
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 4659–4666 |  4659

Cite this: Mater. Adv., 2022,

3, 4659

Influence of the fluoride anion on photoinduced
charge transfer interactions in adenine-
functionalized push–pull naphthalenediimide
chromophores†

Shailesh S. Birajdar,‡ab Mehak Ahuja, ‡bc Avinash L. Puyad,d Mahesh Kumar,c

Vishal G. More,e Rachana Kumar,*bc Sidhanath V. Bhosale *ab and
Sheshanath V. Bhosale*e

A new series of nucleobase adenine (A)-functionalized naphthalene diimide (NDI) derivatives to form a

donor–acceptor conjugate has been designed, synthesized and characterized. The photoinduced elec-

tron transfer from A to NDI chromophores upon fluoride anion binding to the chromophores NDI-A and

A-NDI-A has been investigated by electrochemical and femtosecond transient absorption spectroscopy

(TAS). The TAS study further showed the formation of charge-separated states in both the derivatives,

which disappear on TBAF addition.

Introduction

In the evolutionary process of life, photosynthetic antenna
systems were constructed by self-assembled bacteriochloro-
phyll (BChl) in Nature.1 In Nature, the antenna system with
great diversity exhibits similar architectures constituted by
electron donor (D) and acceptor (A) chromophores.2 The oper-
ating principle of such self-assembled D–A photosynthetic
reaction centres stabilizes the electron and the hole transporta-
tion on opposite sides of a lipid bilayer-membrane.3 To fabri-
cate more robust artificial antenna systems, the natural
blueprint should be well understood but it is not necessary to
be identically copied.4 Inspired from the natural antenna
systems, researchers have developed various supramolecular
self-assembled and covalently-linked conjugates such as dyads,
triads, tetrads, and pentads.5 The energy and electron transfer
properties using synthetic systems have been well established

to mimic the natural process.6 The excited state electron transfer
process in donor–acceptor molecules in the presence of additional
cofactors such as cations, anions and protons may lead to prolong-
ing the life time of the electron transfer product formation.7 More-
over, in biological systems, the impact of external factors on the
efficiency of electron transfer processes is well documented. In
photosystem-II, in the oxidation process of water, calcium cations
and chloride anions are the important cofactors.8

In connection with this, the electron transfer (ET) process in
deoxyribonucleic acid (DNA) has been tapped by researchers for
photo-therapy and long range ET applications.9The biomolecu-
lar structures of nucleobase base-pairing such as adenine-
uracil/thymine and guanine–cytosine (Watson Crick) are
responsible for maintaining the functions of life’s genetic
code.10 Among these nucleobases, a fluorescent adenine moiety
is widely utilized to investigate the structure and dynamics of
nucleic acids.11 The photophysical properties of adenine dis-
play bathochromic-shifted absorption maxima. Moreover, in
single and double stranded DNA the fluorescence of adenine is
quenched.12 These properties of adenine have been widely
employed to study the dynamics, thermodynamics and kinetics
of protein-induced DNA conformational changes.13 The fluores-
cence emission quenching of adenine may involve an ET
phenomenon.14 Therefore, the charge transport properties of
nucleobases within p-stacking distances have been investigated
along stacked base pairs due to the potential of electron and
hole transport characteristics.15 Here, we have utilized nucleo-
base adenine in conjugation with NDI via covalent bonding to
establish the ET process in the presence of a fluoride anion as a
cofactor.
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Core-substituted NDIs, belonging to the rylene family, have
attracted researchers’ attention due to their utilization in the
fabrication of multichromophoric systems.16 NDIs without any
electron donor at their core have been employed as electron
acceptors in D–A molecular architectures,17 whereas the incor-
poration of one to four electron donor substituents at the NDI
core displayed new optical manipulation with charge transfer
properties in the visible region.18 The number and nature of
substituents at the NDI core can influence these characteristics.
NDIs have been employed as an acceptor in combination with
different donors to establish the charge transport properties.19

Importantly, core-substituted NDIs can be utilized to recognize
fluoride anions leading to modulation of their photophysical
and electrochemical properties.20 A literature search revealed
that in supramolecular D–A complex systems, anion binding at
the donor macrocycle influences the excited state electron
transfer properties.21 Moreover, it was also demonstrated that
anion binding also led to improved photoelectrochemical
responses.21 By taking advantage of these characteristics, we
have designed adenine-functionalized core-substituted push–
pull NDIs.

Herein, we have presumed that an electron-rich adenine
donor and an electron acceptor NDI lead to p-electronic push–
pull type molecular architectures such as NDI-A and A-NDI-A
(Scheme 1). The direct substitution of adenine (push) on the
NDI core (pull) enabled electronic interactions between D- and
A- and tuned their optical and electrochemical properties.
Photoinduced charge transfer from adenine to NDI is investi-
gated in these systems. Additionally, –NH groups of the ade-
nine in NDI-A and A-NDI-A are available for binding fluoride,
an anionic cofactor. The photoexcitation of NDI-A and A-NDI-A
in the presence of a fluoride anion cofactor in charge transfer
processes was also studied.

Results and discussion
Synthesis of NDI-A and A-NDI-A

The synthesis details of the NDI-A dyad and A-NDI-A triad
compounds are given in the ESI† (Scheme S1). At first, alkyla-
tion of adenine 1 in the presence of potassium carbonate in

dimethylformamide was achieved to yield compound 2 by
following the literature reported procedure.22 Adenine deriva-
tive 2 was reacted with NDI-Br16a,23 and Br-NDI-Br16a,23 under
modified direct heteroarylation coupling conditions24 (to
remove the bromine atoms) for the formation of the NDI-A
and A-NDI-A moieties (Scheme 1 and Scheme S1, ESI†). The
obtained compounds NDI-A and A-NDI-A were then used for
further investigations.

Spectroscopic studies

The UV-vis absorption spectra of NDI-A (1� 10�5 M) and A-NDI-
A (1 � 10�5 M) in dichloromethane (DCM) are shown in Fig. 1.
NDI-A exhibits absorption maxima at 306 nm with shoulders at
341 nm, 359 nm, 378 nm and 491 nm (broad) (Fig. 1, red line).
The triad A-NDI-A displayed peak maxima at 332 nm, 376 nm,
517 nm and 557 nm (Fig. 1, blue line). The core-substituted NDI
shows highly shifted So to S1 transition compared to the N-
imide substituted derivatives.25 NDI-A shows a red shifted So to
S1 transition at 491 nm, while A-NDI-A shows one at 557 nm.
Thus, NDI-A and A-NDI-A displayed absorption maxima over
the 300–560 nm range making them wide band capturing
chromophores. The absorption spectrum of the control mole-
cule SVB-M1 (Fig. S11, ESI†) exhibits four main peaks at 300,
355, 365 and 600 nm along with a shoulder peak at 560 nm. The
obtained results are in accordance with the mono- and di-
amine substituted NDI.6c,6d Würthner6c et al. and Tian and co-
workers6d demonstrated that core-substituted NDI with amines
exerted a +M effect, resulting in a bathochromic shift in the
absorption spectra.

The fluorescence emission of NDI-A (lex = 360 nm) in DCM
shows three strong emission peaks at 414 nm, 434 nm, and
556 nm along with a shoulder peak at 640 nm (Fig. S12a, ESI†),
whereas A-NDI-A (lex = 360 nm) exhibits fluorescence emission
peaks at 418 nm and 438 nm, and a strong peak at 591 nm
(Fig. S12c, ESI†).

The emission peaks at 556 nm and 591 nm of NDI-A and
A-NDI-A, respectively, correspond to charge transfer bands
between the adenine donor and NDI acceptor, suggesting the

Scheme 1 Chemical structures of NDI-A and A-NDI-A utilized to visua-
lize fluoride anion binding promoted photoinduced charge transfer
interactions.

Fig. 1 UV-Vis absorption spectra of NDI-A (1 � 10�5 M) and A-NDI-A
(1 � 10�5 M) in DCM.
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occurrence of energy or electron transfer events. Moreover, with
the excitation at 469 nm (So to S1), NDI-A and A-NDI-A showed
emission peaks at 560 nm (Fig. S12b, ESI†) and 590 nm with a
shoulder peak at 635 nm (Fig. S12d, ESI†), respectively. The
emission of A-NDI-A upon excitation at 555 nm displayed a
strong peak at 590 nm (Fig. S13, ESI†) for S1 to S0 relaxation.

Fluoride anion binding to the NDI-A and A-NDI-A chromo-
phores and its results with respect to colorimetric, UV-vis
absorption, 1H NMR, emission and TCSPC spectral changes
were then investigated. The colorimetric changes associated
with F� anion binding with NDI-A and A-NDI-A are shown in
Fig. S14a and S14b (ESI†), respectively. NDI-A displayed yellow
color in DCM, but with the addition of F� ions, the color of the
solution changed to dark yellow (Fig. S14a, ESI†). The color of
the A-NDI-A in DCM appeared as pink and is changed to dark
pink upon addition of F� ions (Fig. S14b, ESI†). Furthermore,
UV-vis absorption spectral titration was performed to study the
F� anion binding to NDI-A and A-NDI-A and spectral variations
are shown in Fig. 2a and b, respectively. The binding of the F�

anion to NDI-A displayed a significant decrease in peak inten-
sities at 306 nm, 341 nm (shoulder), 359 nm, 378 nm and
491 nm (Fig. 2a). A similar trend was observed in the case of
A-NDI-A showing a decrease in the absorption peak intensity at
332 nm, 376 nm, 517 nm and 557 nm (Fig. 2b). As shown in
Fig. 2a and b, F� ion binding causes a decrease in absorbance
peak intensity, which in turn leads to a change in the electronic
properties of NDI-A and A-NDI-A, indicating that the F� ion
interacts with adenine the N–H proton forming a non-covalent
H-bonded adduct followed by deprotonation (Fig. S15a
and S15b, ESI†). The Benesi–Hildebrand method26 was
employed for these UV-vis absorption data resulting in binding
constants of 5.671 � 10�7 M for NDI-A (Fig. S15a, ESI†) and
�1.260 � 10�5 M for A-NDI-A (Fig. S15b, ESI†) upon addition of

fluoride anions. These results are attributed to the intra-
molecular charge transfer (ICT) within the whole molecular
skeleton.6c,6d

The F� anion binding to NDI-A and A-NDI-A and its effects
on the fluorescence emission spectral changes (lex = 469) were
then investigated and shown in Fig. 2c and d, respectively. The
emission peak intensities at 560 nm for NDI-A (Fig. 2c) and at
590 nm with a shoulder peak at 635 nm for A-NDI-A (Fig. 2d)
decrease with the gradual addition of F� ions. Thus, F� ion
binding causes quenching of the fluorescence of NDI-A and
A-NDI-A, indicating the occurrence of ICT from deprotonated
adenine (push) to the NDI (pull) core and formation of charge-
separated states.27 The deprotonation of the N–H protons of
NDI-A and A-NDI-A was proved by means of 1H NMR in CDCl3

as a solvent with the addition of TBAF (50 equiv.). The char-
acteristic adenine N–H proton peaks at 13.44 ppm for NDI-A
(Fig. 3a) and 13.14 ppm for A-NDI-A (Fig. 3b) disappeared after
addition of F� ions (50 equiv.), indicating the deprotonation of
the adenine N–H protons with excess fluoride concentration.

As depicted in Fig. 4, N–H proton deprotonation of NDI-A
and A-NDI-A is also demonstrated by employing 19F NMR
spectroscopic measurements. In 19F NMR, the fluoride anion
of TBAF appeared at �107 ppm d in DMSO-d6. The addition of
TBAF to NDI-A resulted in three peaks at �57.47 ppm,
�107 ppm and �126.93 ppm, corresponding to NDI-A�F, TBAF
and HF2

�, respectively. Similarly, addition of a fluoride anion

Fig. 2 UV-Vis absorption spectra of (a) (i) NDI-A (1 � 10�5 M) and
(b) A-NDI-A (1 � 10�5 M) with the addition of TBAF in DCM. Fluorescence
emission spectra (lex = 469 nm) of (c) NDI-A (1 � 10�5 M) and (d) A-NDI-A
(1 � 10�5 M) in DCM upon addition of TBAF.

Fig. 3 1H NMR titration of (a) NDI-A and (b) A-NDI-A with the addition of
fluoride (F�) anions (50 equiv.). The graphs demonstrate above 7 ppm d
values.
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(TBAF) to A-NDI-A resulted in four peaks at �73.48 ppm,
�107.00 ppm, �144.40 ppm (mono-deprotonated form) and
�144.77 ppm (di-deprotonated form), which are attributed to
A-NDI-A�F, TBAF, HF2

� and HF2
�, respectively. The peaks of

HF2
� at �126.93 ppm, �144.40 ppm and �144.77 ppm are

obtained due to deprotonation of NDA-A and A-NDI-A by the
Lewis basic fluoride anion. Thus, 19F NMR spectroscopy mea-
surements proved the deprotonation of NDI-A and A-NDI-A
upon addition of fluoride anions.

To examine the deprotonation of NDI-A and A-NDI-A under
basic conditions, we performed optical, UV-vis and fluores-
cence spectroscopy in the presence of tetrabutylammonium
hydroxide salt (TBAOH). When NDI-A and A-NDI were exposed
to OH� anions (as the TBA salt), color changes from yellow to
green for NDI-A (Fig. S16a, ESI†) and pink to blue for A-NDI-A
were observed by the naked eye (Fig. S16b, ESI†). In DCM,
NDI-A with the addition of TBAOH displayed a decrease in peak
intensity at 306, 359 nm, 378 nm and 491 nm (Fig. S17a, ESI†).
A similar trend was also observed for A-NDI-A upon addition of
TBAOH (Fig. S17b, ESI†). When NDI-A and A-NDI-A were treated
with TBAOH, decreases in the fluorescence emission peak
intensities at 560 nm for NDI-A (Fig. S18a, ESI†) and at
590 nm and 635 nm for A-NDI-A (Fig. S18b, ESI†) were
observed. These results are consistent with the deprotonation
of the N–H protons of NDI-A and A-NDI-A, under Lewis basic F�

anion conditions (Fig. 4).
The time-correlated single photon counting (TCSPC)

method was employed to determine the fluorescence lifetimes
and the results are displayed in Fig. S19a and b, Table S1 and S2
(ESI†). TCSPC measurements revealed that NDI-A and A-NDI-A
exhibited mono-exponential decay with lifetimes of t1 =
0.8326 ns (100%) (Fig. S19a and Table S2, ESI†) and t1 =
0.1831 ns (100%) (Fig. S19b and Table S2, ESI†), respectively.
The TCSPC results suggested that excitation occurs in both the
systems i.e. NDI-A and A-NDI-A. The supramolecular interac-
tions of NDI-A and A-NDI-A with F� ions were then examined
with the change in lifetime in ns. The NDI-A:F� complex

displayed biexponential decay with lifetimes of t1 = 0.5799 ns
(88.69%) and t2 = 0.2697 ns (11.31%) (Fig. S19a and Table S2,
ESI†). The average lifetime of NDI-A:F� was 0.5448 ns, which is
found to be shorter than that of NDI-A (Table S2, ESI†). More-
over, the interaction of F� ions with A-NDI-A resulted in t1 =
0.1907 ns (100%), which is slightly larger than that of A-NDI-A
(t1 = 0.1831 ns). The changed fluorescence emission properties
examined by steady state (Fig. 2c and d) and lifetime measure-
ments (Fig. S19a and b, ESI†) of NDI-A and A-NDI-A upon
interaction with fluoride anions demonstrated the occurrence
of intramolecular charge transfer processes.27

Computational studies

Dynamic functional theory (DFT) studies were performed in
order to examine the push–pull activity in NDI-A and A-NDI-A
using the Gaussian 09 ab initio/DFT quantum chemical simula-
tion package.28 The geometry optimization of molecules NDI-A,
A-NDI-A, NDI-A + TBAF, and A-NDI-A + 2TBAF, considering the
truncated alkyl part, has been carried out at the B3LYP/6-31G*
level. The frequency calculations have also been employed at
the same level to confirm the minima. The frontier molecular
orbitals (FMOs) are generated by using Avogadro and are given
in Fig. S20 and Fig. 5 (ESI†).29,30 The highest occupied mole-
cular orbital (HOMO) is localized on the adenine and NDI
subunits of NDI-A (Fig. 5a) and A-NDI-A (Fig. 5c), whereas the
lowest unoccupied molecular orbital (LUMO) density is distrib-
uted over the NDI subunits and not the adenine. The HOMO
density is primarily localized over the adenine and NDI moi-
eties of NDI-A (Fig. 5c) and A-NDI-A (Fig. 5d) upon interaction
with F� ions. Similarly, the LUMO density is mainly distributed
over the NDI core, thus creating an ideal condition for push–
pull.

Therefore, delocalization of the FMOs indicates that NDI-A
and A-NDI-A are efficient materials for supramolecular charge
transfer interactions. Furthermore, these geometries were sub-
jected to time-dependent density functional theory (TD-DFT)
studies using the B3LYP/6-31G* level for charge transfer excita-
tions. TD-DFT results were analyzed by employing the Gauss-
Sum 2.2.5 program,31 and the TD-DFT results obtained are
reported in Table S3 (ESI†). From the TD-DFT results (Table S3,
ESI†) it is seen that the absorption peaks of NDI-A appeared at
481 nm, 363 nm, and 292 nm (Fig. S21a, ESI†) and those of

Fig. 4 19F NMR titration of (a) NDI-A and (b) A-NDI-A with the addition of
TBAF (50 equiv.) in DMSO-d6.

Fig. 5 Frontier molecular orbitals of (a) NDI-A, (b) A-NDI-A, (c) NDI-A +
TBAF and (d) A-NDI-A + 2TBAF with energy in eV.
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A-NDI-A at 542 nm, 363 nm, and 320 nm (Fig. S21c, ESI†); those
of NDI-A + TBAF are at 525 nm, 370 nm, and 304 nm (Fig. S21b,
ESI†) and those of A-NDI-A + 2TBAF are at 538 nm, 370 nm and
321 nm (Fig. S21d, ESI†).

Electrochemical studies

Cyclic voltammetry experiments were performed to evaluate the
HOMO and LUMO energy levels of NDI-A, A-NDI-A, NDI-A-F and
A-NDI-A-F complexes (Fig. 6). The voltammogram of NDI-A in
the absence of fluoride anions exhibited prominent anodic and
cathodic processes in the �1.5 to 2.0 V (vs. Fc/Fc+) region. The
HOMO and LUMO energy levels calculated from onset oxida-
tion of 1.60 V (ESI,† equiv. S1) and reduction of �0.69 V (ESI,†
equiv. S1) (Fig. 6a and Table S4, ESI†) are found to be �6.30 eV
and 4.01 eV, respectively. Upon addition of fluoride anions,
from the CV measurements of NDI-A, the HOMO and LUMO
energy levels obtained are �5.30 eV (Eox

onset = 0.90 V) and
�3.99 eV (Ered

onset = �0.40 V), respectively, (Fig. 6b and Table
S4, ESI†). The CV graphs of A-NDI-A in the absence and
presence of fluoride anions show the changes in oxidation
and reduction potential values. The experimental HOMO and
LUMO of A-NDI-A are found to be �5.99 eV (Eox

onset = 1.29 V) and
�3.94 eV (Ered

onset = �0.76 V) (Fig. 6c and Table S4, ESI†),
respectively, in the absence of F� ions. Furthermore, upon
addition of F� ions to A-NDI-A, the HOMO and LUMO energy
levels were at �5.21 eV (Eox

onset = 0.81 V) and �3.67 eV (Ered
onset =

�0.72 V), respectively (Fig. 6d and Table S4, ESI†). Thus, in
NDI-A and A-NDI-A, the change in onset oxidation and
reduction potentials are attributed to the contribution of the
additional negative charge from F� ions (Fig. 6b). The decrease
in the HOMO and LUMO gaps of NDI-A and A-NDI-A upon
addition of F� ions indicates the possibility of excited state
intramolecular charge transfer.

The shift in redox potentials to more negative potentials
with increase in the number of electron donating morpholine

units in mono-, di- and tetra-substituted morpholine NDI
derivatives 1, 2 and 3 is in accordance with results observed
in our work with A-NDI-A; the HOMO–LUMO levels are uplifted
in comparison to their NDI-A derivative with one adenine
unit.32

Transient absorption studies

Furthermore, to study the intramolecular charge transfer interac-
tions, the driving force for intramolecular electron transfer (�DG0

ET)
was calculated using the Weller equation from the first oxidation
and reduction potentials of the molecules indicating the formation
of charge-separated states.33 Values of the driving force for charge
separation (�DG0

ET(CS)) and charge recombination (�DG0
ET(CR)) have

been calculated as shown in Table S4 (ESI†). It can be observed that
NDI-A and A-NDI-A show higher driving force for charge recombina-
tion and lower for charge separation, which is a prerequisite for any
thermodynamically driven charge separation process. On addition
of F� ions, the driving force for charge separation has been further
lowered indicating facile charge transfer and formation of charge-
separated states.

Ultrafast TAS is an important tool to identify the photogen-
erated charge carrier dynamics in organic semiconductor mate-
rials and has been used in the current study to identify the
transitions in NDI-A and A-NDI-A molecules on excitation and
formation of charge-separated states. TAS was performed using
1 � 10�5 M solutions of NDI-A and A-NDI-A in DCM and their
mixtures with 50 equivalents TBAF as shown in Fig. 7; the data
are summarized in Table S5 (ESI†) and Fig. 8 shows the energy
level diagram with related transitions. A train of optical pulses
from a Ti:sapphire laser amplifier (35 fs, 4 mJ per pulse, 1 kHz,
and 800 nm) gets split into two beams using a beam splitter. A
pump wavelength of 410 nm (3.0 eV) is selected for the excita-
tion of the material and a probe pulse propagated through a
CaF2 crystal is passed after a particular delay time to measure
the differential absorption spectra in the visible region. The
negative absorption features in TAS are the ground state

Fig. 6 Cyclic voltammetry: (a) NDI-A, (b) NDI-A + TBAF, (c) A-NDI-A and
(d) A-NDI-A + TBAF in DCM.

Fig. 7 TAS spectra of (A) NDI-A (1 � 10�5 M), (B) NDI-A + TBAF (50 eq.),
(C) A-NDI-A (1 � 10�5 M) and (D) A-NDI-A + TBAF (50 eq.) using a 410 nm
pump wavelength.

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 1

/1
5/

20
25

 9
:4

9:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma00030j


4664 |  Mater. Adv., 2022, 3, 4659–4666 © 2022 The Author(s). Published by the Royal Society of Chemistry

bleaching (GSB) owing to ground state absorption (GSA) or
stimulated emission (SE). The positive absorption features in
TAS appear due to excited state absorption (ESA) of the gener-
ated transient species. NDI-A shows two main features in the TA
spectra, i.e., (i) ESA between 500 and 590 nm with a maximum
at B528 nm and 700 and 800 nm with a maximum at B760 nm
and (ii) GSB between 590 and 690 nm with a maximum at
B615 nm (Fig. 7A). The ESA between 500 and 590 nm is
attributed to transition 1 for the singlet excited state absorption
of NDI-A molecules appearing after 1.54 ps of delay time with a
lifetime of 85 ps for the major species. The GSB between 500
and 590 nm appears with first excitation and intensity increases
up to 50 ps. The life time of GSB was estimated to be B110 ps
and attributed to stimulated emission (transition 2). Another
ESA appears after a 5 ps delay time and the decay fits biexpo-
nentially. A short-lived species of 26 fs and long-lived species
with 68 ps lifetimes are formed. These species can be assigned
to adenine+� and NDI�� radical ions, respectively, formed due
to intramolecular charge transfer resulting in the formation of
charge-separated states (transition 3). On addition of TBAF to
NDI-A, significant changes in TA spectra are observed (Fig. 7B).
A clear ESA at 545 nm (transition 1) and GSB at 605 nm
(stimulated emission, transition 2) along with several vibra-
tional absorptions of up to 800 nm appear after 2.3 ps of
excitation. With the addition of TBAF, the lifetimes of all the
species are highly reduced (Table S5, ESI†). The broad GSB
between 650 and 800 nm with a short lifetime corresponds to
charge transfer state absorption (transition 4) with ultrafast
relaxation.

Fig. 7C and D show the TA spectra of A-NDI-A and its
mixture with TBAF, respectively. The GSB at 550 nm appears

immediately after excitation and is attributed to absorption of
A-NDI-A molecules with a lifetime of only 85 fs (transition 2).
GSB decay with the appearance of ESA is observed between the
600 and 800 nm regions. The ESA at B615 nm corresponds to
transition 1, while the ESA in the range of 650–800 nm appears
due to the formation of charge-separated adenine+� and NDI��

radical ions (transition 3). On addition of TBAF, all the features
are replaced with a broad GSB having a lifetime of B196 fs with
a maximum at B555 nm (transition 2). The GSB at B735 nm,
similar to that of NDI-A-TBAF, is attributed to the charge
transfer state absorption between A-NDI-A and TBAF molecules
(transition 4) and relaxes within 130 fs. TAS analysis clearly
shows the CT state formation and absorption due to charge-
separated states owing to intramolecular charge transfer
between the adenine and NDI core. Lifetimes of transient
species are highly quenched in the presence of TBAF corrobor-
ating well with the other analyses discussed above.

To establish the CT state formation, transient absorption
spectroscopy (TAS) was performed for the control SVB-M1
molecule with a pump wavelength of 410 nm. In the TAS
spectrum, excited state absorption is observed in the region
from 490 to 540 nm with a maximum at 526 nm, which is
attributed to singlet excited state absorption of NDI molecules
with a lifetime of 11 ps. Ground state bleaching between 550
and 630 nm appears at 50 ps with a maximum at 597 nm with a
lifetime of 345 fs. Another excited state absorption at 762 nm
with a lifetime of 10 ps is observed corresponding to NDI
radical anion formation (Fig. S22 and Table S5, ESI†). Similar
behavior as observed from the TAS study of the A-NDI and
A-NDI-A molecule is observed, which indicates that adenine
does not play any special role in intramolecular charge transfer.
The push–pull system, which is the charge transfer from the
adenine moiety to NDI, has also been observed with a dimethyl
group, so the electron density available at the nitrogen is
responsible for the charge transfer interactions. In this deriva-
tive, the lifetime of transient species is lowered in comparison
to those of A-NDI and A-NDI-A, so adenine allows formation of
more stable charge-separated states. The transient study of T-S-
NDI, in which a long chain aliphatic amine is attached to the
core position of NDI and the carbonyl oxygen is replaced by
sulphur, shows similar behavior with excited state absorption,
ground state bleaching and transient absorption above 700 nm,
which is assigned to the formation of the triplet excited state.34

Conclusions

Here, the design and synthesis of p-electronic push-pull type
molecular architectures, i.e., NDI-A and A-NDI-A have been
discussed, where the electron rich adenine moiety works as
an electron donor and the NDI core acts as an electron
acceptor. The effective intramolecular CT interaction has been
established by absorption and emission study. This ICT is
highly influenced by the presence of TBAF where the fluoride
ion deprotonates the adenine N–H. The TAS study further
showed the formation of charge-separated states in both the

Fig. 8 Energy level diagram with related transitions proposed based on
absorption, emission and TAS study.
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derivatives, the lifetimes of which are highly quenched on TBAF
addition and control experiments with dimethyl core-
substituted NDI support the hypothesis of an ICT effect in
the presence of F�. The stable lifetimes of charge-separated
states can be exploited in biomacromolecular systems such as
DNA in the future.35
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