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Abstract A series of 1,8-naphthalimide derivatives has
been designed to explore their optical, electronic, and
charge transport properties as charge transport and/or
luminescent materials for organic light-emitting diodes
(OLEDs). The frontier molecular orbitals (FMOs) analy-
sis have shown that the vertical electronic transitions of
absorption and emission are characterized as intramolec-
ular charge transfer (ICT) for electron-donating and aro-
matic groups substituted derivatives. However, the ICT
character of the electron-withdrawing substituted deriva-
tives is not significant. The calculated results show that
their optical and electronic properties are affected by the
substituent groups in 4-position of 1,8-naphthalimide.
Our results suggest that 1,8-naphthalimide derivatives
with electron-donating −OCH3 and −N(CH3)2 (1 and 2),
electron-withdrawing −CN and−COCH3 (3 and 4), 2-(thi-
ophen-2-yl)thiophene (5), 2,3-dihydrothieno[3,4-b][1, 4]
dioxine (6), 2-phenyl-1,3,4-oxadiazole (7), and ben-
zo[c][1,2,5]thiadiazole (8) fragments are expected to be
promising candidates for luminescent materials for
OLEDs, particularly for 5 and 7. In addition, 3 and 7
can be used as promising hole transport materials for
OLEDs. This study should be helpful in further theoret-
ical investigations on such kind of systems and also to
the experimental study for charge transport and/or lumi-
nescent materials for OLEDs.

Keywords Charge transport materials . Luminescent
materials . 1,8-naphthalimide derivatives . Optical and
electronic properties . Organic light-emitting diodes
(OLEDs) . Reorganization energy

Introduction

The development of organic light-emitting diodes (OLEDs)
materials has received a significant amount of attention in
recent years due to their potential applications in the next-
generation full-color flat-panel displays [1–4]. The organic
electroluminescent devices have shown several advantages
over inorganic ones, for example, light weight, potentially
low cost, capability of thin-film, large-area, flexible device
fabrication, and wide selection of emission colors via mo-
lecular design of organic materials. The main obstacle to
the application of OLEDs to displays or monitors is still
their lower efficiency. The key to increase the efficiency of
OLEDs is to design and synthesize efficient fluorescent
materials and to balance the charge carrier transport. It is
therefore necessary to design and synthesize multifunction-
al OLEDs materials, which are capable of transporting both
holes and electrons in addition to functionalizing as effi-
cient emitters with excellent performance [5, 6]. A number
of studies demonstrate the interplay between theory and
experiment, which is capable of providing useful insights
to the understanding of the nature of molecules [7–9]. The
majority of efficient fluorescent materials are obtained with
aromatic molecules [10]. Among the various kinds of
OLEDs materials, 1,8-naphthalimide derivatives, which
are constituted of fused aromatic cycles, include side car-
bonyl groups, may be considered as the most important
building blocks owing to their quite good chemical stabil-
ity, a large Stokes shift, and high fluorescent quantum yield
[11–14]. Moreover, they are also n-type materials and have
relatively high electron affinity and excellent transport
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property. Thus, 1,8-naphthalimide derivatives enjoy appli-
cation in a number of areas including coloration and bright-
ening of polymers [15], potential photosensitive
biologically units [16], fluorescent markers in biology
[17], light emitting diodes [18–20], fluorescence sensors
and switchers [21, 22], laser active media [17], electrolu-
minescent materials [23, 24], and liquid crystal displays
[25]. A large variety of auxochromic groups in 1,8-naph-
thalimide derivatives may be easily grafted to fine tune the
absorption and emission wavelengths. Naphthalimides
comprise a class of fluorophore whose electronic absorp-
tion and emission depend upon the properties of the sur-
rounding medium. The photophysical behavior of 1,8-
naphthalimide derivatives is a function of C-4 substitution.
The emission spectrum can be tuned by introducing differ-
ent electron-donating substituent groups, such as N-
substituted groups [26], C-substituted groups [27], and O-
substituted groups [28], in the 4-position of 1,8-naphthali-
mide. Furthermore, substitution of electron-donating
groups usually increases the intensity of the fluorescence
emission, particularly when a methoxy or amino group at
C-4 position is used. Recently, a series of novel 1,8-Naph-
thalimide derivatives (NIM), has been reported [29]. Their
photophysical property was investigated. It was found that
the type of substitutions in C-4 position of naphthalimide
very effectively changes the color.

In the present study, our intention was to extend the scope
of 1,8-naphthalimides by introducing different electron-
donating, electron-withdrawing, or aromatic substituent
groups in the 4-position of 1,8-naphthalimides and to de-
scribe in more detail their optical property. Furthermore, this
structure extended the conjugation systems to favor absorp-
tion and emission. An in-depth interpretation of the optical
and electronic properties of these compounds has been
presented. Several derivatives (NIM1 and 1–8), as shown

in Scheme 1, have been designed to provide a demonstration
for the rational design of novel luminescent and charge
transporting materials for OLEDs.

Computational details

All calculations have been performed using Gaussian 09
code [30]. Optimizations have been carried out without
symmetry constraints. Conventional density functional the-
ory (DFT) methods are well known to differ substantially
from ab initio for important classes of molecular properties
[31–33]. We take NIM1 as an example to testify to the
validity of the selected approach because it possesses similar
constituents with our designed molecules. DFT method was
employed to optimize the geometry of NIM1 in ground
states (S0). The corresponding geometry in the first excited
singlet state (S1) was optimized employing the time
dependent-DFT (TD-DFT) method. We selected the
B3LYP, PBE0, and B3P86 functionals for all DFT and
TD-DFT computations. All geometry optimizations were
performed using the 6-31G(d,p) basis set. The main geo-
metrical parameters of NIM1 in both S0 and S1 at the PBE0/
6-31G(d,p) and B3P86/6-31G(d,p) levels are similar to
those of at B3LYP/6-31G(d,p) level, respectively (see Table
SI in Supporting information). Moreover, the reports in
literature suggested that B3LYP appeared notably adapted
to 1,8-Naphthalimide derivatives [34–38]. In addition, the
deviations of the absorption and fluorescent wavelengths for
NIM1 at different levels between calculated results and
available experimental data are similar, respectively. Both
absorption and fluorescent wavelengths of NIM1 at TD-
B3LYP/6-31+G(d,p) level are in good agreement with the
reported experimental observations (see absorption and
fluorescent spectra Section). Hence, the geometry

Scheme 1 Geometries of the
1,8-naphthalimide derivatives
MIN1 and 1–8, along with
atom numbering
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optimization of designed molecules in S0 were carried out
by the B3LYP and PBE0 methods using the 6-31G(d,p)
basis set. The corresponding geometry in S1 were optimized
using the TD-B3LYP with 6-31G(d,p) basis set. The har-
monic vibrational frequency calculations using the same
methods as for the geometry optimizations were used to
ascertain the presence of a local minimum. Absorption and
fluorescent properties of NIM1 and 1–8 have been predicted
using the TD-B3LYP/6-31+G(d,p) method based on the S0
and S1 optimized geometries, respectively. To investigate
the influence of solvents on the optical properties for the S0
and S1 states of the molecular systems in tetrahydrofuran
(THF, dielectric constant: 7.58) solvent, we performed the
polarized continuum model (PCM) [39] calculations at the
TD-DFT level. Moreover, in order to compare with the
interested results reported previously [40, 41], the reorgani-
zation energies for electron (λe) and hole (λh) of the mole-
cules were predicted from the single point energy based on
the B3LYP/6-31G(d,p) optimized neutral, cationic, and an-
ionic geometries. Generally, the λ can be divided into two
parts, external reorganization energy (λext) and internal re-
organization energy (λint). λext represents the effect of po-
larized medium on charge transfer; on the other hand, λint is
a measure of structural change between ionic and neutral
states [42, 43]. Our designed molecules are used as charge
transport materials for OLEDs in the solid film; the dielec-
tric constant of the medium for the molecules is low. The
computed values of λext in pure organic condensed phases
are not only small but also are much smaller than their
internal counterparts [44, 45]. Moreover, there is a clear
correlation between λint and charge transfer rate in literature
[46, 47]. The reorganization energy could be an important
factor that governs the mobility of charge carriers [48].
Therefore, we only pay attention to the discussion of the
λint of the isolated active organic systems due to ignoring
any environmental relaxation and changes in this paper.
Hence, the reorganization energies for λe and λh transfer
can be calculated by Eqs. 1 and 2 [49]:

le ¼ E�
0 �E�
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� �þ E0
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0
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with the optimized structure of the neutral molecule. Similarly,
Eþ
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�
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is the energy of the cation (anion) calculated with the

optimized cation (anion) structure, E0
þ E0

�
� �

is the energy of the
neutral molecule calculated at the cationic (anionic) state. Finally,

E0
0 is the energy of the neutral molecule in S0.
The stability is a useful criterion to evaluate the nature of

devices for luminescent and transport materials. To predict
the stability of NIM1 and 1–8 from a viewpoint of

molecular orbital theory, the absolute hardness, η, of
NIM1 and 1–8 were calculated using operational definitions
[49, 50] given by:

η ¼ 1
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where μ is the chemical potential and N is the total
electron number. In this work, the values for IP (ionization
potential) and EA (electron affinity) were determined
according to the equation IP=Ecr−Ep and EA=Ep−Ear,
where p, cr, and ar indicate the parent molecule and the
corresponding cation and anion radical generated after elec-
tron transfer.

Results and discussion

Molecular structures

The optimized structures ofNIM1 and 1–8 in S0 are plotted in
Fig. 1. The main optimized geometric parameters of NIM1
and 1–8 in S0 and S1 states are presented in Tables 1 and 2,
respectively. The Cartesian coordinates of NIM1 and 1–8 for
the S0 and S1 are given in Tables SII and SIII in Supporting
information, respectively. In the ground state, the comparison
of the optimization results for 1,8-naphthalimide moieties of
investigated molecules does not reveal any significant change
in the geometry of the skeleton. As shown in Table 1, the bond
lengths of C1-C2, C2-C3, C3-C4, C1-C11, C11-N12, C11-O15,
and N12-C16 inNIM1 and 1–8 are very close to each other and
are about 1.38, 1.40, 1.39, 1.48, 1.40, 1.22, and 1.45 Å,
respectively. However, the dihedral angles (θ) between 1,8-
naphthalimide rings and aromatic substituent groups are dif-
ferent. The values of θ in 5–8 are 42.3, 40.4, 1.7, and 124.0°,
respectively. The largest value of θ is found in 8, which is due
to the steric hindrances. Comparing the results displayed in
Tables 1 and 2, it reveals clearly that electronic excitation
leads to the large varieties of the molecules structures. The
bond lengths of C1-C2, C3-C4, and C11-O15 in S1 are short-
ened, while the corresponding of C2-C3, C1-C11, and C11-N12

in S1 are elongated compared with those in S0, respectively.
However, the bond lengths of C1-C11 in S1 are similar to those
in S0. The dihedral angles θ in 5–8 become larger compared
with those in S0. The dihedral angles between 1,8-naphthali-
mide rings and the substituent groups of 5 and 6 in S1 are both
almost 90° while the corresponding values of 7 and 8 are
about 0 and 140°, respectively.

Frontier molecular orbitals

It is useful to examine the frontier molecular orbitals
(FMOs) of the compounds under investigation. The origin
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of the geometric difference introduced by excitation can be
explained, at least in qualitative terms, by analyzing the
change in the bonding character of the orbitals involved in
the electronic transition for each pair of bonded atoms [51].
An electronic excitation results in some electron density re-
distribution that affects the molecular geometry [51, 52]. To
characterize the optical transitions and the abilities of electron
and hole transport, we calculated the distribution patterns of
FMOs for NIM1 and 1–8 in S0 (see Fig. 2). The FMOs
energies EHOMO and ELUMO, HOMO–LUMO gaps, and
HOMOs and LUMOs contributions (%) of NIM1 and 1–
8 using the B3LYP/6-31G(d,p) and PBE0/6-31G(d,p) meth-
ods are given in Table 3. As shown in Fig. 2, the S0 → S1
excitation process can be mainly assigned to the HOMO →
LUMO transition, which corresponds to a π–π* excited sin-
glet state. For all molecules, both the HOMOs and LUMOs
are distributed on the 1,8-naphthalimide and substituent

groups moieties. Within TD-B3LYP calculation results, the
contributions of the 1,8-naphthalimide moieties for HOMOs
in NIM1 and 1–8 are 82.3, 89.5, 66.1, 93.2, 91.7, 23.3, 25.1,
61.2, and 74.6 %, while the corresponding contributions for
LUMOs are 96, 97.2, 96.1, 92.7, 88.7, 84.6, 90.5, 82.3 and
21.7 %, respectively. The distribution patterns of the HOMOs
and LUMOs also provide a remarkable signature for the
charge-transfer character of the vertical S0 → S1 transition.
Analysis of the FMOs for NIM1 and 1–8 indicates that the
excitation of the electron from the HOMO to LUMO leads the
electronic density to flow mainly from the substituent groups
moieties to 1,8-naphthalimide moieties except for 3, 4, and 8.
The percentages of charge transfer from substituent groups
moieties to 1,8-naphthalimide moieties decrease in the order
of 6 (65.4 %)>5 (61.3 %)>2 (30 %)>7 (21.1 %)>NIM1
(13.7 %)>1 (7.7 %). However, the charge-transfer character
of 3 and 4 is not significant. The percentages of charge transfer

Fig. 1 The optimized
structures of MIN1 and 1–8 at
the B3LYP/6-31G(d,p) level

Table 1 Main geometrical
parameters (bond lengths in Å
and dihedral angles in °) of
NIM1 and 1–8 in S0 at the
B3LYP/6-31G(d,p) level

aθ(C3-C4-R): dihedral angles
between 1,8-naphthalimide rings
and the substituent groups

Species C1-C2 C2-C3 C3-C4 C1-C11 C11-N12 C11-O15 N12-C16 θ(C3-C4-R)
a

NIM1 1.387 1.398 1.395 1.471 1.411 1.225 1.453

1 1.383 1.407 1.388 1.475 1.408 1.224 1.454

2 1.383 1.404 1.392 1.475 1.407 1.224 1.453

3 1.383 1.405 1.389 1.486 1.401 1.222 1.456

4 1.382 1.404 1.388 1.485 1.402 1.222 1.455

5 1.383 1.402 1.393 1.480 1.404 1.224 1.454 42.3

6 1.383 1.402 1.394 1.479 1.405 1.224 1.454 40.4

7 1.382 1.402 1.392 1.484 1.401 1.223 1.454 1.7

8 1.382 1.404 1.389 1.482 1.404 1.223 1.454 124.0
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between 1,8-naphthalimide moieties and substituent groups of
3 and 4 are 0.5 and 3 %, respectively. It suggest that the
electron-withdrawing groups impose a restriction on the oc-
currence of the charge-transfer between 1,8-naphthalimide
moieties and substituent groups. Interestingly, for 8, the exci-
tation of the electron from the HOMO to LUMO leads the
electronic density to flow mainly from 1,8-naphthalimide
moiety to the substituent groups moiety. The percentage of
charge transfer of 8 is 52.9 %. From Table 3, one can find that
the EHOMO values of 1–4, 7, and 8 decrease while the
corresponding values of 5 and 6 increase compared with that
of NIM1. However, the values of ELUMO for 1–8 decrease
compared with those ofNIM1. The values of HOMO–LUMO
gapsEg for 1, 3, and 4 increase while the corresponding values
of 2 and 5–8 decrease compared with that of NIM1. The
PBE0 method computed values are similar to those in
B3LYP method.

Absorption and fluorescence spectra

The maximum absorption (λabs) and fluorescence (λfl)
wavelengths of NIM1 were calculated based on the respec-
tive B3LYP/6−31G(d,p) and TD-B3LYP/6−31G(d,p) opti-
mized S0 and S1 structures as described above (see
Computational details section). To evaluate the influence
of the method employed on the simulated values, TD-
B3LYP and TD-PBE0 methods have been used. To estimate
the basis set, diffuse and polarized functions effect on the
calculated results, 6−31G(d), 6−31G(d,p), 6−31+G(d), 6−31
+G(d,p), 6−31++G(d), and 6−31++G(d,p) have been used in
this case. The results are listed in Table 4 as well as the
available experimental data (for comparison). From Table 4,
it can be found that both TD-B3LYP and TD-PBE0 methods
make agreement with the experiment, TD-B3LYP results
show a better agreement than those obtained with TD-
PBE0 method for λabs and λfl using 6−31+G(d,p). TD-
B3LYP calculated λabs and λfl showed an improved agree-
ment, deviating by only 17 and 2 nm (with TDB3LYP/6−31
+G(d,p)) from its experimental values of 419 and 482 nm,

respectively [29]. The corresponding deviations at TD-
PBE0/6−31+G(d,p) level are estimated to be 12 and
17 nm, respectively. Within TD-B3LYP calculation results,
the influence of the basis set was found to be a little different
for these two properties. The addition of polarized functions
in the basis set does not significantly affect the λabs and λfl.
However, the inclusion of diffuse functions to the basis set
has a significant effect in the λabs and λfl, inclusion of
diffuse functions in 6−31G(d) leading to an improvement
of 13 and 14 nm on λabs and λfl, while with 6−31G(d,p)
basis set, the TD-B3LYP computed values increase (by 12
and 16 nm, respectively) when diffuse functions are includ-
ed. The addition of diffuse function to 6−31+G(d) basis set
does not significantly affect the λabs and λfl. The λabs and λfl
values using 6−31+G(d,p) basis set are almost equal to those
using 6−31++G(d,p) basis set. Similar trends of λabs and λfl
are also found in TD-PBE0 computed values. Furthermore,
to evaluate the influence of the geometry on the simulated
values, the λabs and λfl are also calculated based on the
respective PBE0/6−31G(d,p) and B3P86/6−31G(d,p) and
TD-PBE0/6−31G(d,p) and TD-B3P86/6−31G(d,p) opti-
mized S0 and S1 structures (see Tables SIV and SV in
Supporting information). It was found that the optimized
S0 and S1 structures using different methods do not signif-
icantly affect the λabs and λfl. In all cases, one can find that
TD-B3LYP results showed a better agreement with the
reported experimental observations [29] than those obtained
with TD-PBE0 method. Hence, the λabs and λfl of 1,8-
Naphthalimide derivatives (1–8) have been predicted at the
TD-B3LYP/6−31+G(d,p)//B3LYP/6−31G(d,p) and TD-
B3LYP/6−31+G(d,p)//TD-B3LYP/6−31G(d,p) levels.

The absorption λabs and fluorescence λfl wavelengths,
main assignments, and the oscillator strength f for the most
relevant singlet excited states in each molecule are listed in
Tables 5 and 6, respectively. The λabs and λfl values of
NIM1 are all in agreement with experimental results [29],
with the deviations being 17 and 2 nm, respectively. The
bathochromic shift between λabs and λfl values of NIM1 is
82 nm, which is comparable to the experimental 63 nm.

Table 2 Main geometrical
parameters (bond lengths in Å
and dihedral angles in °) of
NIM1 and 1–8 in S1 at the TD-
B3LYP/6-31G(d,p) level

aθ(C3-C4-R): dihedral angles
between 1,8-naphthalimide rings
and the substituent groups

Species C1-C2 C2-C3 C3-C4 C1-C11 C11-N12 C11-O15 N12-C16 θ(C3-C4-R)
a

NIM1 1.404 1.379 1.431 1.488 1.372 1.233 1.451

1 1.417 1.378 1.428 1.483 1.376 1.234 1.452

2 1.408 1.384 1.402 1.460 1.403 1.236 1.451

3 1.421 1.380 1.410 1.414 1.362 1.294 1.464

4 1.404 1.375 1.434 1.465 1.407 1.230 1.453

5 1.411 1.383 1.410 1.457 1.409 1.238 1.450 88.8

6 1.411 1.382 1.411 1.457 1.409 1.238 1.450 90.6

7 1.416 1.374 1.431 1.469 1.401 1.232 1.453 0.5

8 1.403 1.385 1.424 1.478 1.404 1.223 1.457 140.3
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Thus, this result credits to the computational approach, so
appropriate electronic transition energies can be predicted at
these levels for this kind of system.

For the absorption spectra, the excitation to the S1 state
corresponds mainly to the electron promotion from the

HOMO to the LUMO. From Table 5, one can find that the
λabs of 2 and 5–8 show bathochromic shifts while 1, 3, and 4
show hypsochromic shifts compared with NIM1. The λabs of
5 and 6 have strong bathochromic shifts 89 and 97 nm,
while the λabs of 2, 7, and 8 show slightly bathochromic

Fig. 2 The FMOs of the
investigated molecules at the
B3LYP/6-31G(d,p) level
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shifts 22, 8, and 2 nm compared with that of the parent
compound NIM1, respectively. The λabs values of 1, 3, and
4 show hypsochromic shifts 32, 39, and 29 nm compared

with NIM1. Moreover, one can find in Table 5 that 1–8 have
larger oscillator strengths than that of NIM1 except the
corresponding value of 4 is slightly less than that of
NIM1. The oscillator strength for an electronic transition is
proportional to the transition moment [53]. In general, larger
oscillator strength corresponds to larger experimental

Table 3 The FMOs energies EHOMO and ELUMO, HOMO–LUMO gaps Eg (eV), and HOMOs and LUMOs contributions (%) of MEBN and 1–
8 using the B3LYP/6-31G(d,p) and PBE0/6-31G(d,p) methods

HOMO LUMO

Species EHOMO NIa SGb ELUMO NI SG Eg

NIM −5.776 82.3 17.7 −2.122 96.0 4.0 3.654

(−5.757)c (88.2) (17.8) (−2.090) (95.9) (4.10) (3.667)

1 −6.058 89.5 10.5 −2.158 97.2 2.8 3.900

(−6.055) (89.6) (10.4) (−2.132) (97.2) (2.8) (3.923)

2 −5.792 66.1 33.9 −2.185 96.1 3.9 3.607

(−5.772) (66.7) (33.3) (−2.152) (95.9) (4.1) (3.620)

3 −6.917 93.2 6.8 −3.057 92.7 7.3 3.861

(−6.919) (93.2) (6.8) (−3.035) (92.7) (7.3) (3.884)

4 −6.651 91.7 8.3 −2.810 88.7 11.3 3.841

(−6.650) (91.5) (8.5) (−2.789) (88.6) (11.4) (3.861)

5 −5.650 23.3 76.7 −2.523 84.6 15.4 3.127

(5.654) (23.5) (76.5) (−2.489) (85.2) (14.8) (3.156)

6 −5.493 25.1 74.9 −2.390 90.5 9.5 3.103

(−5.483) (25.2) (74.8) (−2.358) (90.6) (9.4) (3.125)

7 −6.309 61.2 38.8 −2.803 82.3 17.7 3.506

(−6.296) (60.7) (39.3) (−2.773) (82.2) (17.8) (3.523)

8 −6.253 74.6 25.4 −2.727 21.7 78.3 3.527

(−6.237) (73.9) (26.1) (−2.689) (25.5) (74.5) (3.548)

aNI 1,8-naphthalimide moieties
b SG substituted groups
c Data in parenthesis are obtained at the PBE0/6-31G(d) level

Table 4 The absorption and fluorescence wavelengths and
corresponding energies (in parenthesis, in eV) as a function of calcu-
lation method and basis set based on the B3LYP/6-31G(d,p) and TD-
B3LYP/6−31G(d,p) optimized geometries of NIM1

Chemical method λabs λfl

TD-B3LYP/6−31G(d) 389 (3.18) 468 (2.65)

TD-B3LYP/6−31G(d,p) 390 (3.18) 468 (2.65)

TD-B3LYP/6−31+G(d) 402 (3.08) 484 (2.56)

TD-B3LYP/6−31+G(d,p) 402 (3.08) 484 (2.56)

TD-B3LYP/6−31++G(d) 402 (3.08) 484 (2.56)

TD-B3LYP/6−31++G(d,p) 403 (3.08) 484 (2.56)

TD-PBE0/6−31G(d) 378 (3.28) 453 (2.74)

TD-PBE0/6−31G(d,p) 379 (3.27) 453 (2.74)

TD-PBE0/6−31+G(d) 390 (3.18) 467 (2.66)

TD-PBE0/6−31+G(d,p) 390 (3.18) 467 (2.65)

TD-PBE0/6−31++G(d) 390 (3.18) 467 (2.66)

TD-PBE0/6−31++G(d,p) 390 (3.18) 467 (2.65)

Expa 419 482

a Experimental data were taken from ref. [29]

Table 5 The absorption wavelengths λabs (in nm), the oscillator
strength f, and main assignments (coefficient) of NIM1 and 1–8 in
THF at the TD-B3LYP/6−31+G(d,p)//B3LYP/6−31G(d,p) level, along
with available experimental data

Species λabs f Main assignment Expa

NIM1 402 0.27 H → L (0.70) 419

1 370 0.30 H → L (0.70)

2 424 0.28 H → L (0.70)

3 363 0.33 H → L (0.70)

4 373 0.20 H → L (0.59)

H-1 → L (−0.27)

5 491 0.57 H → L (0.70)

6 499 0.39 H → L (0.70)

7 410 0.71 H → L (0.70)

8 404 0.34 H → L (0.69)

a Experimental data were taken from ref. [29]
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absorption coefficient or stronger fluorescence intensity.
This indicates that 1–8 shown larger absorption intensity
than that of NIM1 except for 4.

For the fluorescence spectra, the fluorescence peaks of
NIM1 and 1–8 are mainly correspond to LUMO ← HOMO
excitation except the LUMO-1← HOMO excitation plays a
dominant role for 5 and 6. As shown in from Table 6, the λfl
values of 1–7 show bathochromic shifts 64, 110, 87, 67, 95,
96, and 15, while the corresponding value of 8 show slightly
hypsochromic shift 16 nm compared with that of NIM1,
respectively. Furthermore, the f values 1–8 are larger than
that of NIM1 except the corresponding value of 6 is similar
to that of NIM1, corresponding to strong fluorescence spec-
tra. This implies that 1–8 have large fluorescent intensity
and they are promising luminescent materials for OLEDs,
particularly for 5 and 7.

As shown in Tables 5 and 6, it is clear that all the
substituent groups can significantly affect the absorption
and fluorescence spectra of these molecules. The emission
color of molecules can be tuned by the substituent groups.
Furthermore, all the substituted derivatives show stronger
fluorescence intensity.

Charge transport properties and stability properties

It is well-known that, the lower the reorganization energy
values, the higher the charge transfer rate [54, 55]. The
calculated reorganization energies for hole and electron are
listed in Table 6. The results displayed in Table 6 show that
the λe values of NIM1 and 1–8 (0.361–0.525 eV) are larger
than that of tris(8-hydroxyquinolinato)aluminum(III) (Alq3)
(λe=0.276 eV), a typical electron transport material [40]. It
implies that the electron transfer rates of NIM1 and 1–

8 might be lower than that of Alq3. On the other hand, the
calculated λh values of NIM1 and 1, 2, 4–6, and 8 (0.341–
0.636 eV) are larger than that of N,N’-diphenyl-N,N’-bis(3-
methlphenyl)-(1,1’-biphenyl)-4,4’-diamine (TPD), which is
a typical hole transport material (λh=0.290 eV) [41]. How-
ever, the λh value of 3 (0.202 eV) is smaller than that of
TPD, while the corresponding value of 7 (0.295 eV) is
almost equal to that of TPD. It indicates that the hole
transfer rate of 3 may be higher than that of TPD and the
hole transfer rate of 7 may equal to that of TPD. It suggests
that 3 and 7 can be used as promising hole transport materi-
als for OLEDs from the stand point of the smaller reorgani-
zation energy.

The absolute hardness η is the resistance of the chemical
potential to change in the number of electrons. As expected,
inspection of Table 7 reveals clearly that 1–8 have nearly
equal values of absolute hardness, being almost equal to that
of NIM1. However, the η values of 5–8 are smaller slightly
than the value of NIM1. It indicates that the stabilities of 5–
8 are smaller slightly than that of NIM1, which may be due
to the steric hindrances. These results reveal that the differ-
ent substituent groups do not significantly affect the stability
of these molecules.

Conclusions

In this paper, a series of 1,8-naphthalimide derivatives has
been systematically investigated. The FMOs analysis have
shown that the vertical electronic transitions of absorption
and emission are characterized as intramolecular charge
transfer (ICT) between 1,8-naphthalimide moieties and sub-
stituent groups for electron-donating and aromatic groups
substituted derivatives. However, the charge-transfer char-
acter of the electron-withdrawing substituted derivatives is
not significant. The calculated results show that their optical
and electronic properties are affected by the substituent
groups in 4-position of 1,8-naphthalimide. Furthermore, 1–

Table 6 The fluorescence wavelengths λflu (in nm), the oscillator
strength f, and main assignments (coefficient) of NIM1 and 1–8 in
THF at the TD-B3LYP/6−31+G(d,p)//TD-B3LYP/6−31(d,p) level,
along with available experimental data

Species λflu f Main assignment Expa

NIM1 484 0.18 H ← L (0.70) 482

1 420 0.26 H ← L (0.70)

2 374 0.32 H-1 ← L (0.70)

3 397 0.34 H ← L (0.70)

4 417 0.34 H ← L (0.70)

5 389 1.00 H-1 ← L (0.54)

H ← L+1 (−0.45)

6 388 0.15 H-1 ← L (0.53)

H-2 ← L (0.46)

7 469 0.83 H ← L (0.70)

8 500 0.27 H ← L (0.69)

a Experimental data were taken from ref. [29]

Table 7 Calculated molecular λe, λh, and η (all in eV) of NIM1 and
1–8 at the B3LYP/6−31G(d,p) level

Species λh λe η

NIM1 0.433 0.455 3.208

1 0.354 0.409 3.365

2 0.636 0.433 3.044

3 0.202 0.385 3.381

4 0.340 0.525 3.283

5 0.341 0.393 2.695

6 0.457 0.386 2.780

7 0.295 0.361 2.939

8 0.319 0.386 2.967
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8 have large fluorescent intensity. The different substitu-
ent groups do not significantly affect the stability of
these molecules. Our results suggest that 1–8 are
expected to be promising candidates for luminescent
materials for OLEDs, particularly for 5 and 7. In addi-
tion, 3 and 7 can be used as promising hole transport
materials for OLEDs. This study should be helpful in
further theoretical investigations on such kind of sys-
tems and also to the experimental study for charge
transport and/or luminescent materials for OLEDs.
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