band appeared, having 

maxima at 513 nm (Fig. 6a). It covers a broad absorption 

between 430 – 600 nm, consisting of two CT bands, a signature 

of NDI-Tp and NDI-Py CT interactions. A similar experiment was 

conducted by simultaneously adding Py and Pe, covering the 

absorption range from 480 – 750 nm, even though the CT band 

due to the NDI-Py interaction was to some extent shadowed by 

the absorption of unbound Pe (Fig. 6b). Although the exact 

arrangement of guests in the cavities is not clear, the 

demonstration of multiple guest-dependent broad CT 

absorption in the visible light could be promising for 

photoinduced charge separation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7 (a) Partial 400 MHz 1H-NMR spectra of 1 (3 mM) in CDCl3 

and upon addition of 1 (b), 2 (c), 3 (d), 4 (e), and 5 equivalents 

(f) of Pe (15 mM in CDCl3) at 298 K. (g) The 1H-NMR spectrum of 

Pe (10 mM) in CDCl3 is given for comparison. The cyan lines 

indicate the changes in the signals of 1 upon the addition of the 

guest. The asterisk (*) represents signals appearing from Pe. (h) 

and (i) Variable temperature 1H-NMR of [1+Pe] (in a constant 3 

mM concentration of 1) at 298 K and 323 K, respectively, in 

CDCl3. (j) Overlayed DOSY-NMR spectra of [1+Pe] (blue), free 1 

(magenta), and free Pe (orange contour). The brown shade 

represents diffusion of 1 with and without Pe. The identical 

diffusion rate indicates no intermolecular association of 1 in the 

presence of Pe. The grey shade represents the diffusion of Pe in 

the presence of the 1. It is distinctly different than the diffusion 

rate of free Pe highlighted in yellow shade. 
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To further probe the interaction between 1 and the 

polyaromatic guests, we have performed 1H-NMR titration in 

CDCl3 at 298 K. The Fig. 7a-g shows the representative 1H-NMR 

titration upon gradual addition of Pe solution in 1, while 

titrations with other guests are provided in the supplementary 

information (Fig. S30-S35). After the addition of Pe (5 eq.), the 

signals from NDI units are upfield shifted, with the changes 

being most prominent in the case of the central NDI signal, 

which exhibits a ~1.1 ppm shift, compared to a ~0.7 ppm shift 

for signals from the other NDIs (Fig. 7a-f). Additionally, the 

signals from Pe also shifted upfield compared to free Pe signals 

(Fig. 7g). It is consistent with the fact that the intercalation of 

the Pe into the clefts of folded 1 enhances ring current, resulting 

in such an upfield shift of the signals of both host and guest. It 

is interesting to note that, quite expectedly, the signals from 

pyridine units remained mostly unaltered during the titration 

process signifies that the host-guest interaction does not 

change their environment. This is also indicative that the 

process is a molecular phenomenon and does not involve any 

intermolecular assembly induced by the guest. Similar changes 

are observed for other guests; however, the extent of changes 

remained different, and consistent with the electron-donating 

ability of the guests. To understand the temperature 

dependency of the CT complex, we have performed VT 1H-NMR 

in CDCl3 within 298 – 323 K. It is evident that with increasing 

temperature, the signals of NDI protons of 1 as well as Pe 

started to shift downfield, indicating the decomplexation (Fig. 

7h & i and Fig. S36-S42) process. This is in accordance with the 

VT studies by the UV-Vis method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 (a) and (b) Side views of the energy-minimized models 

obtained using Universal force field implemented in Forcite 

module of Materials Studio for Pe and Py intercalated CT 

complexes of 1, respectively, with distances between NDI and 

Pe or Py. (c) and (d) Their corresponding top views. The 

arrangement shows a long-range D-A order. Some hydrogen 

atoms and solubilizing side chains are omitted for clarity. 

 

To determine whether the CT complexation is an 

intramolecular phenomenon or involves intermolecular 

assembly, we performed 1H-DOSY NMR. After the addition of 

five equivalents of Pe in 1, clearly shows the diffusion 

coefficient comparable to that of free 1 (Fig. 7j). The diffusion 

coefficient of the Pe in the mixture is different than that of Pe 

when measured separately. The diffusion of Pe does not follow 

along the host due to the rapid exchange between the bound 

and free Pe in the medium. The overall studies indicate that the 

complexation is an intramolecular phenomenon rather than an 

intermolecular assembly assisted by Pe.  

Attempts to elucidate the structures of the CT complexes by 

X-ray crystallography were unsuccessful, as multiple 

crystallization efforts failed to yield suitable single crystals. 

Nevertheless, we carried out energy minimization of the guest-

intercalated oligomer using the Universal Force Field 

implemented in the Forcite module of Materials Studio. As 

expected, the optimized structures reveal an ordered, long-

range alternate D–A stack. Representative models of the CT 

complexes of 1 with Pe and Py are given in Fig. 8, while models 

for other CT complexes are given in the supplementary 

information (Fig. S43 and S44). In both cases, the guests are 

occupied within the clefts of 1 and are stabilized by CT 

interactions with adjacent NDI units. The NDI-guest distances 

are approximately 3.5 Å, consistent with close contact and 

strong CT interaction. Notably, the overall length of the CT 

complexes (~27.4 Å) is nearly identical to that of the 

uncomplexed oligomer 1 (~26.2 Å). This similarity is further 

supported by DOSY NMR measurements, which show 

insignificant change in diffusion coefficients upon addition of 

five equivalents of guest molecules. The estimated 

solvodynamic diameter using the Stokes-Einstein equation is 

31.1 Å, which is in very good agreement with the theoretical Pe 

intercalated molecular length of 1 (27.4 Å) and close to the 

estimated diameter of the free oligomer (29.8 Å).  

Conclusions 

In conclusion, we have prepared a covalently linked, 

electroactive, conformationally flexible NDI-pentamer, 1, 

through an iterative synthetic process that exhibits 10-electron 

reduction and a solvent-dependent folding behavior. While it 

remains partially folded in DCM and chloroform, as evidenced 

by strong excimer emission even at submicromolar 

concentrations, the addition of nonpolar solvents such as MCH 

or toluene promotes further folding. It leads to enhanced 

excimer emission in MCH, whereas toluene quenches the 

excimer emission and provides a distinct weak CT emission. 

Additionally, folding has also been induced by polyaromatic 

donors such as perylene, pyrene, anthracene, triphenylene, etc. 

that intercalate between NDI layers through D–A interactions. 

The resulting CT responses are tunable and depend primarily on 

the electron-donating strength of the guests, while there is 

some contribution of dispersive interaction. Furthermore, 

sequential addition of two different donors provided dual CT 

bands leading to broad visible light absorption. The host-guest 

interactions have been investigated by extensive UV-Vis and 

NMR studies. Such guest-dependent, folding of a flexible 

multidecker NDI system is unprecedented and offers new 

insight into conformation control and charge transfer within π-
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stacked materials. The resulting formation of long-range D–A 

arrays highlight the potential of such systems for light 

harvesting and charge-transport applications in organic 

electronics. Further studies along these directions will be 

reported in due course. 
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