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OLEDs
1. Introduction transporting materials, including a fast transporting ability, high

Hydrazones constitute a class of compounds presenting azome-
thine RR"N=N=CH=R hydrogens, which have been the subject of
investigations due to their divene propertics and a wide range of
applications |1} Such versatility can be attributed to their easy
synthests, modularity and umigue structural features, such as (i)
both nudeéophilsc imine and amino-type (more reactive ) nitrogen
atoms, (1i) an azomethine carbon that has bath electrophilic and
nucleophilic characters, (iti) a confrgurational isomensm due to
the C=N double bond, and, in most cases, {iv) an acidic N—H proton
121 Several hydrazones are biologically active compounds tested as
anticancer |3, antibacterial and antimicrobnal sgents {4]. This class
of compounds has a strong coordinating ability toward different
metals [5); particulacly, their transition-metal and lanthanide icns
complexes have been used as new matenals for the development
of patential chemo-sensors [ 2] as well as for optoelectronic appli-
catlons [GL In this context, a vanety of charge-transporting mate-
rials, such as stilbenes, pyrazolines, arylalkanes, ardamines,
carbazoles, or thiophene-containing compounds have been gener-
ated; however, hydrazones have advantages over other charge-

* yreponding suthue,
Emall adfress: mooarey@pocdndl (NA. Reyl

hap fdxdonsg) 10 30 1S5 oprmat 201 5, 1 2000
DA925-3467 )0 2005 Elrvier 1LY, All righes reserved.

photosensitivity, simple synthesis and low cost |78

The LABSO-BIO research group at PUCRI0 has expenence in the
synthesss and characterization of hydrazones derived from the
antituberculosis agent sonicatinoy! hydrazide (isoniazid) |9.10],
with a main focus on their intrinsic biological properties. Recently,
for example, it has been proven that one of these compounds,
mamely, INHHQ, displays potential anti-Alzheimer activity [11]
In addithon. the past few years witnessed an approximation endea-
vor involving the LABSO-BI0 and the PUC-Rio Malecular Oploelec-
tronics Laboratory (LOEM) groups, aiming 1o further develop the
potentiality of hydrazones for OLED (organic light emitting diode)
labrication. Mostly due to their applications in different areas and
their simplicty of manufacturing. OLED s allow for the use of differ-
ent materials to develop novel optoelectronic and photonic devices
[12-15), OLEDs exhibit certain working advantages, such as
employing low operating voltages and the possibility of a wide
selection of emission colors through the molecular design of their
organic constituents, Generally, these electroluminescent (EL)
systems are assembled through a heterojunction architecture
between three or more organic molecular materials: an electron
injection layer, the emitting layer and, finally, the hole injection
layer. Research In new electroluminescent materials has led to a
continuing quest for novel compounds or their combinations, mak-~
ing it possible to create new applications or improved properties,
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In this context, and due to their larger electron delocalization
possibilities, we began the studies by using symmetrical isonicoti-
noyl di-hydrazones, such as the one derived from 2-hydroxy-5-
metlykisophthalaldehyde (Fig. 1, herealter called DMD) To the
extent of our knowledge, this compound, along with two of its din-
udear copper(ll) complexes, was first synthesized and character-
ized i 1992 by researchers from Nankai University (China) [16],
Subsequently, other scientists from the same institution prepared
a homodinuclear vanady! complex containing DMD |17], as well
as both homodinuclkear (La» Gd, Ha, Lu) [18,19] and mononudear
(Ln = La, Ce, Pr, Nd, Sm) | 20| lanthanide complexes, with DMD per-
forming as a binucleating or mononudeating ligand. respectively.
However, neither the luminescent properties of the complexes or
of the DMD ligand #tself were explored in these publications. In
the present stdy, we explore the potentiality of the organic ligand
DMD as a constituent of the emitting layer for the fabrication of
OLEDs For this purpose, DMD was synthesized and fully character-
ized, and included hesein i the first description of its 'H and
%C NMR spectra, containing a complete assignment of the signals,
Subsequently. several devices were constructed and DMD perfor-
mance, tested,

2. Experimental
2.1. Material

Chemicals were purchased from commercial sources and used
without further purification Reagents employed in the synthesis
of the DMD precursor, namely, Hdfmp, and other reagents (isoni-
azid and the compounds used in the fabrication of the OLED
devices ) were purchased from Vetec (R), Brazil), Fluka (SP, Brazil)
and Lumtec Corp. (Tatwan ), respectively.

2.2. Synthesis and characterizution of OMD

2-Hydroxy-5-methylisophthalaldelyde (Hdlmp) was obtained
by modifying the method published by Gagné et al, (21} DMD
was prepared based on the reaction between Hdfmp and two
equivalents of isoniazid. 10 mL of an ethanolic solution containing
isoniazid (0.55 g 4 mmol) were added dropwise o 20mL of an
ethanolic solution of Hdfmp (0.33 g 2 mmol). Ater reflux for 1h,
the system was left to cool until reaching the room temperature
and the yellow precipitate formed was filtered off and dried in vac-
uum. The yellow crystalline powder obtained was dried in open
atmosphere. Yield: 805, m.p. 196 °C (literature: 192-194°C) |11,

g 1. The chemical stracture of DALD with the comesponding om Libeling

Elemental analysis for CHywO:Ne 1% H,0 - Caked.: €, 58.7%; H,
4.9%; N, 19.6%. Found: C, 580%; H, 45%; N 19.2%,

Main IR bands (KBr): v N—H) at 3180; amide ] at 1676; amide 11
at 1553; amide 1 at 1301 and v{C=NLpometene 4t 1618 cm .

'HNMR (DMSO-ds 400 MHz): §12.36(s, ZH, =NH); §12.20(s,
TH, —OH); § 8.80 (d, 4H, Yy = 6.0 Hz H10. H10, HIT, H11'): &
873 (5 2H, H6, HE'); § 7.85 (A 4H, Yy « 6.0 Hz, HI, HY, H12,
H1Z): 6 7.59 (5, 2H, H3, H3); 5 232 (5. 3H —CH,).

50 NMR (DMSO-dy, 100 MH2): 5 161.5 (€7, C7'): 6 154.9 (C1); &
1504 (C10, C10°, C11, C11'); 4 1473 (C6, C6'); & 140.0 (C8, C8'); &
1309 (€3, C3); § 128.5 (C4); 4 121.5 (€9, €9, €12, €12, 6 1197
{€2,C2); 4 199 (C5)

Since the "H and ""C NMR spectra of DMD are described here for
the first time, they will be discussed in further detail in Section 3.

2.3 Methods

Carbon, nitrogen and hydrogen were determined using a
Thermo Elearon Corporation CHNS analyzer, moded Flash EA
1112 1R spectra were recorded on a Perkin-E8mer FT-IR 2000 spec-
trameter by the KBr pellet technigue. "Hand '*C NMR DMD spectra
were abtained on a Bruker Avance |1l HD-400 spectiometer (94T,
400 MHz for the "H nuckel) using a 5 mm probe. DMSO-d,; was used
as the solvent for these analyses. Calibration of all spectra was per-
formed with the residual solvent peaks as references (250 and
39.52 ppm for hydrogen and carbon, respectively ) [22] The chem-
ical shifts () were measured in units of parts per million (ppm),
Two-dimensional NMR experiments, namely, 'Hx''C HSQC
{Heteronuclear Single Quantum Coherence ) and HMBC (Heteronu-
clear Multiple-Band Correlation) spectroscopses were performed in
order to comrectly assign the signals in the carbon spectrum.

With the aim of determining the Highest Occupied Molecular
Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO)
of DMD, the cydic voltammetry (CV) technique was employed
using a CompactStat potenciostat { Ivium Technologies . Compared
with ather available techniques. cyclic voltammetry and optical
absorption spectroscopy are simple and can be routinely used to
control the frontier orbital energies and energy diagrams during
the preparation of organic films and devices. In our measurements,
the working electrode was composed of graphite, the counter elec-
trode was Pt wire and the reference clectrode was Ag/AgCl The
electrolyte was a 005 moll ' TBAPF, (tetrabutylammonium
hexafluorophosphate) solution in dichloromethane. Ferrocene was
used as an intemal reference to calibrate the system |23-25)
The UV-Vis absorption spectra of different films were recorded
on a Hewlett-Packard B452A diode-array spectrometer. The
photoluminescence  and  electroluminescence  spectra were
obtained on a Photon Technology Inter I (PTI) fiu noe
spectrophotometer.

24, OLED fubrication

OLEDs were assembled using heterojunctions containing a
double and triple-layer structure. Specifically, §-NPB NN -bis
{naphtalen-2-yi)-NV-bis phenyl benzidine] was employed as the
hole-transporting layer, while DMD alone or as dopant of the emit-
ting layer, as well as 8CP (2.9-dimet hyl-4.7-diphenyl-1,10-phenan
throline ) and the coordination complex Alg; | tris(8-hydroxyquino
linato)aluminum| were used as the hole blocking and electron
transporting layers, respectively, BSBF [2-(9 9-spirobifluoren-2.y
11-9,9-spirobifluotene| was used as the onganic matrix to promote
the energy transfer from the DMD molecule used as dopant.
Finally, a 120 nm thick film of aluminum was deposited as the
cathode onto a 0.5 A thick LiF layer. For the multilayered devices,
the emitting layer was prepared by the co-cvaporation of DMD
and the BSBF host compound from two individual thermal sources,
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The nominal concentration of DMD ranged from 25% to 50% in the
BSHF matrix and the whole layer thickness was of 35 nm. All the
different layers of the devices where sequentially deposited in a
high vacuum envionment by thermal evaporation onto 10
{mdium tin oxide) substrates with a sheet resistance of 150/
square, The TTO substrates were cleaned by ultrasonication using
a detergent solution, followed by toluene degreasing and subse-
quent ulrasonication with pure isopropyl alcohol. Finally, the sub-
strates were dried using nitrogen gas. The base pressure was
66« 10°Pa, and during the evaporation the pressure was
~10 *Pa, The deposition rates for the organic compounds were
In the range of 0.3-2Afs, The layer thickness was controllad
in situ through a quartz aystal monitor and confinrmed with pro-
filometer measurements. The fabricated devices had an active arca
of about 2 mm* and operated in forward bias voltage. with [TO as
the positive electrode and Al as the negative one.

The fabricated devices are listed below with the correspondent
layer thickness.

Device 1 ITO/fi-NP8 (25 nm )/ DMD(40 nm )/ Alg; (15 nm)/
LIF (0.5 nm Al [120 nm)

Device 2 ITD/fi-NPB {25 nm)/BSBF (35 nm){BCP (15 nm)/
Alg; (10 nmYUF (0.5 nm)/Al (120 nm)

Device 3 ITO/H-NPB (25 nm y25% DMD in BSBF (35 nm )/
BCP (15 nm)JAlg, (10 nm YLiF (0.5 nm YAl {120 nm)

Device 4 ITO/-NP8 (25 nmj35% DMD in BSBF (35 nm)/
BCP (15 nm)/Alg, (10 nm )/LiF (0.5 nm)Al (120 nm)

Device 5 ITO/fi-NPB (25 nm}/50% DMD in BSBF (35 nm)/
BCP (15 nm)/Alg, (10 nmyLiF (0.5 nm /Al (120 nm)

The electrical and brightne ss measurements were conducted simul-
tancously on a LabView based program using 3 Keithley 2240 and 3
calibrated Newport Power Meter (model 1830-C) radsometer/pho-
tometer. Photoluminescence and electroluminescence spectra were
obtained on a Photon Technology International (PT1) flucrescence
spactrophotometer, Luminance was measured on a Konica Minolta
L5-100 equipment.

3. Results and discussion
3.1. Synthesis end identity confirmation of DMD

DMD was obtained as a arystalline solid in high yields through a
simple protocol Involving 2 condensation reaction between the
precursar Hdfmp and two equivalents of the cheap antituberculo-
sis drug isoniazid. The melting point of the compound, its CHN ede-
mental analysis and the IR spectrum in the 4000-450 cm ' range
(Appendix, Fig. A1) confirmed the identity and purity of this di-
hydrazone.

3.2. NMR spectrivcopy

The 'H spectrum of DMD could be analyzed in a quite straight-
forward manner. Seven signals are observed throughout the
selected spectral window (12.5-1.00 ppm), worresponding to the
seven different types of hydrogen in the molecule, In the highly
de-shielded region, two singlets at 1236 and 12.20 ppm, of relative
Integration 2 and 1, respectively, are related to the =NH and the
—0H nudel, The choice of an aprotic solvent such as DMSO allowed
for the detection of such interchangeable hydrogens. The aromatic
region of the spectrum presents four signals: two doublets, ¢ach
one displaying integration 4, at 8.80 and 7.85 ppm, concerning
the two kinds of chemically equivalent pyndine hydrogen atoms,

and two singlets, each ane displaying integration 2. at 873 and
759 ppm, assigned, respectively. to the azomethine and the m-
phenol hydrogens. In both cases, the most de-shielded nudlel are
associated to the nuclel that lie cdose to the electronegative nitro-
gen atoms, As expected. the singlet associated to the methyl group
hydrogens is observed in a quite shielded region, at 232 ppm. The
signals related 1o impurities are negligible, constituting an addi-
tional proof of pureness.

On the other hand, the "C spectrum of DMD displays the
expected number of ten signals for a total of twenty-one nuclei,
many of them being symmetry-related, as also observed in the
'H spectrum. In order to characterize the hydrogenated carbons
C3/C3, €5, 06/CH, C9/CY and C12/C12, besides C10C107 and
C11C17. a "Hx"*C HSQC experiment was performed (Appendix,
Fig. A2). The carbon atoms that do not contain hydrogen, with
the exception of those of the carbony] groups, are the most dilficult
to assign. In this suation, an HMBC experiment, which explores
"Hx"'C couplings through a distance of two and three bonds, was
mandatory (Appendix, Fig. A3)

It is worth noting that, to the best of our knowledge, and as sta-
ted in Section 2, this is the first description of the 'H and “CNMR
spectra of DMD. These data are quite imporant in order to cor-
reatly characterize the nature and. (o a certain extent. the purity,
of the compound whose potentiality as a constituent of the emst-
ting layer for the fabrication of OLEDs was under evaluation,

3.3 Absovption spectra

The energy gap (E) and the lonization potential (IP) of the DMD
molecule were estimated from optical and electrochemical tech-
niques (23], Fig. 2 presents the absorption and emission spectra
for a 40 nm thick flm of DMD deposited onto a quartz substrate.
The absorption shows two bands at 306 nm and 375 nm, with
the latter used to determine the optical gap [12) The excitation
of DMD thin films in both absorption peaks always gave a broad
band emission in the orange-red region (1931 CE coordinates,
X=0.54; Y= 044), with maximum at 600nm and a Stokes shift
of 210 nm

Based on the HOMO energy levels and the enesgy gap (E)
obtained from cydic voltammetry measurements and from the
absorption spectra, respectively, it was possible to build the rigid
diagram of energy levels of the different assembled devices, as in
the example shown in Fig 3

15 T v T T 3

20 300 0 500 600 700
Wavelength (nm)
FR and spectra of the DMD thn film deponited onto guartz

e
iy The broad Bang ar 60 om can be cbeained by e lring the DMD
mobecuie (n both abaorpeion peaks.
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34. Devices

Device 1. in which DMD was the only constituent of the emit-
ting layer, did not present any el bumi howing a
very high electrical resistance. This can be addressed using the
vs V curve of the Device 1 working in Space Charge Limited Cumrent
(SCLC) regime, In this case, we found 3 charge mobility value of
about (14 £06) » 107" em’)vs, In order to overcame this prob-
lem. we used a different approach in which the DMD is used asa
dopant in an onganic and more conductive matrix (BSBF), For that,
It Is necessary to use the so called co-deposivon technigue where
the two compounds are thermally deposited at the same time. If
there is a good overlap between the dopant (DMD) absorption
spectrum and the matrix (BSBF) emission spectrum there is the
passibility to promote an energy transfer between them and, con-
sequently, obtain the emission from DMD. BSBF was chosen as the
organic matnix due Lo the partial overlapping existing between the
DMD absorption and the BSBF emission bands{Fig 4a), enabling an
energy transfer process [26]. In this case, the mechanism s the
Forster energy transfer (FRET) | 27, that is a non-radiative process,

with a very weak coupling and essentially described by Coulomb
dipole-dipole interaction. The efficiency of the FRET Is lnversely
proportional to the sixth power of a distance called Forster radius,
Ry, that, in our case, was calculated a5 Ry =24 nm, in good
agreement with the typical values reported in literature for similar
systems [26L

Devices 3, 4 and 5 were Gbricated varying the DMD dopant
concentration, at 25% 35% and 50%, respectively. Fig 4b details
the electroluminescence spectrum of Device 3, where the broad
band peaked around 600 nm contains the emissions from the BSAF
matnx {373 nm, 393 nm and 414 nm peaks), from Alg, (520 nm)
and from DMD. These contributions are more evident in Fig. 4,
where a deconvolution was performed using Alg, and DMD emis-
sion p s The agr L is nable, showing that the
broad band observed in electroluminescence can be due to both
emissions

The electoluminescence spectra of all the fabricated devices
are shown in Fig 5 as a funcrion of the applied voltage. In all the
cases, the DMD emission is not alone and s always superimposed
with other bands, demonstrating the difficulty of obtaining an

"0 10 e =1 20V RG]
. . @ g (b)
S g B O D
S. 054 @ g 05
g g
- op 00
200 300 400 500  &0e 3 400 S0 800 T0O
Wavelongth [nm) Wavaiangth (nm)
o4 e
g
g 084 L P
; (c)
v
15 0 18 ap 12 “n
Energy (V)
Fig. 4 {a) repoa b OMD ab (rexd) and BSBF emission (blue; dands: (b} electroluminescence spectrum of Device 3 (hlack) alongsde the

phoroluminescence speara of Alg, (ted) and DMD | blue) (¢} Seconvoiucion of the 576 nm band into two contritngions: fam DMD (211 eV) aod Algd (240 V) [For
interpretation of the references 1o color in this fipere legend, the reader is referred 10 the web version of this article.)
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efficient exciton recombination in the DMD layer, probably due to
the low efficient energy transfer from the BSBF matrix. In fact, the
presence of the matnx emission in the EL spectra is an indication of
the charge recombination in this layer. In addition, when increas-
ing the applied voltage, the BCP layer {15 nm )} did not demonstrate

Despite the similanity of the EL spectra of Devices 3 and 4, we
cbserved a better performance in the emission intensity of the lat-
ter with 355 DMD. This behavior was also verified by luminance
measurements as a function of the applied voltage, in a constanmt
current regime. According to Fig 6, Device 4 achieved a maximum
luminance of 34.3 cd/m® at 18 V, carresponding to a luminous effi-
ciency of 0.9% [29).

4. Conclusions

A ompound derived from the antitul Josis drug isoniazid
namely,  NN-disonicotinoyl-2-hydroxy-5-methylisophthalaide
hyde hydrazone (DMD) was prepared and charaerized, including.
for the first time, the description of its "H and "'CNMR spectra
along with a complete signal assignment. The application of
DMD as the emitting layer in the fabrication of arganic light emit-
ting diodes was tested, The low electrical conductivity of DMD dad
not allow for the development of a simple bi- or tri-layer device. In
arder to overcome this limitation, co-depasited devices were Gbri-
cated using the organic molecule BSBF as matrix and DMD as

higher capacity in blocking holes efficiently, thus mcreasing the
Algy emission.

An overall analysis of the fabricated devices indicates that the
emission intensity from DMD increases as a function of the applied
voltage and of its content in the matrox up to 35% (Fig 5b and ¢).
For 50% of DMD doping the intensity decreased (Fig 5d) This
behavior can be explained by the low electrical conductivity of
DMD, as already observed in Device 1,

Moreover, the EL spectra of Device 2, Fig 5a, in which the active
layer is composed ooly by the BSBF matrix (without DMD as
dopant |, shows only an emission at 415 nm from the fi-NPB layer
and a shoulder at 373 nm from BSBF. These emissions are also pre-
sent in the electroluminescence of Devices 3, 4 and 5, but the pres-
ence of the DMD dopant dearly changes the recombination
dynamics of these devices.

dog in dafferent nominal concentrations. This configuration
allowed for the necessary energy transfer from BSBF and DMD,
All the co-deposited fabncated devices presented a broad electro-
luminescence band, in which it was possible to recognize the
DMD emission along with emissions of some of the other organic
layers, The best results were obtained with 35% DMD doping
achieving a luminance of abowt 35 cdfm?, Although the developed
OLEDs were not optimized, and are obviously far froms a practical
application, they are interesting and promising due to the applica-
tan of a new dass of molecules based on the iscaicotinoyl hydra-
zone modety. This class Is quite casy to synthesize and enables for a
variety of simple chemical modifications. Because of these partiou-
Larities, it has long since been used in drug development, but its
potentialities as a constituent of optical dispositives remain largely
unexplored.
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