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air-stability, p-stacking ability,
and charge transport properties of fluoroalkyl side
chain engineered n-type naphthalene
tetracarboxylic diimide compounds†

Gautomi Gogoi,ac Labanya Bhattacharya,b Smruti R. Sahoo,b Sridhar Sahu,b

Neelotpal Sen Sarmaa and Sagar Sharma *d

In this study, the impact of fluoroalkyl side chain substitution on the air-stability, p-stacking ability, and

charge transport properties of the versatile acceptor moiety naphthalene tetracarboxylic diimide (NDI)

has been explored. A density functional theory (DFT) study has been carried out for a series of 24

compounds having different side chains (alkyl, fluoroalkyl) through the imide nitrogen position of NDI

moiety. The fluoroalkyl side chain engineered NDI compounds have much deeper highest occupied

molecular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) than those of their alkyl

substituted compounds due to the electron withdrawing nature of fluoroalkyl groups. The higher

electron affinity (EA > 2.8 eV) and low-lying LUMO levels (<�4.00 eV) for fluoroalkyl substituted NDIs

reveal that they may exhibit better air-stability with superior n-type character. The computed optical

absorption spectra (�386 nm) for all the investigated NDIs using time-dependent DFT (TD-DFT) lie in the

ultra-violet (UV) region of the solar spectrum. In addition, the low value of the LOLIPOP (Localized

Orbital Locator Integrated Pi Over Plane) index for fluoroalkyl side chain comprising NDI compounds

indicates better p–p stacking ability. This is also in good agreement for the predicted p–p stacking

interaction obtained from a molecular electrostatic potential energy surface (ESP) study. The p–p

stacking is thought to be of cofacial interaction for the fluoroalkyl substituted compounds and

herringbone interaction for the alkyl substituted compounds. The calculated results shed light on why

side chain engineering with fluoroalkyl groups can effectively lead to better air-stability, p-stacking

ability and improved charge transport properties.
1 Introduction

p-Conjugated organic semiconductors (OSCs) continue to draw
appreciable attention from industry as well as academic
communities due to their potential optoelectronic device
applications such as in organic eld-effect transistors
(OFETs)1–3 organic light-emitting diodes (OLEDs)4,5 organic
photovoltaics (OPVs)6–8 and chemical sensors9–11 etc. In general,
depending on the nature of charge carrier, OSCs can be
Sciences Division, Institute of Advanced

Vigyan Path, Paschim Boragaon,

61-2270095

rtment of Physics, Indian Institute of

ad, Jharkhand-826004, India

Bazaar, Guwahati-781001, Assam, India

mental and Applied Sciences, Assam Don

wahati-782402, Assam, India. E-mail:

tion (ESI) available. See DOI:

the Royal Society of Chemistry
classied as (a) n-type (electron is the majority charge carrier)
and (b) p-type (hole is the majority charge carrier). The p-type
materials have been studied in detail due to their appreciable
air-stability and high mobility. Comparatively lower stability in
ambient conditions and high injection barriers are the bottle-
neck for commercial applications of n-type and ambipolar
(having both p-type and n-type character) OSCs. N-type organic
materials have signicant applications in organic complemen-
tary circuits. Hence, currently, the development of high
performance and air-stable n-type OSCs is a pivotal challenge
for scientic communities.

Several strategies are already reported to design n-type OSCs,
such as (i) insertion of electron-withdrawing groups (–F, –Cl,
–CN etc.) on the backbone of known p-type materials12 (ii)
functionalization of electron-decient ring systems such as
naphthalene tetracarboxylic diimide (NDI),13,14 perylene tetra-
carboxylic diimide (PDI),15,16 diketopyrrolopyrrole (DPP)17,18 etc.
Among the n-type OSCs, naphthalene tetracarboxylic diimides
(NDIs) are one of the most promising n-type candidates for their
high electron affinity, ambient air-stability and tunable
RSC Adv., 2021, 11, 57–70 | 57
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optoelectronic properties. NDI framework is a versatile building
block which serves as an acceptor moiety for the synthesis of n-
type organic semiconductor.19 Different alkyl chain substitution
at the imide nitrogen positions of NDI molecules outstandingly
affects the molecular packing and charge carrier mobility.20–27 In
NDI, two types of substitutions are reported: (a) substitution at
the core of NDI and (b) substitution at imide nitrogen position.
The second option of substitution at imide nitrogen position
provides several advantages over the rst case.28 For example,
the substituted alkyl or aryl chains can minimize the steric
hindrance by keeping the planarity of the core as they are far
from the core. Moreover, the easy synthetic routes for the imide-
substituted NDI can be advantageous over the core-substituted
NDI. For instance, Zhang et al. reported 0.70 cm2 V�1 s�1 elec-
tron mobility for N,N0-bis(4-triuoromethoxybenzyl)
naphthalene-1,4,5,8-tetracarboxylic acid diimide.29 See et al.
also showed good air-stability and an electron-accepting moiety
of N,N0-substituted 1,4,5,8-naphthalene tetracarboxylic dii-
mide.30 The presence of short side groups and highly crystalline
lm of this moiety leads to better electron carrier than hole
carrier.31 Oh et al. have reported electron mobility of 0.26� 0.02
cm2 V�1 s�1 in the air for N,N0-bis-(heptauorobutyl)-1,4,5,8-
naphthalene tetracarboxylic diimide.21 They also reported the
eld effect mobility of NDI-based compounds having di- and
tetrachloro substitution at the bay position of NDI with per-
uoro group attached to the N-imide position. Dichloro-
substituted compound shows better mobility than the tetra-
chloro-substituted one, which was supported by the intra-
molecular packing of uoroalkyl groups at the N-imide position
leading to higher air stability in the former case.

In our study, we have investigated the electronic properties
and p-stacking ability of a series of compounds where the N
atom of imide group in NDI compound is attached with alkyl,
and uoroalkyl groups. The position of electron-withdrawing
uoroalkyl groups is varied by the insertion of methylene
group, to further understand its impact on the NDI core. Our
study shows that a simple modication of the side chain in
NDI compounds may signicantly vary their electronic
properties.

2 Computational details

In the present work, the geometries of the designed compounds
were optimized using the popular hybrid functional B3LYP
(Becke's three-parameter functional and the Lee–Yang–Parr
functional) at 6-31+G(d,p) basis set level within the framework
of density functional theory (DFT). B3LYP/6-31+G(d,p) theoret-
ical level is a good choice for geometry optimization and elec-
tronic property calculations for NDI derivatives.21,32 The DFT
calculations are performed using Gaussian 09 program
package.33 The vibrational frequency analysis was performed at
the same level of theory and the resulted positive frequencies
conrmed that the optimized geometries were found at the real
minima on the potential energy surfaces. Further, electron
affinity in both vertical (EAv) and adiabatic (EAa) excitations,
ionization potential in both vertical (IPv) and adiabatic (IPa)
excitations and hole and electron reorganization energy (lh and
58 | RSC Adv., 2021, 11, 57–70
le, respectively) were calculated according to the following
formula:

IPv ¼ ECGN � ENGN (1)

IPa ¼ ECGC � ENGN (2)

EAv ¼ ENGN � EAGN (3)

EAa ¼ ENGN � EAGA (4)

lh ¼ ENGC � ENGN + ECGN � ECGC (5)

le ¼ ENGA � ENGN + EAGN � EAGA (6)

where ENGN, ECGC and EAGA are the energies of neutral mole-
cules, cations, and anions, respectively, in their optimized
geometries and ECGN and EAGN are the energy of cations and
anions, respectively with the geometry of neutral molecules;
ENGC and ENGA are the energy of neutral compounds with the
geometry of cations and anions, respectively.

The total density of states (DOS) and partial density of states
(PDOS) of the investigated compounds were evaluated using
GaussSum.34 The energy interval was taken in the range of
�15 eV to 6 eV, and the value of FWHM in the Gaussian curve
was kept xed at 0.3 eV, to convolute the DOS spectra. The PDOS
of the compounds were calculated by considering each atom/
orbitals present in the molecule as a “group”, such as naph-
thalene tetracarboxylic diimide (NDI) fragment, alkyl chains,
and uoroalkyl chain. For electronic absorption spectra and
vertical singlet electronic transitions, time-dependent density
functional theory (TD-DFT) was employed at B3LYP/6-31+G(d,p)
level in dichloromethane (3 ¼ 8.93) solvent. To gure out the
variation of electron density over the whole molecular back-
bone, molecular electrostatic potential surface (ESP) analysis
was performed. The LOLIPOP (Localized Orbital Locator Inte-
grated Pi Over Plane) index was computed to estimate the p-
stacking ability of the designed NDI-based compounds using
Multiwfn.35,36
3 Results and discussion
3.1 Geometry

The structures of naphthalene tetracarboxylic diimide (NDI)
derivatives studied in the present work are shown in Fig. 1, and
the optimized structures are provided in Fig. S1 in the ESI.† The
various alkyl and uoroalkyl groups substituted at the NDI core
can be of either in syn position or anti position. The anti and syn
conformation for the compound 1b (NDI–C2H5) is shown in
Fig. 2(c). As the difference between the syn and anti-conformation
is very less (0.01–0.05 kcal mol�1), therefore, all the calculations
are done in anti-conformation of substituted groups to the NDI
core. The NDI core is found to be completely planar for all the
alkyl substituted compounds. However, the compounds having
peruoro groups directly attached to the NDI-core have non-
planar structure on account of the N atom of the imide group
being shied away from the molecular plane of NDI-core. Thus,
the direct incorporation of electron-withdrawing peruoro groups
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structure of the studied NDI compounds.
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(such as –CF3, –C2F5) to the NDI-core through imide N leads to
distortion in the planar structure of the compounds. The bending
of the imide N from the plane of the NDI core decreases as the
uoroalkyl or peruoroalkyl group moves farther away from the
NDI core by the insertion of methylene groups. For instance, the
value of dihedral angle, D1 for the compounds 1a (NDI–CH3), 2a
(NDI–CF3), 2b (NDI–CH2–CF3), 2c (NDI–(CH2)2–CF3), 2d (NDI–
(CH2)3–CF3) and 2e (NDI–(CH2)4–CF3) are found to be �179.9�,
�169.1�, �176.5�, 178.5�, �179.5� and �179.0� respectively. This
is probably due to the more electrostatic hindrance induced for
the peruoroalkyl substituted compounds as compared to the
alkyl substituted one. In addition, substitution of alkyl groups
with peruoroalkyl groups in the imide-N position leads to
change in the bond lengths. The molecular framework showing
the bond index and dihedral angle is shown in Fig. 2(a and b)
along with the graphical representations of the variation in bond
lengths and dihedral angles of some studied compounds which
are displayed in Fig. 3(a–h). On comparing the bond parameters
of uoroalkyl substituted compounds with the alkyl substituted
one, it is seen that the bond index 2 (C–N imide bond) is signif-
icantly elongated in the former as shown in the Fig. 3(a). The bond
parameters of the studied compounds have been compared in
their neutral and charged states. From the Fig. 3(b and c), it is
seen that the C–C bonds adjacent to the C]O group of imide
moiety (bond index 3 and 5) have highest deviation in their bond
Fig. 2 (a) NDI-core showing bond index, (b) dihedral angle index and
(c) syn- and anti conformation in NDI.

© 2021 The Author(s). Published by the Royal Society of Chemistry
lengths in charged states as compared to the neutral state. The
bond index 3, i.e. the C–C bond adjacent to the C]O group, is
signicantly shortened in anionic state as compared to the neutral
and cationic state. In addition, the bond index 5 is elongated in
the charged states when compared to the neutral compound.
Interestingly, the C–N bond (bond index 1) connecting uoroalkyl
group to imide nitrogen is also found to show differ in lengths in
the charged and neutral states for the peruoroalkyl substituted
compounds (Fig. 3(d)). This deviation in bond length decreases if
the peruoroalkyl group is attached to the imide N-atom through
methylene bridges (Fig. 3(e)). The maximum deviation is found to
be in the order of �0.009–0.033�A for carbon–heteroatom bonds:
C–N, C]O bonds (bond index 1, 2 and 8) in the compounds by
substituting uoroalkyl with alkyl in the studied compounds. For
instance, bond index 2 for compound 1a (NDI–CH3) is 1.402 �A,
and for compound 2a (NDI–CF3), it is 1.434�A (a difference of 0.03
�A). Also, for compound 1c (NDI–C3H7), this bond index 2 is 1.404
�A, and for compound 4a (NDI–C3F7), it is 1.436�A (a difference of
0.03�A). Further, as shown in Fig. 3(b–e), it is also observed that,
the geometry relaxation in reduction state is slightly more than
that of oxidation state. However, this difference isminimal, as it is
also conrmed by the hole and electron reorganization energy.
The plot for remaining compounds are shown in the Fig. S3 in the
ESI.† This suggests that the most adjacent bond to the N-imide
linkage is the reason for the differences in their planarity also.
The trend in the variation of the bond index is also found similar
for the previously reported crystal structure of NDI-based
compounds.37–43 A table is given for the same to visualize the
trend in the Table S1 of the ESI.† This is in line with the earlier
reported crystal structure of some of the studied compounds.
3.2 Frontier molecular orbitals (FMOs) and density of states
(DOS)

The energy of the frontier molecular orbitals (FMOs) of organic
semiconductor materials is one of the key factors inuencing the
charge transport properties and the intrinsic air-stability of the
materials. The computed HOMO/LUMO energies of all the NDI
derivatives are shown in Fig. 4(b and c) and the isosurfaces for
RSC Adv., 2021, 11, 57–70 | 59
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Fig. 3 Graphical representation of (a–e) bond lengths in neutral and ionic states of NDI compounds and (f–h) comparision of dihedral angles for
some of the studied NDI compounds.
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representative compounds 3a (NDI–C2F5) and 5c (NDI–(CH2)2–
C4F9) are displayed in Fig. 4(a). The remaining isosurfaces are
provided in Fig. S4 in the ESI.† The plot of isosurfaces showed that
60 | RSC Adv., 2021, 11, 57–70
the HOMO and LUMO of all the NDI derivatives are predomi-
nantly p in character and are localized mostly on the NDI core of
the compounds. Comparing the frontier molecular orbital energy
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Frontier molecular orbital picture of compounds (a) 3a (NDI–C2F5) and 5c (NDI–(CH2)2–C4F9) and the graphical representation of
HOMO/LUMO energy levels of the investigated compounds (b) with increasing alkyl groups (by keeping fluoroalkyl group constant), (c) with
increasing fluoroalkyl groups (by keeping alkyl group constant).
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levels of uoroalkyl substituted compounds with their alkyl
counterparts, it is seen that uoroalkyl substituted compounds
have much deeper HOMO and LUMO energy levels. The deep-
ening of HOMO and LUMO energy levels in peruoroalkyl
compounds is due to the electron withdrawing nature of the u-
oroalkyl groups. For instance, the HOMO and LUMO energy levels
of compound 2a (NDI–CF3) are �7.92 eV and �4.31 eV, respec-
tively which are signicantly lower in energy than HOMO and
LUMO levels of �7.35 eV and �3.78 eV for 1a (NDI–CH3). Simi-
larly, the HOMO/LUMO energy levels of compounds 1b (NDI–
C2H5), 1c (NDI–C3H7), 1d (NDI–C4H9) and 3a (NDI–C2F5), 4a (NDI–
C3F7), 5a (NDI–C4F9) are �7.30/�3.74 eV, �7.29/3.73 eV, �7.28/
�3.72 eV and �7.92/�4.33 eV, �7.93/�4.34 eV, �7.94/�4.34 eV,
respectively. As the distance between the peruoroalkyl group and
NDI core is increased by the intervening methylene groups, the
HOMO and LUMO energy also increases. For example, the
HOMO/LUMO levels of 2a (NDI–CF3), 2b (NDI–CH2–CF3), 2c
(NDI–(CH2)2–CF3), 2d (NDI–(CH2)3–CF3), and 2e (NDI–(CH2)4–
CF3), increases as �7.92/�4.31 eV, �7.71/�4.14 eV, �7.69/�4.13,
�7.56/�4 eV, and �7.52/�3.96 eV, respectively, on moving from
2a to 2e. This observation ensures that the strength of electron
withdrawing peruoroalkyl groups get reduced with increasing
distance (or interveningmethylene groups) from the NDI core. So,
the energy levels get more stabilized when the uoroalkyl group is
directly attached to the N-atom of the NDI-core. In addition,
increasing the length of peruoroalkyl group beyond CF3, does
not lead to signicant changes in the energy levels. For instance,
the HOMO energy of 2a (NDI–CF3) which has CF3 group attached
© 2021 The Author(s). Published by the Royal Society of Chemistry
to the imide N of NDI is�7.92 eV while the energy of HOMO of 5a
(NDI–C4F9) is �7.94 eV. Similarly, the corresponding LUMO
energies of 2a and 5a are �4.31 eV and �4.34 eV, respectively.
Interestingly, the HOMO–LUMO gaps of the studied compounds
are nearly the same; the range of the band gap is 3.56–3.61 eV for
all the studied compounds.

Besides, it is found that the LUMO energy levels of all the
investigated uoroalkyl substituted NDI derivatives lie in the
range of �4.0 eV to �4.4 eV, which suggests their ambient air-
stability and hence, they can be used as an air-stable organic
semiconductor.19,44,45 This is in accordance with the earlier re-
ported results, that the incorporation of the electron-
withdrawing groups such as; –F, –Cl, –CF3, and –CN in naph-
thalene diimide, perylene diimide, acene derivatives lower the
LUMO energy level and hence improve the ambient
stability.20,46–49 In addition, the HOMO levels of the compounds
are well within the air oxidation threshold value (ca.�5.27 eV or
0.57 V vs. SCE)50,51 value, thus signifying their aerial stability.

For a detailed comparative study of electronic structures,
along with FMOs, the total density of states (DOS) and partial
density of states (PDOS) of the investigated NDI derivatives are
calculated. The computed DOS and PDOS spectra of some of the
investigated NDI derivatives are shown in Fig. 5, and the spectra
of the remaining compounds are provided in Fig. S5 in the ESI.†
From this study, it is seen that among all the investigated NDI
derivatives, the NDI core offers the maximum contribution
(99%) to both HOMOs and LUMOs of the compound. The side
chains such as alkyl, and uoroalkyl groups which are being
RSC Adv., 2021, 11, 57–70 | 61
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Fig. 5 Density of states of representative NDI-based compounds.
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substituted at the N-positions of the NDI core have negligible
(�0.01%) contribution to HOMO/LUMO densities. The above
observation is also supported by the frontier molecular orbital
analysis, where the isosurfaces of molecular orbitals are found
to be localized mostly over the NDI core of all the compounds.
3.3 Electron affinity (EA) and ionization potential (IP)

Ionization potential (IP) and electron affinity (EA) are the key
factors which determine the ease of charge injection of an
organic semiconductor. Both these factors are calculated from
the potential energy surfaces in the two forms; adiabatic (IPa
and EAa) and vertical (IPv and EAv) way, respectively. The
calculated IP and EA values are presented as graphical repre-
sentation in Fig. 6. The adiabatic ionization potential (IPa) and
vertical ionization potential (IPv) of the studied compounds
show similar trend. The ionization potential of purely alkyl
substituted NDI's is signicantly lower than the peruoroalkyl
substituted compounds. This effect is prominent when the
carbon atom of peruoroalkyl group is directly attached to the
62 | RSC Adv., 2021, 11, 57–70
NDI core (as in NDI–CF3, NDI–CF2–CF3 etc.). For example, IPa of
1a (NDI–CH3) and 2a (NDI–CF3) are 8.78 eV and 9.32 eV,
respectively. Similarly, IPa of 1c (NDI–C3H7) and 4a (NDI–C3F7)
are 8.68 eV and 9.28 eV, respectively. In all the investigated
compounds, a reduction in the calculated vertical and adiabatic
ionization potential is observed as the uoroalkyl group is
moved away from the NDI core by inserting methylene (CH2)n
group in between them. For example, IPv/IPa of compounds 2a
(NDI–CF3), 2b (NDI–CH2–CF3) and 2c (NDI–(CH2)2–CF3) are
9.45/9.32 eV, 9.23/9.11 eV and 9.19/9.08 eV respectively in which
n in (CH2)n increases from 0 to 2. Interestingly, increasing the
length of peruoroalkyl groups in a (CH2)n (n ¼ 1–4) containing
NDI series does not signicantly change the IP's. For instance,
IPa for the compounds 2b (NDI–CH2–CF3), 3b (NDI–CH2–C2F5)
and 4b (NDI–CH2–C3F7) are 9.11 eV, 9.10 eV and 9.10 eV
respectively, and hence is nearly constant.

The incorporation of EWGs (–F atoms) in the NDI core,
enhances the electron affinity (EA) values of the compounds.
The EA values are found to be highest when the electron with-
drawing peruoroalkyl group is directly attached to the NDI
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Calculated vertical and adiabatic (a and b) ionization potential (c
and d) electron affinity for the studied NDI compounds.
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core. For example, EAa for compound 2a (NDI–CF3) is 3.02 eV as
compared to 2.48 eV for 1a (NDI–CH3). Similarly, 3a (NDI–C2F5)
has EAa of 3.07 eV as compared to 2.46 eV for 1b (NDI–C2H5). So,
© 2021 The Author(s). Published by the Royal Society of Chemistry
introduction of peruoroalkyl groups directly into the NDI core
leads to signicant increment in the electron affinity values as
compared to their alkyl counterparts.

For purely alkyl substituted NDIs, EA doesn't vary signi-
cantly with chain length and remains nearly constant. In case of
uoroalkyl substituted derivatives, there is slight increase in EA
with increase in chain length of peruoroalkyl groups. For
example, the EAa of the compounds 2a (NDI–CF3) and 5a (NDI–
C4F9) are 3.02 eV and 3.12 eV, respectively; which is enhanced by
the order �0.10 eV with the increase of chain length of per-
uoroalkyl groups from –CF3 to –C4F9. Similarly, on moving
from the compound 2b (NDI–CH2–CF3) to 5b (NDI–CH2–C4F9),
an enhancement of the electron affinity values by order of
0.06 eV is observed. The increment of the electron affinity values
with the increase of EWGs in the compounds indicates the
enhancement electron transfer nature.52

High EA (adiabatic) (>2.80 eV) and low LUMO energy level
(<�4.00 eV) are the important parameters for ambient air-
stability and n-type behaviour of organic semiconductors.53,54

In our study, it is found that purely alkyl substituted NDIs (1a,
1b, 1c, 1d) have EA value less than 2.8 eV and LUMO levels
higher than �4.00 eV. Higher EA (>2.8 eV) and low LUMO
levels (<�4.00 eV) of peruoroalkyl substituted NDIs (2a, 3a,
4a, 5a) indicates their better air-stable character with superior
n-type behaviour than the alkyl substituted ones. In case of
uoroalkyl substituted NDIs, EA values are found to be
decreased and LUMO energy level increases, with increasing
the distance between the uoroalkyl group and the NDI core.
For example, 2b (NDI–CH2–CF3) has EA of 2.88 eV and LUMO
of �4.14 eV whereas, value of EA and LUMO for 2e (NDI–
(CH2)4–CF3) are 2.72 eV and �3.96 eV, respectively. Thus,
introduction of (poly)methylene groups between the NDI and
peruoroalkyl group reduces the air-stability and n-type
character to some extent.
3.4 Reorganization energy (l)

Reorganization energy is considered as an important parameter
that affects the charge mobility calculation of organic semi-
conductors. In this study, both the hole (lh) and electron reorga-
nization energies (le) are calculated from the adiabatic potential
energy surface method. The calculated reorganization energies of
the compounds have been shown in Fig. 7. It is found that for the
alkyl substituted NDIs i.e. 1a–1d, the increase in length of alkyl
chains do not lead to any signicant change in lh and le. For
example, the calculated lh/le for the compounds 1a–1d varies
from 0.20–0.21/0.33–0.34. In case of peruoroalkyl compounds as
well, increasing the chain length of peruoro group does not lead
to signicant changes in reorganization energies. In addition, for
a given peruoroalkyl group, lh/le decreases as the distance
between the peruoroalkyl group and NDI core increases. For
example, lh/le for compounds 2a (NDI–CF3), 2b (NDI–CH2–CF3)
and 2c (NDI–(CH2)2–CF3) are 0.26/0.39 eV, 0.24/0.37 eV and 0.23/
0.36 eV respectively. Due to the low difference between the elec-
tron and hole reorganization energy, charge injection barrier is
also evaluated to have an idea about the charge transport prop-
erties of the studied compounds.
RSC Adv., 2021, 11, 57–70 | 63
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Fig. 7 Graphical presentation of the calculated reorganization energies of the compounds.

Fig. 8 Simulated absorption spectra of the eight NDI-based
compounds in dichloromethane solvent.
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The charge injection barrier can be used to understand the
ease with which charge can be injected through source-drain
electrode. As, in majority of the OFETs, Au electrodes having
Table 1 Computed electronic transition energy (E), absorption wavelen
dominant excitations in dichloromethane solvent at B3LYP/6-31+G(d,p)

Compound State E (eV)

1a (NDI–CH3) S1 3.2196
S14 5.2686

1b (NDI–C2H5) S1 3.2134
S14 5.2574

1c (NDI–C3H7) S1 3.2117
S16 5.2516

1d (NDI–C4H9) S1 3.2116
S18 5.2500

2a (NDI–CF3) S1 3.2443
S16 5.3414

3a (NDI–C2F5) S1 3.2398
S16 5.3486

4a (NDI–C3F7) S1 3.2296
S16 5.3340

5a (NDI–C4F9) S1 3.2292
S16 5.3325

64 | RSC Adv., 2021, 11, 57–70
work function (4) of 5.1 eV are usually employed as source and
drain electrodes, we have considered it for calculating injection
barrier. Considering the LUMO energy levels of the materials,
the electron injection for the Au electrode is calculated as 4e ¼
5.1� |LUMO|, where |LUMO| is the absolute value of the energy
of LUMO of the materials. In the case of the investigated
compounds, electron injection barrier is observed in the range
of 0.76–1.32 eV. The hole injection barrier with the same elec-
trode is found to be very much higher in the range of 2.18–
2.83 eV, which is tabulated in ESI (Table S6).†
3.5 Optical absorption spectra

The optical absorption spectra were computed at B3LYP and
CAM-B3LYP functional. The computed spectra of the
compounds at B3LYP/6-31+G(d,p) level showed absorption
maxima in the range of 382–386 nm and which are in good
agreement with the reported experimental spectra.20,33,55,56 The
gth (l), oscillator strength (f) and transition and major composition for
level

l (nm) f Major conguration

385 0.3999 HOMO / LUMO (99%)
235 0.3645 HOMO / L+2 (81%)
386 0.4161 HOMO / LUMO (99%)
236 0.3488 HOMO / L+2 (80%)
386 0.4301 HOMO / LUMO (99%)
236 0.3292 HOMO / L+2 (80%)
386 0.4362 HOMO / LUMO (99%)
236 0.3113 HOMO / L+2 (78%)
382 0.3714 HOMO / LUMO (98%)
232 0.5174 HOMO / L+3 (80%)
383 0.3939 HOMO / LUMO (98%)
232 0.498 HOMO / L+3 (80%)
384 0.4057 HOMO / LUMO (98%)
232 0.4827 HOMO / L+3 (81%)
384 0.4143 HOMO / LUMO (98%)
233 0.4754 HOMO / L+3 (81%)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 ESP surface of the studied compounds.
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computed absorption spectra for eight compounds at B3LYP/6-
31+G(d,p) level are displayed in Fig. 8. The computed absorp-
tion spectra of remaining compounds are shown in Fig. S6† and
© 2021 The Author(s). Published by the Royal Society of Chemistry
the values obtained at CAM-B3LYP level are shown in Table S5
of the ESI† respectively. The corresponding transition energy
(E), absorption wavelength (labs), oscillator strength (f) and
major transitions for the eight compounds and others are listed
in Tables 1 and S4 in ESI,† respectively. For all the compounds,
the computed absorption spectra ranges from 180 nm to
600 nm and mostly lies in the ultra-violet (UV) region in the
solar spectra. It is observed that the main contribution for
electronic transitions is from the ground state (S0) and the rst
excited state (S1) and mostly attributed to HOMO to LUMO
transition. This trend also affirms a linear correlation between
the transition energy and HOMO–LUMO energy gap.

All the computed predominant electronic transitions are
noted to be p–p* in nature and it is also supported bymolecular
orbital analysis (Fig. 4(a) and S4†). As the observed absorption
maximas are found at approximately similar range (382–386
nm) for all the studied compounds, the compounds can be
suitable candidates as an organic photo-detector in the UV
region.

3.6 Molecular electrostatic potential (ESP) surface

The molecular electrostatic potential (ESP) surface is evaluated
to understand the electron density regions in the molecular
framework.57,58 The evaluated ESP surface of the studied
compounds are shown in Fig. 9. Here, the blue colour signies
electron-poor region and the red colour signies an electron
rich region. The positive potential increases on moving from
red to blue as red < orange < yellow < green < blue shown in the
colour bar of Fig. 9. From the ESP surface, it is seen that the
compounds with alkyl substitution have more negative poten-
tial located mainly on the carbonyl group of the compound than
its corresponding uoroalkyl substituted compounds. For
instance, 1a (NDI–CH3) has more negative potential as
compared with 2a (NDI–CF3) on the carbonyl group of the
compound. For the alkyl-substituted compounds, the terminal
side chain is more electropositive showing the blue color in the
ESP surface. But this appears greenish yellow in the uoroalkyl
substituted compounds indicating towards electronegative
nature. This implies that, the negative potential increases for
the uoroalkyl substituted compounds towards the side chain
as compared with its alkyl substituted counterparts. This is in
good agreement with the higher EA value observed for the
former case. It was reported that, the presence of more elec-
tronegative region on the NDI-core restrict the cofacial inter-
action, rather it favours the herringbone interaction pattern
with more electrostatic repulsion.59–61 The distribution of the
more electronegative region towards the terminal chain and
less electronegative region in the NDI-core might lead to cofa-
cial interaction for uoroalkyl substituted compounds. This, in
turn, may affect the charge transport properties of the uo-
roalkylated compounds vis-a-vis the alkyl substituted one.

3.7 LOLIPOP calculation

The LOLIPOP (Localized Orbital Locator Integrated Pi Over
Plane) index was rst introduced by Gonthier et al.62 to char-
acterize the p-electron nature and p-stacking ability of
RSC Adv., 2021, 11, 57–70 | 65
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Fig. 10 Localized orbital locator surface along with the LOLIPOP value for twelve NDI-based compounds.
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aromatic systems. The low values of LOLIPOP imply that
a molecule might exhibit relatively stronger p–p interaction
and better p-stacking ability.30,31 In the present study, the
LOLIPOP calculation was carried out based on Localized
Orbital Locator-p (LOL-p) approach.63,64 The isosurface map
of the Localized Orbital Locator-p (LOL-p) based on the
automatically detected p-LMOs are generated to get an idea
about the p-delocalization pathway with the isosurface value
of 0.55. The obtained gures along with the computed LOLI-
POP values of the corresponding aromatic rings for twelve
compounds are given in Fig. 10 and the rest are given in the
Fig. S7 of the ESI.†
66 | RSC Adv., 2021, 11, 57–70
In our study, the LOLIPOP calculation was performed at
B3LYP/6-31G(d,p) theoretical level using Pipek–Mezey orbital
localizationmethod.30 From the calculated LOLIPOP values, it is
found that, on substitution of uoroalkyl groups with the alkyl
groups in the compounds, the central rings or core rings of the
designed compounds have relatively smaller LOLIPOP values
and thus they are more favourable for p–p stacking. This may
lead to better p-stacking ability of the uoroalkyl substituted
compounds as compared with the alkyl substituted
compounds. For instance, the LOLIPOP values for the central
rings of 1a (NDI–CH3) is found to be 7.050 and 7.052 whereas it
comes at 6.516 and 6.515 for the central rings of 2a (NDI–CF3).
From the LOL-p isosurface maps, p-depletion is observed in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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central rings for uoroalkyl substituted compounds and it is
supported by their smaller LOLIPOP values. In addition, as the
distance between the uoroalkyl group and NDI increases by
the incorporation of methylene groups to the N-atom of NDI
core, LOLIPOP value increases. For example, for compound 2a
(NDI–CF3), the LOLIPOP values for the central rings are 6.516
and 6.515. For compounds 2b (NDI–CH2–CF3) and 2e (NDI–
(CH2)4–CF3) the corresponding values are 6.625, 6.619 and
6.688, 6.692, respectively. The observation indicates that the
incorporation of methylene groups to the N-atom of NDI
reduces the p–p interaction ability. Therefore, side chain
engineering might have a strong impact on the p–p stacking
ability and uoroalkyl substituted NDI compounds can be
a better candidate than the alkyl substituted ones in organic
semiconductor applications for having higher p-stacking ability
which can lead to better charge transport properties.65,66 A table
is given in the ESI (Table S7)† to summarize the mobility ob-
tained for some NDI-based compounds experimentally reported
earlier.

4 Conclusion

Herein, we explore the effect of electron-withdrawing side
chains viz., uoroalkyl group attached to the N atom of imide
functionality in NDI on their structures and electronic proper-
ties. The NDI core for the alkyl substituted compounds is found
to be completely planar. Similar observation is observed in case
of the uoroalkyl substituted compounds having the higher
number of the intervening methylene groups between the NDI
core and the uoroalkyl group (such as 2d (NDI–(CH2)3–CF3), 2e
(NDI–(CH2)4–CF3)). In contrast, a small deviation (�12�) from
planarity is seen for all the peruoroalkyl substituted
compounds. Compounds having a smaller number of the
intervening methylene groups between the NDI core and the
uoroalkyl group (such as 2b (NDI–CH2–CF3), 3b (NDI–CH2–

C2F5)) also exhibited small deviation from planarity. Incorpo-
ration of uoroalkyl group to the NDI-core can signicantly
lower the HOMO, LUMO levels as compared to the alkyl
substituted one. As the distance between the uoroalkyl group
and NDI increases, HOMO and LUMO energy increases due to
reduced electron withdrawing nature of uorine atom/group
and thus reduce the air-stability to some extent. The
computed electron affinity is found to be enhanced aer
incorporation of EWG uoroalkyl groups in the NDI core. In
case of pure alkyl substituted NDIs, side chain length has no
signicant impact on IP and EA. However, for uoroalkyl
substituted derivates, IP and EA increase with the increment of
uoroalkyl groups attached to the core. Reorganization energy,
another key parameter for charge transport properties, is
inuenced by simultaneous increment of alkyl, uoroalkyl
groups in NDI derivatives. High EA (adiabatic) (>2.80 eV) and
low LUMO energy (<–4.00 eV) ensures uoroalkyl substituted
NDIs are more stable and have more n-type nature than their
alkyl analogues. This trend is also conrmed by the observed
negative potential on the side chains from the ESP surface
analysis. All the investigated compounds show optical absorp-
tion spectra in the range of 180–600 nm, with intense
© 2021 The Author(s). Published by the Royal Society of Chemistry
absorption in UV-region. Hence, the compounds may be
considered as the suitable candidate for organic photodetector
applications in the UV region of solar spectrum. Further, the
LOLIPOP values point towards the p-stacking ability of the
studied compounds, as comparatively low LOLIPOP value of the
uoroalkyl substituted compounds leads to better p-stacking
capability in uoroalkyl substituted compounds than the alkyl
substituted ones. The results obtained in this work show the
importance of side chains attached to the NDI-core. We believe
that our present work will contribute towards a better under-
standing of the structure–property relationships and will
provide an insight for further development of side chain
substituted NDI derivatives for optoelectronic applications.
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