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Abstract

In this article, the synthesis, characterizatiod ase of two novel naphthalimides as electron-
transporting emitter materials for organic lightigimg diode (OLED) applications are reported.
The molecules were obtained by substituting electtonating chloro-phenoxy group at the C-4
position. A detailed optical, thermal, electrochemhiand related properties were systematically
studied. Furthermore, theoretical calculations (DFfere performed to get a better
understanding of the electronic structures. Theth®gized molecules were used as electron
transporters and emitters in OLEDs with three déife device configurations. The devices with
the molecules showed blue emission with efficiencie1.89 cdA, 0.98 ImW', 0.71 % at 100
cdmi®. The phosphorescent devices with naphthalimidesessron transport materials displayed
better performance in comparison to the device authany electron transporting material and
were analogous with the device using standardreledtansporting material, AlgThe results

demonstrate that the naphthalimides could plagmifstant part in the progress of OLEDs.
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1. Introduction

Organicr-conjugated materials have attracted considerasiearch interest because of their use
in modern day organic light-emitting diode (OLEDppéications [1-4]. One of the key
challenges in developing efficient OLEDS is to Ioaka charge injection and transport from both
cathode and anode to the emissive layer in thecdestructure [5—7]. In most of the current
organic luminescent materials, electron mobilityssially few orders of magnitude smaller than
hole mobility. Hence, by introducing an electroarsport layer (ETL) in the device architecture,
the efficiency of OLEDs can be considerably enhdn&8]. The potential ETL materials are
supposed to have adequately high electron affi(#ty3.0 eV) in order to facilitate electron
injection from the commonly used metal cathode .(Algs has been widely studied as ETL
material for OLEDs [7]. Recently, heterocyclic mules have emerged as promising class of
electron-transport materials for OLEDs [3,8—-10B-thaphthalimides have shown considerable
promise and are the most frequently studied cate8ddl]. The molecules possess wide energy
band-gap and low reduction potentials. The excitatle properties in these molecules can be
significantly altered by the nature of the substitipresent in the aromatic ring [12,13]. The
existence of electron-deficient centre usually mtidese molecules attain high electron affinity
which authenticates the possibility of their use elsctron-transporting or hole-blocking
materials in OLEDs [11]. One option to accomplisiistis by introducing electron-donating
groups at the C-4 position of 1,8-naphthalimj@i2]. Electron-donating substituents at the C-4
position induce a polar charge-transfer excitedestahich usually increase the PL emission
[14]. In this article, we have synthesized and abtarized two novel naphthalimide$ gnd5]

by nucleophilic substitutions of electron donattigoro-phenoxy group at the C-4 position of
1,8-naphthalimide. We have investigated the napimides as electron-transport as well as
electroluminescent materials for OLED applicatio@sir results show that the materials are
potential candidates for electron-transport antloe emitters and could play a significant part
in the growth of OLEDSs.

2. Experimental
2.1 Materialsand Methods

All the starting reagents and materials obtainethfcommercial sources (Sigma Aldrich) were

used without further purification. Spectroscopi@adg organic solvents were used for spectral



analysis. The reactions were performed under thakiet of Nitrogen (B). NMR, FT-IR and
mass spectra were used to confirm the chemicattates of the molecules. NMR spectra were
acquired on a Bruker Ascend 400 MHz NMR Spectromata working frequency of 400 MHz
at room temperature in DMSO-d6 as solvent usimguitetthylsilane (TMS) as internal standard.
The chemical shifts are given asin ppm. The mass spectra were recorded using AP0 2
LC/MS/MS system and LC-MS-Agilent 1100 series. R-$pectra were obtained using a
Thermo Nicolet AVATAR 330-FT-IR spectrophotomet@ihin layer chromatography on silica
gel coated aluminium sheets (silica gel 60 F254ewesed to access and monitor the progress
and completion of the reactions. The optical progeiof the molecules in solution and thin solid
film form were investigated using UV-visible (UVs)i spectrophotometer (Ocean Optics Inc.
SD 2000) and Fluoromax-4 TCSPC spectrophotometeorifel Jobin Yvon) at room
temperature. A 150 W xenon lamp was used as th#aggo source. The spectral data were
obtained using FluorEscence software and Orgin®ftavare was used for data analysis. The PL
lifetime measurements were done using the samdrepbotometer attached with a NanoLED
(350 nm) pulsed excitation source using the timeetated single-photon counting (TCSPC)
technique at room temperature. The decay data nalysed using Data Analysis Software 6
(DASG6). Based on the absorption and PL spectraefriolecules in chloroform (CHgJ the PL
guantum vyield ¢p) of the molecules were calculated by a comparatie¢had using 9,10-
diphenylanthracene(es = 0.90 in cyclohexane) as standard [15]. Thernavigretric analysis
(TGA) was recorded using EXSTAR 6000, TG/DTA 6306rtal analyser. The melting points
of the molecules were obtained from differentialarsting calorimetry (DSC) using a
SHIMADZU DSC-60. DSC and TGA measurements weregearéd under nitrogen atmosphere.
The surface morphology of organic films preparedh®rmal evaporation was characterized by
Park System XE-70 atomic force microscope (AFM)amambient conditions in non-contact
mode. The electrochemical studies of the molecuexetonitrile (1G M) were studied using
AUTOLAB PGSTAT-30 electrochemical analyzer at a stant scan rate: 10 mV*sat room
temperature by cyclic voltammetry (CV) measurements conventional three-electrode cell
system. CV of the molecules in acetonitrile {1@) were performed with tetrabutyl ammonium
hexafluoro phosphate solution (0.1 M in acetomjrihs supporting electrolyte and Ag/AghNO
(in 0.1 Macetonitrile) as reference electrode; platinum glaydual role as working electrode

and counter electrode [12]. The measurements wane ¢th N atmosphere and before each



experiment, all the solutions in the cell were margvith ultrahigh-pure Nfor 10-15 min.
Ferrocene/ferrocenium (Fc/Bcredox system was used as internal standard tbrat each

measurements [12].

2.2 Materials synthesis

2.2.1 6-(4-chlorophenoxy)-2-(2-hydroxyethyl)-1H-benzdistequinoline-1,3(2H)-dion€4):
4-Chlorophenol (0.28 g, 0.0016 mol) and potassiamb@nate (anhydrous, 0.22 g, 0.0016 mol)
were mixed into a solution of intermedi&€0.5 g, 0.0015 mol) in anhydrous DMF (10 ml). In
nitrogen atmosphere, the mixture was stirred fdr & 100 °C. The obtained reactant mixture
was cooled to reach room temperature. It was thmrea into 50 ml of cool water. The
subsequent yellow precipitate was amassed ancdedth charcoal (ethyl acetate 50 ml) at 40
°C for 1 h. This was the purified using columnarhatography (eluent: petroleum ether: ethyl
acetate 8:2) to obtain a pale yellow solid. YieB%8 mp 190-192 °C. IR (KB¥max cm): 777,
848 (C-Cl str); 1038, 1172, 1251, 1360 (-O- st)81, 1591, 1651, 1703 (C=0 str); 2957 (C-H
str); 3297 (O-H str)'H NMR (400 MHz, DMSOsg) & (ppm): 8.67 (dJ=8.0 Hz, 1H, Ar-H),
8.57 (d,J=6.0 Hz, 1H, Ar-H), 8.42 (dJ=8.0 Hz, 1H, Ar-H), 7.92 (t}=7.2 Hz, 1H, Ar-H), 7.60
(d, J=7.6 Hz, 2H, Ar-H), 7.35 (dJ=7.6 Hz, 2H, Ar-H), 7.06 (dJ=8.0 Hz, 1H, Ar-H), 4.83 (s,
1H, -OH), 4.15 (s, 2H, -NCH), 3.62 (d,J=5.6 Hz, 2H, -NCH-CHy-). 3C NMR: 164.086,
163.41, 158.92, 154.08, 133.05, 131.96, 130.95,9¥29.29.51, 128.57, 127.72, 123.79, 122.86,
117.27. 112.05, 58.28, 42.25, 128.85, 127.78,9822111.98, 61.46, 21.06. m/z: 3aVK1).
Yield: 83%.

2.2.2 2-[6-(4-chlorophenoxy)-1,3-dioxo-1H-benzo[de]isamplin-2(3H)-yl]ethyl acetatéb):

The solution of4 (0.2 g, 0.0006 mol) in acetic anhydride (2.5 ml}l aetic acid (2.5 ml) was
stirred for 2 h at 130C in a round bottom flask. The mixture was cooledltain a pale yellow
precipitate, which was filtered and purified usimduenn chromatography [12]. Yield 90 %. mp.
196-198. IR (KBvmax cmi®): 780, 860 (C-Cl str); 1023, 1057, 1232, 1361 (sB); 1462, 1489,
1576, 1655, 1693, 1745 (C=0 str); 2969, 3098 (Cuji ¥ NMR (400 MHz, DMSOds) &
(ppm): 8.70 (dJ=8.4 Hz, 1H, Ar-H), 8.61 (s, 1H, Ar-H), 8.45 (858.0 Hz, 1H, Ar-H), 7.94 (t,
J=7.2 Hz, 1H, Ar-H), 7.61 (dJ=6.8 Hz, 2H, Ar-H), 7.37 (d)=6.8 Hz, 2H, Ar-H), 7.07 (d}=6.8
Hz, 1H, Ar-H), 4.32 (s, 4H, -N(Ch-), 1.93 (s, 3H, -Ch). **C NMR: 170.82, 130.97, 128.85,
127.78,122.96, 111.98, 61.46, 21.06. m/z: A10%). Yield: 90%



2.3 OLED fabrication and testing

The electroluminescent and electron transport ptigseof the synthesized naphthalimides were
studied by fabricating unoptimized OLEDs using thar evaporation at a base pressure of 5 x
10° Torr. Pre-patterned indium tin oxide (ITO, Kintétong Kong) coated glass substrates, with
a sheet resistance of @8o and thickness of 120 nm, were used as anode. tBribe deposition

of organic materials, ITO substrates were cleaned dV-Ozone treated according to the
procedure reported earlier [11]. All the organid arathode layers were deposited on the ITO
substrates sequentially without breaking the vacamch the devices were never exposed to air
during fabrication. FTCNQ (2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquimoeiihane, Sigma
Aldrich) was used as hole-injection material (HILNPD (4,4’-bis[N-(1-naphthyl)-N-phenyl-I-
amino]-biphenyl, Sigma Aldrich) was hole-transponiaterial (HTL), BCP (bathocuproine,
Sigma Aldrich) was hole-blocking material (HBL), QAl(tris-(8-hydroxyquinoline) aluminium,
Sigma Aldrich) was ETL, Ir(ppy)(tris[2-phenylpyridinato-C2,NJiridium(lll), SigmaAldrich)
doped CBP (4,4-bis(9-carbazolyl)-biphenyl, Sigm&irikch) was phosphorescent emitter, LiF
(lithium fluoride, Sigma Aldrich) was electron-igjgon material (EIL), and Al (aluminium, Alfa
Aesar) was cathode. The organic materials were wsmedreceived without any further
purification. All the organic materials were depiediat a rate of 0.8 s*, whereas LiF and Al
were deposited at 0.1 A'and 6 A &, respectively. The thickness and the deposititesrevere
controlled in situ by a quartz crystal thicknessikketor placed near the substrate. As a final step
of the fabrication, cathode was deposited througihadow mask. The light-emitting area was
1.6 mnf as defined by the overlap of the cathode and anditithe electro-optical properties of
the fabricated OLEDs such as current density-veHagiinance (J-V-L) characteristics and
electroluminescence (EL) were investigated usitgraputer-controlled, programmable source-
meter (Keithley 2400), calibrated Si photodiode (FND2A) and spectrophotometer (Horiba
Jobin Yvon iHR320). CIE coordinates were calculdtedh the EL spectra. Devices were driven
under dc conditions. All the device characteristiesre performed under ambient and dark

conditions without any encapsulation at room terapge.

2.4 Computational Methods
Density Functional Theory (DFT) calculations weraried out in order to have a deeper
understanding of the electronic states of the reglimides using GAUSSIAN 09 package. A

Becke—Lee-Yang—Parr hybrid exchange-correlationséd shell) three-parameter functional



(B3LYP) [16-18] along with 6-311++G (d) basis setrev used in the simulation to obtain the
geometry optimization of the isolated molecules.ebch case, the molecular structure was
completely optimized by using Berny’s optimizatialgorithm, which uses redundant internal
coordinates. The convergence to the minima on ttengial energy surface was confirmed by
calculating the harmonic vibrational wavenumbersngisanalytic second derivatives and
properly scaled down to control the systematicreroaused by incompleteness of the basis set.
Since time dependent DFT (TD-DFT) is a powerful a&fiicient tool to study the ground and
excited state properties, we have used this meithodnsidering the same B3LYP exchange-

correlation function with 6-311++G (d,p) basis &ebbtain the UV-Visible absorption spectra.

3. Resultsand Discussion

3.1 Synthesisand Molecular Geometry

Scheme 1 depicts the detailed synthetic routeviaatadopted for the synthesisdofnd5 using
nucleophilic substitution of chloro-phenoxy electirdonating group at the C-4 position of
naphthalimide moiety. The synthesis of intermedidtg¢5-Bromoacenaphthene?, (4-Bromo-
1,8-naphthalic Anhydride) and3 (6-bromo-2-(2-hydroxyethyl)-1H-benzo[de]isoquimst
1,3(2H)-dione) were done as per the reported pureedith a slight modification [19b5 was
prepared by the acetylation 4f12]. The molecular structures determined by NMR;IR and
mass spectra are in accordance with the proposadiises as well as the theoretically obtained
optimized structures. Both the molecules readilysdive in common organic solvents. The
molecules have similar structure where the bronowgrat the C-4 position of intermedideés
replaced by chloro-phenoxy group to obtdiBy replacing GHsO attached to the nitrogen atom
in 4 by GH;0O, 5 is obtained. From the energy-optimized geometry,have not observed any
significant change in the bond length and bond eaglthe central part of both the molecules.
However, the different ligand attached to the Nsat@arranges the energy labels of molecular

orbitals. The optimized structures4and5 are shown in Figure 1.

3.2 Optical Properties

Studying the optical properties is vital in undargting the functioning of organic materials in
devices. On irradiation, the optical propertiesnaphthalimides are normally associated with
chromophoric system’s polarization and are goverbgdhe nature of the substituents [20].

Absorption of light in these materials lead to ateinal charge transfer (CT) excited state which



results in the donor—acceptor interactionsatB) between the electron-donating substituents at
the C-4 position and the electron-accepting carbarpups. These interactions may be
prompted by the environmental effect of differenedia, especially the polarity of organic
solvents. The effect of the solvent polarity isastigated by studying basic optical properties of
4 and5 in both protic and aprotic organic solvents €1l of different polarities and thin solid
film using UV-Vis absorption and PL spectroscopfieToptical data is tabulated in Table 1 and
Table SI1.

At room temperature, intermediaBewhich has a bromo group (electron-withdrawing)Cad
position, shows wavelength absorption maximugg of 340 nm (shoulder peak at 354 nm) in
CHCl; [12]. By substituting chloro-phenoxy group whichelectron-donating at the C-4 position
(4 and5) of intermediated results in theébathochromic shift of ~ 20 nm iy thus exhibiting
that the lowest singlet excited state has CT natBmth the molecules show quite similar
broadband UV-Vis absorption characteristics (Figzagwithl,,s of 363 nm 4) and 362 nm&5).
This shift may be ascribed to then* electronic transitions occurring between the oo
phenoxy substituent (electron-donating) at the @e4dition to the carbonyl groups (electron-
accepting) in the naphthalimide moiety. The absonptof the molecules is evidently
concentrated on the naphthalimide moiety. The lbwesited state is prevalentanz* character
for 1,8-naphthalimides. A small bathochromic skiftO0 nm) can be seen igys of the thin film
(Figure 2) compared to that in CHCWith 1apsshifting to 374 nm4) and 371 nm&). The shift
signifies that ther-n* interactions are weak between the molecules enthiin solid film state,
which may arise due to the intermolecular aggregaitn condensed state. Using the thin film
absorption spectra, the optical energy band gEg?Q’)(of the molecules calculated using Tauc
plots (Figure 2b) considering direct allowed tréinsis (@hv) 2 versushy) are 3.04 eV and 2.99
eV, respectively fod and5. The molar extinction coefficients (lagy are high (4.3 | mélcm?)
which indicates that the long wavelength absorptiand has CT nature which may be due to the

So—S; transitions.

Time-dependent DFT (TD-DFT) calculations in vacuumere performed on electronic
absorption spectrum in order to have a better péxee of the absorption spectra. Only the
lowest six singlet-to-singlet spin-allowed excitgdtes for both the molecules were considered.

The generated spectra4find5 together with experimental observation are preskimt Figure



2a. The calculated excitation energies togethen wacillator strengthf) andAaps are shown in
Table 1. In general, UV spectrum of naphthalimidesinvestigated by the band assigned to the
7 to t* transition which is also observed in our calcigat In addition, high intensity absorption
peak at 350 nm and 348 nm fdrand 5, respectively can be observed. Figure 2a shows
reasonably good agreement between the theory goerimental absorption spectra. A slight
deviation in the peak position is expected duehtodolvent used in experiment. The molecules
exhibited intense blue PL emission corresponding t6S, transition in CHG and in thin solid
film, which may be ascribed to the CT interactidretween the substituent donor group and

carbonyl group acceptors in the moiety.

Intermediate3 exhibits weak PL with maximumig ) at 406 nm in CHGldue to the presence of
bromo-substituent at the C-4 position which is eteewithdrawing in nature [12]. On
substituting the bromo group in intermedi8teith the chloro-phenoxy groug @nd5), theip.
was bathochromic shifted (~ 20 nm) to 426 dnand 422 nm&) with full width half maximum
(FWHM) of ~ 45 nm as shown in Figure 2a. The obsdrshifts (Table 1) can be attributed to
the introduction of the substituent which lead e formation of Dr-A structures. Similar to
UV-Vis absorption, thép, of 5 is hypsochromishifted (4 nm) compared to that 4f Studying
the thin film PL of the molecules is important frahe viewpoint of device applications. The PL
spectra in thin solid films have similar shape twse observed in CHEI with App
bathochromically shifted to 462 nmM)(and 458 nm&) with FWHM of ~ 60 nm. The energy of
activation of the first excited stat&d;) in CHCkobtained from the point of intersection of
absorption and PL spectra, has the values of &12nd 316 %) kJ mol’. The Stokes’ shiftsvf)

of the molecules (Table 1) have high values of 604€m* (CHCls) and ~ 5100 crh (thin films),
confirming that the absence of reabsorption ofdhmtted radiation. The oscillator strengths of
the molecules are 0.30A4)(and 0.298 §). Both thevs and f values of the molecules are
comparable with reported 1,8-naphthalimides [1133]3, PL quantum vyield &p ) of the
molecules are 0.28% and 0.26 %). The calculated energy yields of PEp() are 0.33 4) and
0.21 6), which can also be used insteadfgf. The values ofbp. andEp, are higher than their
analogous derivatives [11,15]. The performance h&f iaterials in the EL devices can be
estimated by relating the emission colour by me#rGIE chromaticity coordinates. These CIE
coordinates (Table 1) calculated using the PL spextcited at 330 nm (in CH4{}land 360 nm

(thin films) are located in the deep blue regiohaf chromaticity diagram (Figure SI1).



The absorption spectral data of the molecules ivests of varying polarity are summarized in
Table SI1. A small effect on thigys of the molecules was observed with change in sblvature
suggests that in the ground state, solvent effeceiy weak as reported in the case of other 1,8-
naphthalimides [13]. The absorption spectra of thelecules (Figure SI2 and SI3) in
cyclohexane and hexane are well structured. Ailofise vibrational fine structure occurs by the
use of polar solvents. A bathochromic shiff.ips was noticed for molecules from hexane (~ 338
nm) to water (~ 361 nm), signifying a red shiftligs for polar solvents. On the other hatigls
peak position remains immune to the varying poladf the polar protic and polar aprotic
solvents indicating that solvent polarity has digmpact on the absorption spectra of the
molecules. The absence of specific effects in pmaivents shows absence of intermolecular H-
bond formation in the molecules’ ground state [Zlje PL emission spectra (Figure SI2 and
SI3) demonstrate solvent dependent shifts in eonsgnaxima. Similar to the absorption
characteristics, both the molecules showed stredtemission in non-polar solvents; however,
in the case of mild and high polarity solvents, thelecules exhibited broadband structure-less
emission without any clear vibrational structures #an be seen in Figure SI2 and SI3, an
increase in solvent polarity, i.e., from non-potar polar solvents, resulted in bathochromic
shifts. For instance, an enormous bathochromid¢ $filnm was observed in the casetathen
changing the medium from hexane to water, which matsnoticed in the absorption spectra.
This shift indicates that the stabilisation of gwvent is more prominent in the excited states
when compared to the ground states. As can be fseenTable SI1, there was a significant
increase in the Stokes’ shift 4ffrom 3570 cm' in hexane and increases to 6997 tim water.

Similar kind of behaviour was also observed3@nd other 1,8-naphthalimides.

The variations of the dipole moments in ground excited states can be analysed to observe the
response of the molecules to solvent polarity, Whtan be estimated from Lippert—Mataga
(LM) equation [22]

_ _ 24f
Avge = (Vabs - VPL) = head A.UZ ) (1

wherevaps and vp, are respectively, the wave numbers of the abscgband PL emission in
cm, his the Planck’s constant,is the speed of lighty is the Onsagar radius of the cavity in

which the fluorophore resides [23]u ischange in the dipole moment anfl is the orientation



polarizability involving the dielectric constant) (and refraction indexn( of the solvents as

given by equation (2). Figure Sl4 represents thedldd of the molecules in different solvents.

-1 n?-1

Af =5~ 57 (2)

T 2e+1 2n%+1

The gross solvent polarity indicator scale suctermagpirical parameter of solvent polarity3®

becomes more applicable while considering the ohsharge transfer in a molecule [24]. Figure
SI5 shows the variation of Stokes’ shift with the8& values of the solvents revealing a related
tendency for protic and aprotic solvents. Figurg 8éarly shows the significant influence of the

solvent polarity on the spectral properties ofrii@ecules.

The emission mechanism is studied by investigabglecay lifetime as it decides the suitable
use of the materials in devices. The efficiencytloé¢ radiative recombination is directly
proportional to the particular transition decayeinfime resolved PL spectroscopy was used to
study PL decay spectrum of the molecules in GHCl426 nm 4) and 422 nm&) for blue
emission by TCSPC technique with a 350 nm pulsedoNBD as source of excitation at room
temperature. The obtained results are tabulatedainle SI2 and the decay profiles of the
molecules are plotted in Figure 3. The lifetimeadabtained for the molecules were fitted to a
double exponential function using DAS6 softwarepessented in equation (3), whergandt,

are the decay lifetimes of the luminescence wittplaodes A and A, respectively. The
observed lifetimes arg ~ 0.54 ns and, ~ 2.38 ns fod; andt; ~ 0.91 ns and, ~ 3.63 ns fob.

For double-exponential decay, the average lifetipeis typically tailored to replace the various
parameters of the luminescence lifetime, which staldished by equation (4) [25]. The
calculated average lifetime are 1.91 Asdnd 3.19 nsK). It can also be noted from the decay
profile that the triplet energy transfer is totaflyppressed in both the molecules. These results

are extremely suitable for display applications.

F(t) = Ajexp (— i) + A,exp (— é) (3)

_ (A173+4,73)
(A1T1+A3T2)

(4)

Tav

3.3 Electrochemical Properties



The electrochemical properties of the naphthalimidesre investigated by CV in order to
determine HOMO and LUMO energy-levels as well asetplore the charge injection
capabilities. The CV measurements were performedlGi M acetonitrile on platinum
containing 0.1 M BgNPFR as supporting electrolyte, Ag/AgNCelectrode as reference and
ferrocene/ferrocenium as calibrant [12] at a saagmate of 10 V3. Prior to the measurements,
all the solutions were purged with.N'he electrochemical data of the molecules arensanzed

in Table 2. The cathodic scans revealed quasi-sélerreduction waves with onset reduction
potentials of -1.47 V and -1.41 V versus Ag/Agh@spectively ford and5; whereas the anodic
scans exhibited irreversible waves with onset diodapotentials of 1.44 and 1.47 V vs.
Ag/AgNO;, respectively fod and5. The energy-levels of and5 were predicted by comparing
the onset potentials of ferrocence (4.8 eV veramivm). The HOMO energy-levels obtained
from the onset of the oxidation wave (HOMO = - 4B s¢) are 6.24 eV4) and 6.27 eVy);
the LUMO energy-levels estimated using the onsethef reduction wave (LUMO = - 4.8 -
E%nse) are 3.33 eV4) and 3.39 eVE). Both the HOMO and LUMO energy-levels 4find5
are lower than their reported counterparts [11,15]s interesting to note that the HOMO-
LUMO energy band-gaps of 2.91 €¥) and2.88 eV(5) are fairly near to the calculated optical
band gaps within experimental error. The surfacéehef HOMO-LUMO orbitals obtained by
DFT calculations are depicted in Figure 4. The cotaponally calculated HOMO-LUMO
values are in agreement with the electrochemiaadiet (Table 2). These low-lying LUMO
energy-levels lead to high electron affinity, whidveals that the molecules have potential as

electron-transporting (n-type) materials for OLEfpEcations.

3.4 Thermal Propertiesand Surface Morphology

For organic optoelectronic device applications,arats with high thermal stability is desired. In
addition, the high thermal stability also enhanttes device lifetime. The thermal behaviour,
including the decomposition temperaturég) @nd melting pointsTy,) were studied fod and5
using TGA and DSC. The thermal stabilities wereestigated by TGA in the temperature range
30- 600 °C and melting points were evaluated by periog DSC. A constant heating rate of 10
°C min* was maintained to melt and decompose the moledulsis atmosphere (flow rate: 30
mL min?). The results are summarized in Table 2. The TB#&rograms (Figure 5a) and the
values in Table 2 reveal that the molecules exhiigih T4. No weight loss was observed at lower

temperatures. The molecules show single step ithérenal decomposition process starting at ~



235 °C followed with a rapid weight loss of ~ 60%tlee mass occurring in the range 235-330
°C. A steady weight loss was noted on further hgaffhe molecules posseBgvalues of 299
°C (4) and 295 °C?Y) corresponding to 10% weight loss. DSC scans (Eigib) exhibit clear
endothermic peaks withy, of 191 °C 4) and 197 °CR&). The course of melting points obtained
by DSC are well in agreement with the capillary moet melting points of the molecules. The
capability of the molecules to form amorphous umifahin films with low roughness value
upon vacuum thermal vapour deposition plays a Bogmt role in the functioning of organic
electroluminescent devices. The surface morpholoigthe vacuum-deposited films (50 nm)
prepared on n-Si substrates at a deposition ra@e5of/s has been studied by performing AFM
measurements. The three-dimensional AFM imagesl(0)»of the molecules are presented in
Figure 6 which shows root-mean-square roughnesgesalf 2.6 nm4) and 3.5 nm%). It can be
seen from Figure 6 as well as the surface roughvedass that they are capable of forming quite
smooth films. The roughness of deposited films gisirermal evaporation technique typically is
in the molecular size range. Hence the moleculagh#good film deposition characteristics and

thermal stability.

3.5 Electroluminescent Properties

As the final part of the investigation, to studye thtility of the synthesized naphthalimides
(Naph), unoptimized OLEDs were fabricated and charan¢eri The associated HOMO-LUMO
energy-levels of the molecules along with otheramals used in the electroluminescent devices
are illustrated in Figure 7. To evaluate the emesgroperties of the naphthalimides as emitters,
undoped OLEDs were fabricated with the configuratiol TO (120 nm)/a-NPD (30 nm)Naph

(35 nm)/ BCP (6 nm)/ Alg(35 nm)/ LiF (1 nm)/ Al (150 nm). Here ITO servas a transparent
anodeo-NPD was used as the HTL because of it is high HO#érgy. In addition, considering
the energy-levels (shown in Figure 7) of the mdlesw-NPD with a higher LUMO level also
plays a role of an effective electron-blocking miale BCP was used as HBL as it assists in
confining the reductant holes in the emitting laydrich didn’t recombine with the electrons in
the emitting zone [26]. Algwas used as an ETL. LiF was used as EIL and Alwsasl as the
cathode. The currentd), output poweriy) and external quantumggg) efficiencies of both the
devices along with other parameters of the devdcesummarized in Table 3. The J-V-L and J-
L curves of the fabricated devices are shown inufed8. The relation of current density with

varying voltage (Figure 8a) reveal good diode behav The J-L characteristics (Figure 8b)



show a linear relationship. Both the devices digglagood current density signifying good
charge transport capability. The devices utilizdhgnd5 as emitter materials showed maximum
luminance (may of 889 and 1072 cdimat 15 V; efficiencies of 0.89 and 0.96 cdAy)( 0.21
and 0.23 Im/Whfp), 0.41 and 0.47 %mEqe), respectively at 100 cdf The turn-on voltage of a
device principally depends on the HOMO and LUMOrgies of the constituent layers. The
HOMO energy-level ot-NPD (-5.5 eV) creates a hole-injection barrierOof4 eV at thex-
NPD/4 and 0.77 eV at-NPDJ5 junctions. Similarly, the electron-injection bans at thed/Alqs
and5/Algs are 0.23 eV and 0.29 eV, respectively as the LUdM@rgy-level of Algis 3.1 eV.
Hence, the hole-injection barriers might have aoted for slightly high turn-on voltages of 7.03
V (4) and 6.92 V %) corresponding to 1 cd fn The observed slight variation in the turn-on
voltage for4 and5 may be due to the difference in the electron-tigpecband-offsets in the
devices. The steady-state EL spectra of the dewigts naphthalimides at different applied
voltages are depicted in Figure 8c. The devices/stdlue light emission with peaks centred at
485 @) and 483 %) with FWHM of ~ 70 nm. The narrow FWHM in EL spexisuggest that the
molecules are capable of forming good chromatidityices. The EL spectra closely matches
that of the solid film PL spectra of the moleculish a slight bathochromic shifts suggesting
emission from the molecules as the major compoingi.. The bathochromic shift in EL peaks
with respect to PL may be due to interplay of ckargrrier versus exciton dynamics and/or due
to the result of excimer formation [26].The CIE ammaticity coordinates were determined using
the EL spectra of the devices at 15 V. The chrasitgtdiagram is shown in Figure 8d and the
CIE coordinates are tabulated in Table 3. Furtheemas depicted in Figure 8c, the EL spectra
of both the devices showed the same profile witlamyt effect on the shape and EL spectra peak
under various driving voltages. Hence, both theai=svexhibited excellent spectral stability over
a wide range of operating voltages. It is notewptthat, during the measurements, both the
devices did not damage at higher applied electro#teges, perhaps due to the high thermal
stabilities of the molecules. This observation fthe potential use of the molecules in OLED

applications.

The role of naphthalimides as both electron trartspmpand emitting materials was studied by
fabricating OLEDs with the configurations$-1V: ITO (120 nm)/ ETCNQ (4 nm)/a-NPD (40
nm)/ Naph (50 nm)/ BCP (6 nm)/ LiF (1 nm)/ Al (150 nm). HefgTCNQ was chosen as a HIL
as it efficiently injects holes from the ITO anoeHTL. An optimized thickness of,FFCNQ



was used for better hole injection as reportedezgi27,28]. The device with configuratidmh
was fabricated withd as an active material without hole injection lay&fTCNQ and hole
blocking layer, BCP; devicéll with F,TCNQ and without BCP; and devid& with both
F4,TCNQ and BCP. The performance data along with ofaameters of all the devices are
tabulated in Table 4. In assessing the device pwdnce, it is evident from Table 4 that the
devicel | without RTCNQ and BCP shows low luminance 472 cdand efficiencies of 0.45 cd
A* (ng), 0.11 Im W* (n,) and 0.24 %1(eos). With the inclusion of 4 nm of FCNQ layer
(devicel ) there is a considerable increase in luminanc@3 b4l nt) and efficiencies; 1.79 cd
A (o), 0.51 Im W* (np) and 0.40 %1(zoe). This can the ascribed to the efficient injectin
holes from the anode (ITO) to the hole transporeiga-NPD) [27,28]. Furthermore, in device
IV, with the use of BCP as an HBL, there is furtimeréase in the luminance (1580 cd)mand
efficiencies to 1.87 cd A (1), 0.86 Im W () and 0.69 %1{eqe) 100 cd/mi. This increase in
efficiencies may be due to the confining of redunidaoles in the emitting layer. The device
structurel V used for5 showed efficiencies of 1.89 cd'Anc), 0.98 Im W' (n,) and 0.71 %
(Meoe) 100 cd/m.

The electron transporting nature of naphthalimidesre investigated by fabricating
phosphorescent OLED withand5 as ETL materials. Also, OLEDs without any ETL matke
and with Alg as standard ETL material were fabricated for campa. Here Ir(ppy doped
CBP was used as phosphorescent emitter for alehizes. The device configuratiodsVII of
the fabricated OLEDs are ITO (120 nm}NPD (40 nm)/ Ir(ppy) doped CBP (35 nm)/ BCP (6
nm)/No ETL or Naph or Algs (30 nm)/ LiF (1 nm)/ Al (150 nm). In the devicendmurations,
V-VII only ETL was changed, whereas the rest was kepest device/, no ETL material
was used; in devic¥1 Algs; was used as standard ETL material; whereas, dé&ditevas
fabricated with4/5 as ETL materials. The performance data from edcthese devices are
tabulated in Table 5. The J-V-L characteristicshvdifferent ETL materials are shown in Figure
9a. The J-L characteristics (Figure 9b) show aalimelationship between current density and
luminance. It is evident from Figure 9 and Tablin&t with the inclusion o# as ETL, there is a
drastic increase in efficiencies.( 8.9 cd A, Mp: 1.82 Im et nege 1.39 %) when compared to
the device without ETLr: 5.39 cd A, np: 1.23 Im W', neoe: 0.94 %). The device structuv |
was also used fds which showed efficiencies of 9.04 cd*Anc), 1.98 Im W* (,) and 1.46 %

(nege). The EL spectra (Figure 9c) for all the devicesswgimilar withAmax at 516 nm which is



due to Ir(ppy3 with similar CIE coordinates (0.28, 0.62) (Fig@®). The obtained results reveal
that by using naphthalimides as ETL, a signifidamrovement in performance is observed and
is comparable to device with AJoas ETL (Table 5). Our investigations reveal tha¢ th

synthesized molecules show potential as electemsporting emitter materials in OLEDS.

Conclusions

Two chloro-phenoxy 1,8-naphthalimide$,and 5, were synthesized and characterized. The
molecules show high electron affinity and possestevband gap which are essential for blue
light electroluminescence. The optical propertiedhe molecules revealed blue PL emission
with high Stokes’ shifts. The molecules show gobdrinal stabilities as revealed by thermal
properties. The HOMO-LUMO energy-levels of the noolles are low which make them acquire
excellent hole-blocking and electron-transportingperties. As emissive materials, OLEDs
using naphthalimides showed efficiencies of 0.9&\q¥), 0.23 Im/W {yp) and 0.47 %1{eqe).
Naphthalimides as both EL and ETL materials shoefédiencies of 1.89 cd/Ar(), 0.98 Im/W
(np) and 0.71 %1{gge) revealing that they can act as electron transpemitters. Furthermore,
compared to the phosphorescent OLED without any Eigkerial {c: 5.39 cd/Anp: 1.23 Im/W
andnege: 0.94 %), devices with naphthalimides as ETL maleishowed good performanag:(
9.04 cd/A,np: 1.98 Im/W andnege: 1.46 %); the performance was comparable withdsteth
device with Alg as ETL material. Our results validate that the enoles have potential as
undoped blue emitters with electron transport priogee and hence can play an important role in

the progress of high performance OLED devices.
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Table 1.Photo-physical data of the synthesized naphthalimides

fo Ep"

opt

CIE coordinates®

Cpd. Mabs Mabs  Aem o | FWHM loge® Esf v E
a, c ab PL ab Sab g . b
(m)  (MM)° (nm) (nm) (cm™)® (V)
X y

363 426 2 4074 0.307 0155  0.050
4 @74 0 uepy OB (59) 4339 312 503 02799 9% 304 01my (0143
362 422 46 3928 0.298 0155 0044
5 @) 3 wss 0P 5y A8 36 500 0209 % 29 o145 (0129

2 Recorded in 10° M CHCI; Solution. ® Values in parantheses are recorded in thin solid film state. © Calculated using DFT. ¢ Relative PL
quantum yield (®p) of naphthalimide solution in 10° M CHClI; using 9,10-diphenylanthracene in cyclohexane (¢ = 0.90) as standard. ©
Molar extinction coefficients (I mol™ cm™). f Energy state of activation of the first excited state (kJ mol™). ¢ Oscillator strength in CHCls,
DFT calculated value (in parentheses). " Energy yields of PL. ' Optical band gap by Tauc plots of solid state absorption spectra.

Table 2 Electrochemica data obtained from cyclic voltammetry measurements along with DFT obtained values for comparison and

thermal data of synthesized naphthalimides

Cpd. E”nset E"Y nset CV measurements DFT calculations T Tm
iy Be Ver(s\'f)sa % THoMO  LUMO EgECb HOMO LUMO  ES )’ (°Cy
(eV) (eV) (eV) (eV) (eV) (ev)
4 144 -1.47 -6.24 -3.33 291 -6.31 -2.44 3.88 299 191
5 147 -141 -6.27 -3.39 2.88 -6.41 -2.52 3.89 295 197

? E” s and E™ are measured vs ferrocene/ferrocenium. ° E;° = (E” yee - E¥onse). ¢ DFT calculations. @ Decomposition temperatures at

10% weight loss. ® Melting point of the derivatives from DSC.



Table 3 Electroluminescent performance data of naphthalimides as emissive materias

f
Device Vi et Lo n, n, Meoe A__(FWHM) CIE
b 2 ¢ 1 d 1 d d e oy
V) (cdm) (cdA) (Imw ) (%) (nm)
4 7.03 889 0.89 0.21 0.41 485 (70) (0.190, 0.283)
5 6.92 1072 0.96 0.23 0.47 483 (71) (0.181, 0.279)

2 Device Configuration |: ITO (120 nm)/ a-NPD (30 nm)/ Naph (35 nm)/BCP (6 nm)/ Algs (35 nm)/ LiF (1 nm)/ Al (150 nm). ®Vone: turn-
on voltage at luminance of 1 cd M. Ly, Maximum luminance at 15 V. © Current (17¢), power (np) and external quantum efficiencies (1)
measured at 100 cdm™. ® Aey; Emission wavel ength maximum; FWHM: full width half maximum at 15V. "CIE color coordinates.

Table 4 Electroluminescent performance data of OLEDs using naphthalimides as both EL and ETL materials

Device Vonset L max fe M NEQE
(V)¢ (cd m?)¢© (cd A (Imw?f (%) '

4° 9.67 472 0.45 0.11 0.24
4° 6.62 1493 1.79 0.51 0.40
4° 6.35 1580 1.87 0.86 0.69
5°¢ 6.18 1681 1.89 0.98 0.71

2Device Configuration Il : 1TO (120 nm)/ o-NPD (40 nm)/ 4 (50 nm)/ LiF (1 nm)/ Al (150 nm). ® Device Configuration IIl : ITO (120 nm)/
F,TCNQ (4 nm)/ a-NPD (40 nm)/ 4 (50 nm)/ LiF (1 nm)/ Al (150 nm).  Device Configuration IV : ITO (120 nm)/ F,TCNQ (4 nm)/ a-
NPD (40 nm)/ Naph (50 nm)/ BCP (6 nm)/ LiF (1 nm)/ Al (150 nm). ® Ve turn-on voltage at luminance of 1 c¢d m. © Ly, Maximum
luminance at 15 V. " Current (), power () and external quantum efficiencies (j7e) measured at 100 cdm’.



Table 5. Electroluminescent performance data of OLEDs using of triplet emitter Ir(ppy)s doped with CBP (with changing ETL)

3 a

Device Vonset L e g " Meqe

b 2c -1 d -1 d d

(V) (cdm) (cdA) (mw ) (%)

No ETL 12.76 1714 5.39 1.23 0.94
Alg, 9.09 9650 9.79 2.71 1.70
4 9.23 5341 8.90 1.82 1.39
5 9.14 5962 9.04 1.98 1.46

# Device Configuration II-IV : ITO (120 nm)/ a-NPD (40 nm)/ Ir(ppy)s doped CBP (35 nm)/ BCP (6 nm)/ No ETL or Alg; or Naph (30
nm)/ LiF (1 nm)/ Al (150 nm). ® Vones: turn-on voltage at luminance of 1 cd m?. € Lya: Maximum luminance at 21 V. ¢ Current (;0),

power (17,) and external quantum efficiencies (77eq) measured at 100 cdm™, © Aey,: Emission wavelength maximum at 21 V.
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Highlights

>

>

Study of two novel 1,8-naphthalimides as electrandporting blue emitters for OLEDSs.
PL spectroscopy show blue emission with narrow FWéitid high Stokes’ shifts
Thermal properties reveal high melting points aigth ldecomposition temperatures
Electrochemical studies show low-lying HOMO-LUMOeggy levels

OLEDs with three different configurations involvirtgple-injection/hole-blocking materials show

good current and power efficiencies.



