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Highlights

» Semiconductor consisting of the 1,8-naphthalimide @arbazole moieties was
synthesized and characterized.

» For this compound, the ambipolar semiconductor gnttgs and recombination of exciton
in exciplex complex are indicated.

» The exciplex complex is stabilized by the interncolar hydrogen bond and electron
donor-acceptor interactions.

» OLED from the compound as an emitter exhibited rmge color emission.
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Abstract

A new luminescent ambipolar semiconductor congisbh 1,8-naphthalimide as an electron-
accepting moiety and carbazole as an electron-ohmpahoiety has been synthesized and
characterized. The synthesized compound as ambigetaiconductor has been investigated by
using density functional theory calculations codpieith the charge-hopping model and the
time-of-flight experimental method. The time-ofefit hole and electron drift mobilities in the
synthesized material’s layer approached about @f V* s at high electric fields. The
exciplex complex is stabilized by the intermolecuigdrogen bond and electron donor-acceptor

interactions. The energy of interactions betweenntiolecules in the exciplex complex has been
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estimated to be about -100 kJ thdly DFT. Non-doped emissive layer organic light-iim
diode (OLED) using the synthesized compound asvatiex exhibited an orange color emission

with the Commission International de L’Eclairagearhaticity coordinates of (0.47, 0.49).

Keywords: carbazole, 1,8-naphthalimide, ambipolar semicotatucexciplex, hydrogen

bonding, OLED.

1. Introduction

The specific intermolecular interactions in the decalar electron donor-acceptor systems are
broadly investigated and their versatile appliaagion the optoelectronic devices are extensively
studied" ? °It is well known that donor-acceptor systems camegate either charge-transfer (CT)
complexes in the electronic ground state or exestate CT complexes (exciplexes) which are
formed after the excitation of one of the photosetimoieties’ In particular, an exciplex
formation that occurs between the excited singiatiesof one molecule or its fragment and the
ground state of another one has attracted muchtiattedue to its unique potential in tailoring
emission wavelengths without altering the origimddsorption characteristics of the donor-
acceptor pair.Moreover, the exciplexes and their applicatiothi& organic light emitting diodes
(OLEDs) have attracted significant attention duetlie observation of thermally activated
delayed fluorescence (TADEYOn the other hand, molecular wires have been sitely studied

as electron and/or hole conducting materialfie molecular wire as a donor-acceptor system
has served as a suitable model compound for tlwedekion of the electron and/or hole transfer
in molecular array&.The 1,8-naphthalimide derivatives are known as ghetochromic and
room-temperature-phosphorescent materiaks well as n-type semiconductd?s! Moreover,
the following derivatives are known to form the ieais supramolecular assemblies through non-
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covalent interaction¥3 At the same time, the carbazole derivatives arié kmewn as p-type

semiconductors with the interesting luminescentpprtoeg®*>*°

and ability to form the
exciplexes with different acceptors.5 Nowadayshificant progress has been made in the
efficient orange-red or orange electroluminescemtiaks'’ Several red materials have been
developed, such as fluorescent emitter of 4-(dioyaethylene)-Zert-butyl-6-(1,1,7,7-
tetramethyljulolidyl-9-enyl)-#-pyran (DCJTB)® and phosphor materials of tris(1-
phenylisoquinoline) iridium(ll) (Ir(pigy)*® and (bis(2-(3,5-dimethylphenyl)quinoline acetyl-
acetonate) bis(2-phenylquinoline iridium(lll) (Irphg)2(acacf the most common red emission
materials. However, the high cost due to the pmeseof rare heavy metal iridium is a
disadvantage to a practical application. Orange@e&Ds based on the organic materials are
still rare?*

The aim of this work was the synthesis of the deamreptor material based on the carbazole and

1,8-naphtalendicarboxylic acid imide active moigti@nd investigation of the optical,

electrochemical and photophysical properties ofstyreghesized compound.
2. Experimental Section
2.1. General procedures and instrumentation

Organic solvents were dried according to the stahdeethods and freshly distilled under argon
prior to use. Commercially available hydroxylamihgdrochloride, triethylamine and 1,8-
naphthalenedicarboxylic acid anhydride from Sigmdridh were used without further
purification. 9-(Oxiran-2-ylmethyl)4d-carbazole from Reahim was twice recrystallizedmfro
isopropyl alcohol. Zinc acetate was obtained aftaction of zinc powder with excess of glacial

acetic acid, washed with acetone and drtetdand**C NMR spectroscopy was carried out on a



Bruker Avance 400 NMR spectrometer. The chemicdtssare reported in units ppm (parts per
million). The residue signals of the solvents wesed as internal standardsi NMR: standard
internal CDC}4, 7.26 ppm). Attenuated total reflection infrardd' R IR) spectrum was recorded
using a Bruker VERTEX 70 spectrometer. Mass spewtoy (MS) data was recorded on
UPLC-MS Acquity Waters SQ Detector 2. The UV/Vissalption spectra were recorded with
Avantes AvaSpec-2048XL spectrometer. The photolestance spectra and the fluorescence
decay curves were recorded by Edinburgh Instrum&h$S980 spectrometer with TMS300
monochromators and a red cooled detector (HamanR828P). Fluorescence quantum yields
were measured using integrated sphere of a 120nsiaei diameter spherical cavity calibrated
with two standards: quinine sulfate in 0.1 M3@, and rhodamine 6G in ethanol. The cyclic
voltammetry (CV) measurements were carried out &itlilassy carbon working electrode in a
three electrode cell in the dry THF solutions contg 0.1 M tetrabutylammonium
hexafluorophosphate as the electrolyte at room ¢éeatpre under argon atmosphere at 100 mV
s' potential rate. The electrochemical cell comprigéatinum wire with 1 mm diameter of
working area as a working electrode, Ag wire calibd versus ferrocene/ferrocinium redox
couple as a quasi-reference electrode and platicoih as auxiliary electrode. Electron
photoemission spectrum were recorded from thindsfiins of materials on indium tin oxide
(ITO) coated glass substrates under negative wltdgB800 V with illumination by deep UV
deuterium light source ASBN-D130-CM and CM110 1/8nonochromator and A 6517B
Keithley electrometer connected to the countertedde. The charge drift mobility
measurements by a time-of-flight (ToF) method weeorded from thin solid film (d=2.0m)

of material deposited in vacuum on indium tin ox{@fBO) coated glass substrates with delay

generator Tektronix AFG3011 used to generate sqpatse voltage with a pulsed third-



harmonic Nd:YAG laser EKSPLA PL2140 working at alsguduration of 25 ps and the
wavelength of 355 nm and digital storage oscillpgcdektronix DPO4032 to record the ToF
transients. The charge mobilities were evaluatethfthe equatiomu=d%(Uxt,), wheret; is a
transit time. Thermogravimetric analysis (TGA) waperformed on a Mettler
TGA/SDTA851e/LF/1100 apparatus at a heating rat203C min' under nitrogen atmosphere.
The differential scanning calorimetry (DSC) measueats were done on a DSC Q 100 TA
Instrument at a heating rate of 10 °C thimder nitrogen atmosphere. The monocrystal X-ray
measurements were made on a Rigaku XtaLAB miniratifbometer using graphite

monochromated Mo-Ka radiation (for further detpilsase see in ESI).
2.2 Theoretical calculations

The geometry ofCbzNIl was optimized from X-ray structure as the starfoognt by B3LYP
functional and 6-31G(d,p) basis set with the Speétth progran?’, followed by calculations of
their harmonic vibrational frequencies to verifyeithstability. All the calculated vibrational
frequencies are real, which indicates the true mmmn of the total energy on the potential energy
hypersurface. A conformational search was perforiagolying the Monte—Carlo method and
MMFF94 force field. The minimum energy conformersirfd by molecular mechanics were
further optimized at DFT/B3LYP/6-31G(d,p) level mgi the polarizable continuum model
(PCM) in THF € = 7.6). This was followed by calculations of théiarmonic vibrational
frequencies to verify their stability and to cakel the conformational free energies. The
population percentages were calculated ugi®j and an applying Boltzmann statistics at T=
298 K. The Tamm-Dancoff approximation (TDA) schearel the B3LYP/6-31+G(d) method
are used for all the calculations of singlet anplét excitation energies because of its lower

computational cost and its avoidance of the tripistability issue compared to full TD-DFY.
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The intermolecular interaction energies betweenntloéecules in dimers were estimated using
the basis set superposition effect (BSSE) coftapid at wB97X-D functional with the London
dispersion corrections and 6-31G(d,p) basis sett@bmganization energies)(for the modelled
compounds were calculated by the adiabatic pofestiargy surface methdtand at the
B3LYP/6-31+G(d) level in vacuum. Values afwere calculated according to the following

equation (1):
A=[E*(@°) —EX (gD +[E°(@H) —E°(D] ()

where E corresponds to the energy of neutral midegfl) in the geometry of cationic/anionic
species (9, respectively. The coupling integrals;\Yor the pathways (see Figure 1) between
moleculesm andn were obtained by the site-energy overlap corraatiethod (2 at the long-
range corrected hybrid density functiomd397X-D and 6-311G(d) basis setvacuum as

1
Hr?tn_?smn(Hmm'*'Hnn)

Vi = 1-s2 (2)

wherel;?, is the electronic coupling (transfer) matrix eleme,,,, is the overlap integral, and

Vmmnn) @re the energies of the neutral and charged ditaggs.

2.3 Synthesis

2.3.1 2-Hydroxy-1H-benzo[de]isoquinoline-1,3(2Hpak. Dispersion of 1,8-
naphthalenedicarboxylic acid anhydride (1.98 g,nmifol) in the mixture of hydroxylamine
hydrochloride (0.70 g, 10 mmol) and triethylamideO@ g,10 mmol) in tetraethylene glycol (20
mL) was heated in microwave oven to 150 °C duri@gi8n in the presence of zinc acetate (2
mg, 0.01 mmol) as catalyst. After reaction mixtooeling solution was poured into hydrochloric

acid (1% water solution of HCI, 300 mL). Formedgipé&ate was filtered, washed by water (100



mL) and dried. Crude product was purified by retalzation from methanol. Yield 85 %, m.p.
279-281 °C (lit. mp 280-281 °C). This compound wharacterized in literatute

2.3.2 2-(3-(9H-carbazol-9-yl)-2-hydroxypropoxy)-benzo[de]isoquinoline-1,3(2H)-dione
(CbzNl). Solution of 2-Hydroxy-H-benzo[de]isoquinoline-1,3(D-dione (0.43 g, 4.0 mmol) in
DMSO (20 mL) was heated with equimolar amount ofo@ran-2-ylmethyl)-#H-carbazole
(0.899, 4.0 mmol) in presence of triethylamine (@, .01 mmol) to 120 °C during 180 min for
target material forming. After reaction finish (¢mi via TLC) solution was poured into
hydrochloric acid (2% water solution of HCI, 200 jnEormed precipitate was filtered, washed
by water (100 mL) and dried. The crude material masfied by flash-column chromatography
(silica, eluent-hexane:chloroform:ethylacetate B:later - dichloromethane:methanol 10:1).
Yield 76 %, m.p. 193-195 °C, IR (neat), ¢r8462 br., 3057 med. 2950 med. 1712 br., 1656 br.,
1625 w., 1581 br., 1512 w., 1485 br., 1455 br.,214t@d., 1375 br., 1356 br., 1326 br., 1260 w.,
1233 br., 1193 br., 1151 br., 1118 br., 1085 W36Lbr., 965 br., 886 br., 841 br., 774 br., 753
br., 724 br., 693 med., 653 med., 614 mMedNMR (400 MHz, CDCJ) § 8.62 (ddJ = 7.3, 1.1
Hz, 2H), 8.26 (ddJ = 7.4, 1.1 Hz, 2H), 8.08 (d,= 7.7 Hz, 2H), 7.82 — 7.74 (m, 2H), 7.56 {d,

= 8.2 Hz, 2H), 7.49 (ddd,= 8.2, 7.1, 1.2 Hz, 2H), 7.25 (ddii= 6.9, 6.9, 1.1 Hz, 2H), 4.56 (d,

= 5.2 Hz, 2H), 4.48 (d) = 9.0 Hz, 2H), 4.30 (dd] = 11.6, 7.8 Hz, 1H)}*C NMR (100 MHz,
CDCl) 6 156.3, 149.9, 148.7, 147.6, 144.4, 142.7, 14139,9, 135.7, 135.2, 120.5, 68.0, 60.5,
58.2; Elemental analyses: found: C, 74.1; H, 4.7,6M5 %; molecular formula £&H»oN,O4
requires C, 74.3; H, 4.6; N, 6.4 %; MS (ES+) foundz [M+23: M+NaJ 459.3; molecular
formula G7H,N,OsNa requires [M+Na&] 459.1; UV-Vis (THF, %10% M): Amas 332 nm
(23,000 mofdm’cm?), 342 (22,000); fluorescence data (THF;> @), excitationimax 290 nm,

emissionmax 345, 360 nm; quantum yield (QY) 0.45, excitedestdietime 7.2 ns.



2.4 OLED fabrication and characterization

The electroluminescent device was fabricated bywacdeposition of organic semiconductor
layers and metal electrodes onto pre-cleaned ITa@edoglass substrate under a vacuum of about
102 Pa. The devices were fabricated by step-by-stgositon of different layers. Mopwas
used for the preparation of hole-transporting lay@pzNI and BCP were applied for the
fabrication of donor and acceptor layers respelstivéhe structure of the device was of
ITO/MoO3(5nm)/CbzNI(7nm)/BCP(7nm)/Ca(15nm))/Al(85nm). Thetiee area of the obtained
devices was 3x6 mmThe density-voltage and luminance-voltage charistics were measured
using a Keithley 6517B meter in air without passiva immediately after the formation of the
device. The brightness measurements were done uaingalibrated photodiode. The

electroluminescence spectrum was accomplishedamithvaspec-2048XL spectrometer.
3. Resultsand Discussion
3.1 Synthesis and identification

The synthesis oEbzNI was done from the commercially available reagaatshown at Scheme
1. Hydroxylimide was synthesized according to avimssly published methot. Cyclic
anhydride, hydroxylamine hydrochloride and triettmgine as base in tetraethylene glycol were
heated using microwave irradiation. Target compoDbaNI was synthesized by a nucleophilic
epoxy ring opening with hydroxylimide as nucleofiled triethylamine as base of the target. The
molecular structure of target compou@tzNI was confirmed employing the nuclear magnetic
resonance (NMR) (Fig. S1), infrared (IR) spectrgsc@Fig. S2a) and mass (MS) spectrometry

(Fig. S2b) methods.



NHZOH HCl, TEA':: TEA DMSO
NOH + o
Q MW 150°C 120°C
© 0 HO
CbzNI

Scheme 1. Synthesis of target compoQaNI .

In addition, single crystal X-ray analysis 6bzNI was conducte&f Acetonitrile solvent was
employed to grow th€bzNI mono-crystals. The cell constants and an orientatatrix for

data collection corresponded to a primitive monoclcell with a space group of 2. All data

are collected in Table S1. Fig. 1 shows the hydmogended dimer structures &@bzNI.
Additionally, the intermolecular interaction enagi (E) were estimated employing BSSE
method to be -99.3, -32.5 and -14.5 kJ Tokspectively for D1-D3 dimers. In D1 dimer with
highest E the carbazole (donor) and 1,8-naphthalimide (atoce moieties are regularly
arranged one by one with the distance of 3.6 A bemthem. The hydrogen bonds between
H4---0O1 and H15A-n-carbazole system were determined. In D2 and D3edimadditional
hydrogen bonds between OR23 and O4-H5 as well as hidrogens of aliphatic moiety with
neighboring n-naphthalene imide and carbazole aromatic systeer® viound, respectively.
Moreover, the X-ray analysis showed that hydrogemds are not intramolecular but
intermolecular ones. Furthermore, the photoactiwvgeties planes in the D1 dimer are parallel

and interactedia strong H-bond and donor-acceptorz interactions in the solid state (Fig. 1).
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D3, E;=-14.5 k) mol?

Figure 1. Hydrogen bonded dimer structure€bzNI and theirs calculated interactions
energies.

3.2 Thermal properties

In optoelectronic devices, the materials are ofteorporated as solid amorphous thin films.
Therefore, the favorable molecular optoelectromapprties and chemical stability of organic
electronic materials need to have desired the nabogical and thermophysical properties in the
solid state because OLEDs are subject to thermes$sstfrom Joule heating and the external

environment. Materials with low glass-transitiomf@erature can be more easily diffused into
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other layers in OLEDs. Therefore, the interlaydfudion significant reduces the brightness and
efficiency of OLEDS® For an investigation of thermal properties, difetial scanning
calorimetry (DSC) was employed to probe the thetnaaisition ofCbzNI compound. From first
heating scan, the compound exhibits a melting tiang(T,) at 194 °C, which disappears in the
second heating. Moreover, an endothermic basefiiieasving to glass transition ¢J at 80 °C
was observed from second heating cycle. (Fig. 21§ dbservation shows that the material can
form a stable glassy film. The thermogravimetrialgsis (TGA) revealed the thermal stability
of CbzNI with 5% weight loss () temperature is above 295 °C (Fig. 2a). Therefibris, data

can provide the morphologically stable films foe #lectroluminescence (EL) applications.
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Figure 2. Thermal properties of CbzNI. (a) TGA and (b) D&gCves.
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3.3 Photophysical and electrochemical properties

UV/Vis absorption and photoluminescence were ingattd in solution, frozen to 77 K solution
and in a thin solid film. The dilute solution @bzNI is transparent in the visible region and
characterized by intensive absorption below 300amd two maxima at 332 nm and 342 nm
(Fig. 3a). For the solid film the low-energy maxiiecome broader one with absorption up to
400 nm and with a weak absorbance "tail* in theiorgup to 500 nm. The low-energy
absorption bands are due to an intramolecular ehtiegpsfer (ICT) between the carbazole and
1,8-naphtalimide moieties. The optical band gapevwestimated to be 3.2 and 2.6 eV in solution
and solid state, respectively. Moreover, the alismrspectrum in the solid state is wider than in
solution due to an interaction between moleculebulk. Therefore, an exciton is localized on
more than one molecule in the aggregated stateefidre, a difference between the optical band
gaps in the solution and solid state is indicatechtermolecular CT between the associated dyes
in the solid state. Small red shift of the absamtmaximum of ca. 3 nm of the solid sample as
compared to that of the dilute solution indicatat ta polarity difference of media (the dielectric
permittivities of THF and organic solids are of &6d 3-4, respectively) does not seriously
affect because the charge transfer transition twiee donor and acceptor moieties is spatially

forbidden.
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Figure 3. Photopgysical properties @bzNI. (a) Absorbance spectra GbzNI in THF solution
and in thin solid film, (b) photoluminescence speatf the dilute (0.1 mal™) solution and
solid film (Aex= 290 nm), (c) time-correlated single-photon coumtcurves of (a) fluorescence

(Amax=390 nm) and (b) phosphophorescerigg,£550 nm).

Photoluminescence (PL) spectrum of dil@ezNI solution in THF characterized by emission in
UV region with the intensity maxima at 345 nm ar@D 3:1m corresponded to the carbazole
moiety emission and shoulder-type low intensiveorfiscence signal near 375-390 nm
corresponded to 1,8-naphthalimide fluorescefidr.the PL spectrum of the solution recorded at
77 K and with a delay time of s the additional maxima corresponding to the emmsfiom
excited triplet state (i.e., phosphorescence) efddrbazole moiety in the region of 400-500 nm
were observed (Fig. 383.In addition, the intensive photoluminescence maxah539 nm and

584 nm corresponding to emission from the singhek tiplet ICT states of a 1,8-naphthalimide
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moiety were recorded, respectivéfyDue to close distance between the donor and amrcept
moieties in the crystal it was expected that theiex emission can appear in the solid state.
The maxima in a range of 350-400 nm correspondirige singlet emission of the carbazole and
naphthalene imide moieties were observed in theohlminescence spectrum of the solid
sample ofCbzNI. (Fig. 3b)In addition, the broad band in the region of 500-6/m (maximum

at 560 nm) corresponding to the triplet intermolacCT emission of exciplex appeared in the
spectrum of th€CbzNI layer. The emission lifetime measurements confiiiat the emission
bands appearing in the UV region were due to flemeace and were characterized with the
lifetime of 7.2 ns. (Fig. 3c) The emission band egong in the visible region of the spectrum
was characterized with the lifetime of 0.30 ps whsonfirms the phosphophorescence character
of emission due to the exciplex formation (Fig.3@hotoluminescence chromaticity 6bzNI
was found to be yellow with the CIE 1931 coordisat# (0.41, 0.46), see Fig. S3. The
photoluminescence quantum yield of the solutiomi was found to be 45+2 % and that of the
solid film was of 6.0+2 %.

The possibility of an intramolecular exciplex fortma was estimated from the conformational
analysis. However, the energy of the conformer \htse properties is higher by 32.5 kJ ol
than that of the most energetically favorable canfer Conf7 (for the details see in ESI, Fig.
S4). Taking into account this information, we camndude that the intramolecular exciplex
formation is not possible. On the other hand, famvmg stability of exciplex supramolecular
complex, the intermolecular interaction energy lesw the molecules in the complex was
estimated to be -99.3 kJ rifolising the basis set superposition effect (BSSEpepf* and at
the wB97X-D/6-31G(d,p) method. The structure of thgramolcular complex from X-ray

analysis was used. In this case, one of the stebrgen-bonding interactions was indicated.
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Moreover, for proving the exciplex formation, theeegies of the lowest singleti§Sand triplet
(T,) excited states were obtained to be 2.22 and@vl9espectively, by TD-DFT with Tamm-
Dancoff approximation (TDA) using the B3LYP/6-314d}(method in vacuum. The following
data have a good correlation with the experimePtaspectrum oCbzNI in the solid state (Fig.
3b). In addition, the calculations showed that #tisicture contributes to the smalksy (i.e. 25

meV), enabling efficient exciton-harvesting throughDF.
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Figure 4. Cyclic voltamperogram (a) and electrontpemission spectrum of the thin film (b) of

CbzNI.

For the determination of the energy levels, thectedehemical properties of the resulting

chromophores were examined by cyclic voltammetry/)(@nder argon. The onset of the
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oxidation potential (k) and reduction potential (&) was estimated by the intersection point of
the tangent line. The ferrocene/ferrocenium redompte (Fc/FE) was used as the reference.
Under the same experimental conditions as thosdh#@rresulting chromophores, the redox
potential (R, of Fc/F¢ was determined to be 0.31 V. The highest occupieticular orbital
energy level HOMO and the lowest unoccupied mobacokbital energy level LUMO were
calculated according to the equation HOMO = -k @), + 4.60 - &,)*° (eV) and LUMO = -
1.19% (Eeq + 4.78 - B)*’, respectively. The HOMO and LUMO energy valuesexestimated to
be -5.83 and -2.95 eV from the cyclic voltammetayad(Fig. 4a). lonization potential (IP) in the
solid state was measured to be 5.81 eV by therefegthotoemission spectrometry (Fig. 4b).
Moreover, the calculated HOMO and LUMO energiestlod most energetically favorable
conformer using DFT/B3LYP/6-31G(d,p) and polarizabtontinuum model (PCM) in
tetrahydrofuran (THF) were found to be -5.34 eV a2d4 eV, respectively. The geometry of
the CbzNI was optimized by B3LYP functional and 6-31G(d,@)sis set starting from X-ray
analysis data. In the HOMQ@;electrons are localized on the carbazole moiehylenn LUMO,
the electron orbitals have to be localized on tghthalimide moiety, creating a donor-acceptor

characteristic (Fig. 5).

HOMO LUMO
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Figure 5. Electron density distributions in the HOMleft) and LUMO (right) states of the most

energetically favorable conformer calculated byBI3&YP/6-31G(d,p) level and PCM of THF.

3.4 Charge carrier drift mobilities

BecauseCbzNI includes then- and p-type moieties, the electron and hole nitwsl were
estimated at different electric fields so an expental study of theCbzNI layer charge
transporting properties was performed by the tifngght (ToF) technique. As indicated by the
ToF transients in Fig. 6a, hole and electron trartsp the layers o€bzNI is dispersive which
could be due to the presence of traps. The holeebrntkon mobilities foCbzNI taken from the

transit times and the film thickness obeyed thel@®derenkel electric field dependence (Fig. 6b).
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Figure 6. Charge carrier drift mobilitief CbzNI layer. (a) ToF transit times and (b) electric

field dependences of charge carrier mobilities.

The electron mobility of the layer &bzNI was found in the range from 2.2X16nm?V"
st at the electric field of 2.5x20v cm™ to 1.6x10¢" cn?vis? at the electric field of
7.0x10 V cm*. The electric field dependence for electrons veamél to be weaker than
that for holes showing that the electron transpoléss dispersive then the hole transport.
At the low electric fields, the electron mobility @bzNI is by ca. an order of magnitude
larger than the hole mobility while at the high attee fields the values of hole and
electron mobilities ofCbzNI which was found to be comparable da. 10* cnfV's™,
These values are comparable to hole and/or eleatrohilities of the conventional
materials  such  as tris(8-hydroxyquinoline)  aluminium  (AK),%® 1,8-
naphtalenedicarboxylicimide derivativEsm-terphenyl oxadiazole derivativé$],2,3,5-
tetrakigcarbazol-9-yl)-4,6-dicyanobenzene (4CzIPNyhich were used for preparing
very efficient fluorescence, phosphorescence or FAIRLEDs.

The crystal structure aZbzNI was used to generate the wide variety of possiidege hopping
pathways (dimers) (Fig. S5). The standard MarcushkHuodel was used for the estimation of
the probability of charge transfer between the mdks?' The reorganization energy)(values
were calculated using the normal-mode analysis &8LYP/6-31+G(d) method. The
reorganization ofCbzNI energy was found to be 441 meV for holés) @nd 341 meV for
electrons X-). These results show that the reorganization éeerfgr holes and electrons are
somewhat similar and indicative of the ambipolaarge-transporting properties. The electronic
coupling (transfer) integralsHor the pathways (see Table S2) were estimétedhe site-

energy overlap correction metiéat the long-range corrected hybrid density funetlo
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wB97X-D and 6-311G(d) basis set in vacutlinHowever, the lowest electronic coupling
integrals which stabilized via the hydrogen bond and electrdanor-acceptor
intermolecular interactions (exciplex complexgre estimated to be 12.5 and 1.6 meV for
holes and electrons, respectively. Presumablyzome of electroiihole recombinatiorould be
localized on this dimefexciplex complex) On the basis of the theoretical calculations the
strong dependency of the charge carrier mobility ebectric field can be explained by
comparatively large distance between the masseefthe donor-donorcé 10 A between the
carbazole moieties) and acceptor-acceptor moiétaesl0-15 A between the naphthalene imide

moieties) in the carriers hopping pathways (sederagn).

3.5 Electroluminescence properties

The undoped orang®LED was fabricated using Ma@and tris(4-carbazoyl-9-ylphenyl)amine
(TCTA) for the preparation of the hole injectiondatransporting layersCbzNI for emitting
layer and 2,9-dimethyl-4,7-diphenyl-1,10-phenanliheo (BCP) for the electron transporting
layer. Since Ca is highly reactive and corrodes quicklytha ambient atmosphere, Ca
layer was topped with 85 nm aluminum (Al) layer wesed as the cathod&he energy

levels of the materials used for the layers of dewre displayed in Fig 7a.
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Figure 7. Electroluminescence properties. (a) Bneand diagram and (b)
electroluminescence spectrum of OLED containing ¢natting layer of CbzNI, (c)

current density/luminance-versus-voltage charastiesi and (d) current efficiency/power
efficiency-current density (inset: external quantwafficiency-current density) of the

device.

The electroluminescence maximum of the device wdsshifted by 30 nm in comparison
with photoluminescence intensity maximum of thenfibdf CbzNI. The device emitted an
orange emission with the CIE 1931 coordinates (00449). (Fig. S3) The switch-on
voltage for the device was found to be 3.2 V witaximal brightness near 100 cd’m
current efficiency of 2.08 cd A power efficiency of 1.87 Im Wand maximum external
quantum efficiency (EQE) of 1.02%. All OLED charagstics are show in Fig. 7.

The EQE value of OLEDs can be predicted by the taué3):
EQE = p x QY X ¢ X Ny, 3
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wherep is the charge balance of the injected holes aectrehns, QY is the quantum yield of the
emitting material,¢ is the efficiency of electrically generated exngoconversion to light or
efficiency of radiative exciton production anghy is the light-out-coupling efficiency.
Considering the ideal gf= 1, QY = 6.0 %, and estimating,: as 0.20-0.25 at maximum EQE of
the device, the efficiency of electrically genedagxcitons conversion to ligh#)X was calculated

to be in the range 68 to 85%. This result cleartiidates that the device overcame the theoretical
limit of 25% for the singlet exciton production ieféncy @) that is assumed for fluorescence-
based OLEDs. In the case of the triplet-tripletihifetion (TTA)** or of thermally activated
delayed fluorescence (TAD¥)mechanisms that can harvest both singlet and tripteited

states, the theoretical limit are of 62.5% and 10%pectively.

4. Conclusion

In summary, we have presented a new concept oftramtisn of the hydrogen bonding
stabilized exciplex formed donor-acceptor compouFte luminescence lifetimes of 7 ns and
0.3 s in the UV region and the visible region hdeen observed which confirms the
fluorescence and phosphophorescence charactemisdien bands due to monomolecular and
exciplex emission, respectively. This compound stobthe ionization potential in the solid state
of 5.81 eV and the ambipolar semiconductor propertrhe hole and electron drift mobilities
have been estimated to be*1én? V' s* at high electric fields. The photophysical andrgea
mobility features have been supported by using(ff2)-DFT methods. Exciplex o€bzNI
based organic light-emitting diode emitted an oeaegission with the CIE 1931 coordinates
(0.47, 0.49). This device exhibits the currentaiéiicy of 2.08 cd A, power efficiency of 1.87

Im W' and maximum external quantum efficiency of 1.0d%e high efficiency of electrically
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generated excitons conversion to light has beetulzdéed to be from 68 to 85 %. We envisage

that this concept can be applied to other strusture
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Highlights

*  Semiconductor consisting of the 1,8-naphthalimide and carbazole moieties was
synthesized and characterized.

» For this compound, the ambipolar semiconductor properties and recombination of exciton
in exciplex complex are indicated.

* Theexciplex complex is stabilized by the intermolecular hydrogen bond and el ectron
donor-acceptor interactions.

» OLED from the compound as an emitter exhibited an orange color emission.



