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Abstract

The synthesis and characterization of the 4-(2-fenoxi-p-xileno)-N-methyl-1,8-naphthalimide, referred to here as NPOX, is
described in this work. The characterization of NPOX was performed using proton nuclear magnetic resonance spectroscopy
("HNMR), UV-visible and fluorescence emission spectroscopy. The LUMO and HOMO levels of NPOX were estimated using the
electrochemical method, respectively, at 3.4eV and 6.1 eV with an energy gap of 2.7 eV. The NPOX is soluble in chloroform such
that when it evaporates, it becomes a transparent film with fluorescence emissions occurring at 456 nm when excited at 363 nm.
Using the Space-Charge-Limited-Current (SCLC) model, we obtained the value of the mobility of the positive charge carriers to be
1w =5x 107 cm? V~! s~!. These properties raise the possibility of using the NPOX as the emitting layer in an organic light-emitting
diode (OLED) with emission in the blue region, as demonstrated by the fabrication of an OLED with an ITO/PEDOT:PSS/NPOX/Al
structure and light emission peaking at approximately 465 nm.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Organic electroluminescent (EL) devices are of great
interest because of their efficient emissions in the visi-
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ble region and their potential applications in full colour
large-area flat panel displays. Electroluminescence in
polymeric or molecular materials is obtained by the
recombination of electrons and holes injected at the
anode and cathode, respectively. Much effort has been
put into the development of new organic EL molecular
materials and appropriate device structures to achieve
high-efficiency and stable devices with defined emis-
sion colours. Of the various kinds of EL materials,
1,8-naphthalimide derivatives have attracted attention
due to their high photoluminescence quantum yields

1658-3655 © 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


dx.doi.org/10.1016/j.jtusci.2015.03.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtusci.2015.03.013&domain=pdf
http://www.sciencedirect.com/science/journal/16583655
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:fisicaplic@hotmail.com
dx.doi.org/10.1016/j.jtusci.2015.03.013
http://creativecommons.org/licenses/by-nc-nd/4.0/

580 E.R. Triboni et al. / Journal of Taibah University for Science 9 (2015) 579-585

and good optical, thermal and chemical stabilities [ 1-3].
The 1,8-Naphthalimide derivatives have unique photo-
physical properties, which have been widely used as
brilliant yellow dyes in synthetic fiber technology, as
functional segments for the design of dual-mode chemi-
cal (protons)/electrochromic molecular switches and as
functional fluorescent imaging polymers [4—6].

With the use of organic materials, there is a possibility
of obtaining many different colours within the fluo-
rescence emissions [7]. In the case of naphthalimides,
variations in the colours may be obtained by changes in
the donor group in position 4 of the naphthalene moiety
[4,8.,9]. In our research, we have determined that the cou-
pling between the 4-nitro-N-methyl-1,8-naphthalimide
and 2-hydroxi-p-xylen produces an organic material
4-(0-oxi-p-xylen)-N-methyl-1,8-naphthalimide, which
has the capacity to form films capable of blue light emis-
sions. It is important to note that this molecule, referred
to here as NPOX, is different from other naphthalim-
ide derivatives capable of blue light emissions [10-12]
because it has an aromatic replacement in position 4 of
the naphthalene moiety that is coupled by an ether ligand.

In this work, we present the synthesis and character-
ization of the naphthalimide-derivative NPOX. We also
demonstrate that this organic molecule can be used to
fabricate an organic light-emitting diode (OLED) with
emissions in the blue light region.

2. Materials and methods

According to a previously described procedure
[13,14], the 4-nitro-N-methyl-1,8-naphthalimide was
synthesized through the reaction of 4-nytro-1,8-
anhydrid-naphthalic with methyl amine via ultrasoni-
fication in water for 1 h with a reaction yield of 90%.
This compound was reacted with 2-hydroxi-p-xylen
sodium salt in acetonitrile and a small amount of K,COj3
while stirred at 40°C for 8 h to yield the 4-(o-oxi-p-
xylen)-N-methyl-1,8-naphthalimide (NPOX). The time
at which the reaction ceased was determined by thin-
layer chromatography (TLC). The solvent was then
vacuum evaporated and the crude product was extracted
with CH,Cl; and washed first with a 5% NaOH solution
and then with water. The organic phase was separated and
dried with MgSOy4. The NPOX reaction yield was 95%.
The melting point was 169 °C and the re-crystallization
of this product in ethanol produced yellow crystals con-
sisting of a needle-like shape.

NPOX films were obtained using a spin-coating tech-
nique from the solution containing CHCl3 (10 mg/ml).
The film thickness was determined using a Dektak3 sur-
face profiler.

Using CHCI3 as a solvent and tetramethylsilane as an
internal reference, the NPOX was characterized via pro-
ton nuclear magnetic resonance (HNMR) in a Brukker
AC200 spectrometer. Gas chromatography and mass
spectrometry (GC/MS) analysis were performed on a
HP-5890 mass spectrometer and the infrared (IR) spec-
trum of the NPOX film deposited on the silicon substrate
was recorded using a Bomen-MB 102 spectrometer.

The ultraviolet—visible (UV-vis) absorption analysis
of the NPOX film deposited on the silicon substrate was
performed using a Varian-Cary 5G spectrophotometer.
The fluorescence spectra were determined using a diluted
solution and from a thin film on a quartz substrate using
a Hitachi F4500 spectrophotometer.

Cyclic voltammetry (CV) measurements were carried
out on a FAC-potentiostat and the HOMO and LUMO
levels of the NPOX were estimated by determining the
onset of the electrochemical oxidation and reduction of
the organic film, respectively, in an acetonitrile solution
of 0.1 mol L™! of LiClOy. Each solution potential was
determined from different experiments to avoid the inter-
ference of the irreversibilities associated with the film
oxidation. Details of the method used here are described
by Micaroni et al. [15].

To investigate the possibility of using NPOX as
the emitting layer in OLEDs, samples were fabricated
using Indium-Tin oxide (ITO) covered with (Poly(3,4-
ethylenedioxythiophene)) — Poly(styrene sulfonate),
PEDOT:PSS, which was supplied by Bayer AG and Al
as the electrode in the ITO/PEDOT:PSS/NPOX/Al archi-
tecture. The NPOX film was deposited by spin coating
from a chloroform solution (10 mg/ml) and the Al elec-
trode was evaporated [16], on top of the NPOX layer
through a shadow mask to limit the active area of the
device to ~2 mm?.

The current and voltage characteristics were recorded
with a Keithley voltage source and recorded in a nitrogen
atmosphere. The electroluminescence spectra of the
OLEDs were obtained in a Photon Technology Inter-
national (PTI) fluorescence spectrophotometer and the
brightness was measured using a calibrated radiome-
ter/photometer from United Detector Technology
(UDT-350).

3. Results and discussion

3.1. Chemical characterization of the NPOX
compound

For the sake of clarity, the structural formula of the
product is given in Fig. 1. Following the description in
Fig. 1, the "H NMR spectrum (Fig. 2) chemical shifts (8)
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Fig. 1. Structural formula of the NPOX.

that were observed are: 'H NMR (200 MHz, CDCI3) &
2.06 (s, 3H, CH3), 2.28 (s, 3H, CH3), 3.47 (s, 3H, CH3),
6.63 (d, 1H, CH), 6.86 (s, 1H, CH), 6.98 (d, 1H, CH),
7.16 (d, 1H, CH), 7.72 (t, 1H, CH), 8.35 (d, 1H, CH),
8.60 (d, 1H, CH) and 8.67 (d, 1H, CH), where s, d and t
stand for singlet, doublet and triplet bands, respectively.
Using this spectrum, the NMR can be verified so that
the obtained product has a high purity. The three singlet
bands, which are assigned to the methyl groups, yielded
an integrated intensity of 3, whereas the other eight sig-
nals, which are assigned to the aromatic protons, give
integrated intensities of 1, which is coherent with the
structure described in Fig. 1.

The GC/MS analysis produced a single peak in the
chromatogram (not shown here), revealing a highly pure
product. The mass spectrum showed m/z=331 (molec-
ular ion), m/z=120 (fenoxi fragment) and m/z=211
(N-phthalimide fragment). The strongest peak is from
the most abundant molecular ion due to its high stability,
which is the result of the presence of the two aromatic
rings that facilitate its ionization.
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Fig. 2. NPOX nuclear magnetic resonance of proton (\H NMR) spec-
trum with CHCI3 as solvent and tetramethylsilane as internal reference.
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Fig. 3. Infrared spectrum of the NPOX film deposited on silicon sub-
strate.

The IR spectrum of the compound (Fig. 3) exhibits a
pair of peaks at the 1699 cm™! and 1661 cm™! bands due
to the asymmetric and symmetric carbonyl stretching,
respectively, and the 1356 cm™~! band due to the C—N—C
stretching. The p-xilene bands occurred at 1508 cm™!,
due to ring C=C stretching, and at 1041cm™! and
794cm™! due to the out of plane and in plane C—H
bending. Formation of the C—O—C bonding, which is
the bonding between the naphtalimide and p-xilene, was
confirmed by the asymmetric and symmetric stretching
at 1253 cm~! and 1074 cm™!, respectively [9,17,18].

3.2. Optical and fluorescence studies

The UV-vis absorption spectrum of the NPOX film
deposited on the silicon substrate is shown in Fig. 4
(curve a). Three transitions are seen in the spectrum,
but only two bands are discernible due to the detec-
tion limitations of the UV light. The lowest transition
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Fig.4. (a) UV-vis absorption spectrum of NPOX film on a quartz plate,
(b) fluorescence spectrum of NPOX in CHCl3 solution (6 mg/ml), (c)
fluorescence spectrum of a NPOX film produced by spin-coating from
a solution in CHCls.



582 E.R. Triboni et al. / Journal of Taibah University for Science 9 (2015) 579-585

peaks at 360 nm and exhibits two additional shoulders at
340 nm and 380 nm. The higher energy transition peaks
at 243 nm and exhibits a shoulder at 211 nm. The UV—-vis
absorption spectrum of the un-substituted 1,8 naphthal-
imide has been studied by Gawronski et al. [19], and
exhibited the lowest state with three bands, which peaked
at 355 nm, 320 nm and 315 nm. The higher energy tran-
sitions peaked at 225 nm and 211 nm. Compared to the
un-substituted 1,8-naphthalimide, all the electronic tran-
sitions of the NPOX are red shifted. The red shift is due
to changes in the polarisation along the short axis of the
naphtalene moiety caused by the substituent at position
4. All the bands of the 1,8-nahpthalimide are assigned
to m — ¥ transitions between the ground state So and
the different excited states [19]. The onset of absorption
(400 nm) is taken as the HOMO-LUMO transition of the
film with negligible phonon coupling and the energy gap
measured at this point is 3.1eV.

The fluorescence spectrum of the NPOX in the CHCI3
solution and the fluorescence spectrum of a NPOX film
are shown in Fig. 4 (curves b and c), respectively. The
emission spectra of both the solution and film show a
broad peak centred at 435 nm with a marked tail in the
lower energy portion of the emission spectra. The struc-
ture observed in the absorption spectrum at the band
centred at 360 nm is almost lost in the emission spectra.
However, the peak shapes are quite similar and result
from different transitions at very close energies. Addi-
tionally, the emission curve of the NPOX film (curve c)
presents only small shifts compared to the emission of
the NPOX taken from the solution (curve b), indicating
the primarily amorphous character of the deposited film
[2,4,12,20]. We also see that the onset of the (0,0) transi-
tion in the emission spectra is essentially the same as the
(0,0) transition in the absorption spectrum at 400 nm.

3.3. Electrochemical studies

The cyclic voltammogram of the NPOX is presented
in Fig. 5. The reduction and oxidation processes were
measured separately. The reduction process (curve a)
exhibits two waves: one cathodic and one anodic, which
reveal that the process is almost reversible. The oxida-
tion process (curve b) presents only one anodic wave,
indicating that the film oxidation process is irreversible.
The irreversibility implies that the charge transfer may
cause chemical changes in the molecular film and that the
measured potential is a mix of ionization potential and
the energy required for the possible chemical changes
occurring during the charge transfer. However, if just
the onset potential is examined, the contribution of the
chemical changes may be small enough to be ignored.

1.7V

-1.0V

Voltage vs. Ag/AgCI (V)

Fig. 5. Cyclic voltammogram of an NPOX film. Oxidation and reduc-
tion onsets are indicated.

Examining the onsets of oxidation and reduction, the
LUMO and HOMO levels of the NPOX are estimated
at 3.4 eV and 6.1 eV, respectively, with an energy gap of
2.7eV. This energy gap is comparable to that obtained
from optical measurements (Fig. 4), which is 3.1eV if
the onset of absorption is used. Since the HOMO value
is more reliable, it may be concluded that the LUMO
must be between 3.4eV and 3.0eV.

3.4. Electrical studies

The J—V characteristic of an ITO/PEDOT:PSS-
(60 nm)/NPOX(170 nm)/Al(120 nm) device with a posi-
tively biased ITO is presented in Fig. 6. The inset shows
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Fig. 6. J(V) characteristics of an ITO/PEDOT:PSS(60 nm)/NPOX
(170 nm)/Al(120 nm) device for ITO positively biased. Inset: I(V3)
characteristics of the same device.
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Fig. 7. J(d) characteristics of ITO/PEDOT:PSS(60nm)/NPOX
(d)/Al(120 nm) devices with different NPOX thickness d: 100, 135,
170, 230, 195 and 200 nm. The J values were taken at V=1V, with
ITO positively biased.

the J — V2 plot. The linear behaviour in this J — V2 plot
suggests that the current is bulk limited. Bulk limited
current or Space-Charge-Limited-Current (SCLC) may
provide information on the transport of the charge car-
riers inside the organic layer, allowing the extraction of
their mobility [21-23]. In the SCLC model, the current
density dependence on the voltage is given by [24]:

ueV?
T= M
where ¢ is the permittivity of the material and w is
the mobility. In this case, the mobility is independent
of the applied electric field and the current density. In
this regime, the current is expected to depend quadrat-
ically on the applied voltage, as shown in the inset of
Fig. 6. The J dependence on the thickness d at a fixed
voltage of V=1V measured from samples of different
NPOX thicknesses is depicted in Fig. 7. The deriva-
tive dln J/dlnd = —3 confirms that the SCLC model
correctly describes the charge transport. Using Eq. (1)
and the J — V characteristics, the mobility of the posi-
tive charge carriers in the NPOX was determined to be
w=5x10">cm?V~!s~!. The mobility in the NPOX
is found to be independent of the applied field.

This independence of the mobility on the electric
field was also observed in Tris(8-hydroxyquiniline)Al,
Alqgs, when the samples were prepared under ultra-
high vacuum conditions, as described by Kiy et al.
[25]. Therefore, in Alqgz, deviations from J~ V2 were
attributed to the presence of impurities. The absence of
such deviations in our NPOX samples suggest that the

EL Intensity (a. u.)

350 400 450 500 550 600
Wavelength (nm)

Fig. 8 EL spectrum of a ITO/PEDOT:PSS-(60nm)/NPOX-
(100 nm)/Al(120 nm) OLED device for different voltage values with
ITO positively biased.

NPOX films have low impurity concentrations, assuming
the validity of these results in our NPOX as well.

3.5. Electroluminescence studies

The electroluminescence spectra of OLED with the
ITO/PEDOT:PSS(60 nm)/NPOX(100 nm)/Al(120 nm)
architecture for different voltages with a positively
biased ITO is shown in Fig. 8, with EL peaks centred
about 465 nm. At 20V, the (x, y) chromaticity coordi-
nates of the Commission Internationale de 1’Eclairages
(CIE) are (0.211, 0.313), which is in the blue region.
Finally, Fig. 9 shows the current density and the EL
intensity as a function of the voltage applied to the
OLED device. It is interesting to observe that up to
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Fig. 9. EL intensity and current density of a ITO/PEDOT:PSS-
(60 nm)/NPOX(100 nm)/Al(120nm) OLED device as a function of
applied voltage with ITO positively biased.
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17V, the J — V-curve and the EL-intensity-curve have
nearly the same shape, suggesting a balanced injection
and an approximately constant radiative recombination
rate [26].

4. Conclusions

By incorporating an aromatic replacement in posi-
tion 4 of the naphthalene moiety coupled by an ether
ligand, an NPOX compound that is blue light-emitting
has been prepared in this work. The synthesis of the
NPOX was realised over two phases by reactions pro-
ducing high yields and products of high purity, which
was confirmed using NMR and CG/MS. The solution of
NPOX in chloroform formed a film after solvent evap-
oration, which exhibited blue photoluminescence as a
result of the presence of the naphtalimide group. The film
forming properties, their photoluminescence and electric
behaviour were used to fabricate an OLED with electro-
luminescence in the blue region. Further investigations
are in progress to improve upon these studies and the
applications of NPOX in OLEDs.
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