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Abstract: Arylfluorenyl-substituted triphenylamines were prepared by acid promoted Friedel-
Crafts-type substitution reaction. The synthesized compounds were found to be capable of glass
formation with glass transition temperatures above 152 °C. The ionization potentials of the layers
of the derivatives were found to be in the range of 5.25-5.41 eV. Time-of-flight hole drift and
electron drift mobility values of the layer of tris[3-methoxy-4-(9-phenyl-9-
fluorenyl)phenyl]amine (2) well exceeded 102 cm?Vs at high electric fields at room
temperature. The synthesized compounds showed exciplex-forming properties. The deep blue
exciplex based thermally activated delayed fluorescence emitters with the CIE chromaticity
coordinates of (0.179; 0.104) are described. The exciplex emitters were utilized in the cold-white
and deep-blue organic light-emitting diodes of the simple structures using only exciplex emitters.
The devices showed external quantum efficiency of 2.55% and 1.2 %, respectively. Results
obtained by means of density functional theory (DFT) calculations were used to discuss on the

charge-transporting and optical properties of the compounds.
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1. Introduction

White organic light-emitting diodes (WOLEDs) are good candidates for solid-state
illumination and display technologies®?. Compered to inorganic white light-emitting diodes
(LEDs), WOLEDs can be fabricated as transparent, large-area, flexible, lightweight devices®.
They are characterized by low turn-on voltage, a wide viewing angle, fast response, high
brightness. However, the efficiency and life-time of organic light-emitting diodes (OLEDs) are
still lower than those of white LEDs®. In order to achieve maximum external quantum efficiency
(mext) in OLEDs, several important parameters entering equation 1 are required to be equal to
unity®®:

Mext=Y X PPLXY*Mout (Ea. 1)

In this equation, y corresponds to the charge-balance factor, ¢pL is the
photoluminescence quantum efficiency, yx is the efficiency of exciton production, and mout
corresponds to the outcoupling efficiency. High y values could be provided in well-constructed
OLEDs using additional layers such as hole- and electron-transporting layers with high charge
mobilities and appropriate energy levels’8. The photophysical properties of the emitter
molecules define the value of ¢r which must be close to 1. The outcoupling efficiency nout can
be significantly increased using multifunctional anode stacks, a high-refractive-index substrates,
or a periodic outcoupling structure®. The exciton production efficiency (x) generated by
electrical injection depends on the molecular structures of the organic emitters. In the case of
fluorescent organic emitters harvesting only the singlet excitons y=0.25, thus limiting the internal
quantum efficiency (nin) Of fluorescent OLEDs on the level of 25 %. Both the singlet (25%) and
triplet (75%) excitons can be harvested in phosphorescent organic emitters which contain rare-
earth metal atoms such as iridium, platinum, or osmium. Very effective phosphorescent
WOLEDs were reported, however, many of them contain blue fluorescent emitters, since most of
the known blue phosphorescent emitters are not sufficiently stable'®!!. In addition, exploitation
of rare-earth-metal-based compounds as phosphorescent emitters is problematic because of the
environmental reasons and of high cost.

A new generation of organic emitters for OLEDs based on thermally activated delayed
fluorescence (TADF) was recently discovered2. TADF can be generated in emitters exhibiting
charge-transfer (CT) between donor (D) and acceptor (A) moieties, provided that extremely
small singlet-triplet energy gap (AEst) can be obtained. Such emitters allow harvesting of triplet
excitons through efficient intersystem crossing (ISC) between triplet and singlet levels, resulting
in ¢ values approaching unity. Both intramolecular and intermolecular CT can lead to TADF in
organic materials'2. The intramolecular CT was observed in emitters containing pretwisted D and

© 2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/



A moieties combined in one molecule which usually is not easy to synthetize!?2. The
intermolecular CT was observed between exciplex forming D and A molecules which are simply
mixed together'®. The exciplex emission is shifted to lower-energy spectral region compared to
the emission of D or A molecules. Therefore, most of the reported exciplex-based devices emit
green or red light'3%°, Orange- or yellow exciplex emitters are successfully employed in
WOLEDs!17,

Blue TADF molecules as well as blue TADF exciplex molecular mixtures with
emission maxima close to 470 nm were also reported®®!®. Bis[4-(9,9- dimethyl-9,10-
dihydroacridine)phenyl]sulfone with emission maximum at 470 nm was, for instance, used in
highly efficient WOLED as a blue TADF emitter in combination with green and red fluorescent
emitters?®. Blue TADF exciplex between a donor 1,3- bis(N-carbazolyl)benzene and a acceptor
((1,3,5-triazine-2,4,6-triyl)tris(benzene-3,1-diyl))tris(diphenylphosphine oxide) (PO-T2T) was
also reported?!. Hybrid WOLED was fabricated using this blue exciplex and an orange
phosphorescence dopant bis(2-phenyl-1,3-benzothiozolato-N,C2’) iridium (acetylacetonate)?
showing that to produce white light in WOLEDs not only TADF but also phosphorescence
emitters were used. An example of full TADF-based WOLED including blue and orange
exciplexes was recently published?:. However, that WOLED had extremely complicated
structure with the active layer composed of more than ten layers including two individual host-
guest layers and an inorganic layer?:. Therefore, the search for both new approaches of
simplifying of OLED structures and new TADF emitters for efficient blue OLEDs and WOLEDs
is still an urgent problem.

Derivatives of triphenylamine (TPA) represent one of the largest classes of organic
electroactive materials®. They have been successfully used as components of optoelectronic
devices and OLEDs in particular?*?’. Chemical modifications such as introduction of methoxy
groups into the structures of organic semiconductors or attachment of electron-donating moieties
to triphenylamine group can lead respectively to the decrease of their ionization potentials?® and
to the formation of bipolar materials capable of effectively transporting both holes and
electrons?®¥,

Fluorene-triphenylamine hybrids are synthesized via simple one-step procedure from
commercially available starting compounds®'2. These compounds have high glass transition
temperatures, high thermal and electrochemical stabilities®®. The fluorene-triphenylamine hybrid
(tris[4-(9-phenylfluoren-9-yl)phenyl]amine has been used as a host material in full-color

elctrophosphorescent devices®?.
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In this work we report on the synthesis and properties of star-shaped phenylfluorenyl-
substituted methoxytriphenylamine derivatives. A new approach for the fabrication of WOLEDs
based on a deep blue exciplex and a green exciplex is also investigated. Our WOLEDs are
composed of only three active layers containing three materials (emitting, hole and electron
transporting ones). Deep blue exciplexes with the deepest emission maxima situated at 427 nm
were identified in the mixtures of our new arylfluorenyl-substituted metoxytriphenylamine
derivatives and 4,7-diphenyl-1,10-phenanthroline (Bphen) or 2,9-dimethyl-4,7 diphenyl-1,10-
phenanthroline (BCP). In our WOLEDSs, green emission was obtained by means of the well-
known TADF exciplexes between 4,4'.4"-tris[3-methylphenyl(phenyl)amino] triphenylamine
(m-MTDATA) and Bphen or BCP343®. The choice of m-MTDATA:Bphen exciplex emitter®
was motivated by the high nmext value (7.79%) and by the deep blue with CIE chromaticity
coordinates of (0.179; 0.104) obtained in OLED based on this exciplex.

2. Experimental
2.1. Materials

All the required chemicals, i.e. 4-bromoanisole, 9-fluorenone, magnesium, 9-phenyl-9-fluorenol,
trifluoromethanesulfonic acid (CF3SO3H), 4,4' 4"-tris[3-
methylphenyl(phenyl)amino]triphenylamine (m-MTDATA), bathophenanthroline (BPhen) and
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) were obtained from Sigma-Aldrich and
used as received. 2,2°,2”’-Trimethoxytriphenylamine (Mp = 144-147 °C, lit. Mp = 139.5-140
°C3") and 3,3”,3”’-trimethoxytriphenylamine were obtained under Ullmann conditions®*. 9-(4-
Methoxyphenyl)-9-fluorenol was synthesized according to previously described procedure®.
Tris[2-methoxy-4-(9-phenyl-9-fluorenyl)phenyl]lamine (1) 2,2’,2”’-Trimethoxytriphenylamine
(0.42 g, 1.25 mmol) and 9-phenyl-9-fluorenol (1 g, 3.87 mmol) were dissolved in 1,4-dioxane
(40 ml). Trifluoromethanesulfonic acid (CFsSOzH, 0.48 g, 3.19 mmol) was added drop wise to
the stirred reaction mixture under argon atmosphere. The reaction mixture was heated up to 80
°C and kept at this temperature for 4 h. When the reaction was finished (TLC control) the
reaction mixture was cooled, neutralized with aqueous sodium hydroxide solution and extracted
with dichloromethane. The organic extracts were washed with water and dried (Na2SQOa) the
solvent was evaporated under vacuum. The product was purified by silica gel column
chromatography using an eluent mixture of tetrahydrofuran and hexane in the volume ratio of
5:1. It was recrystallized from the mixture of methanol and dichloromethane. The yield of white
crystals was 23 % (0.3g). Mp = 305-308 °C.
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MS (APCI+, 20V), m/z(%): 1056 ([M+H]", 55).

'H NMR (300 MHz, DMSO-ds) & (ppm): 3.22 (s, 9H), 6.54 (s, 6H), 6.62 (s, 3H), 7.03-7.06 (m,
6H), 7.17-7.30 (m, 15H), 7.34-7.43 (m, 12H), 7.89 (d, J = 7.5 Hz, 6H).

13C NMR (75.4 MHz, DMSO-ds) 6 (ppm): 56.46, 65.35, 108.18, 114.46, 121.17, 125.05, 126.77,
127.31, 128.19, 128.34, 128.48, 128.99, 136.49, 140.21, 141.35, 146.53, 151.31, 153.23.

IR vmax (KBr): 3058, 3017 (C-H, Ar), 2961, 2930 (C-H), 2831 (OCHs), 1505, 1448 (C=C, Ar),
1281 (C-0-C).

Tris[3-methoxy-4-(9-phenyl-9-fluorenyl)phenyllamine (2) was prepared by the similar
procedure as compound 1 using 3,3’,3’’-trimethoxytriphenylamine (0.32 g, 0.95 mmol), 9-
phenyl-9-fluorenol (0.76 g, 2.94 mmol) and CFsSOsH (0.39 g, 2.59 mmol). The product was
purified by silica gel column chromatography using an eluent mixture of tetrahydrofuran and
hexane in the volume ratio of 5:1. It was recrystallized from mixture of methanol and
dichloromethane. The yield of white crystals was 43 % (0.44g). Mp = 282-286 °C.

MS (APCI+, 20V), m/z(%): 1056 ([M+H]", 10).

'H NMR (300 MHz, DMSO-ds) &, (ppm): 3.21 (s, 9H), 6.37 (dd, J1 = 2.2 Hz, J, = 8.5 Hz, 3H),
6.62 (d, J = 8.5 Hz, 3H), 6.67 (d, J = 2.2 Hz, 3H), 6.95-6.98 (m, 6H), 7.07-7.14 (m, 9H), 7.21(t, J
= 7.5 Hz, 6H), 7.33(t, J = 7.4 Hz, 6H), 7.50 (d, J = 7.5 Hz, 6H), 7.85 (d, J = 7.5 Hz, 6H).

13C NMR (75.4 MHz, DMSO-ds) & (ppm): 55.98, 63.91, 109.78, 115.99, 120.95, 126.00, 126.41,
126.94, 128.21, 128.38, 128.49, 128.69, 129.71, 140.21, 146.56, 147.59, 151.46, 159.37.

IR vmax (KBr): 3054, 3017 (C-H, Ar), 2928 (C-H), 2830 (OCHj3), 1595, 1492, 1447 (C=C, Ar),
1217 (C-0-C).

Tris{2-methoxy-4-[9-(4-methoxyphenyl)-9-fluorenyl]phenyl}amine (3) was prepared by the
similar procedure as compound 1 using 2,2’,2”’-trimethoxytriphenylamine (0.65 g, 1.94 mmol),
9-(4-methoxyphenyl)-9-fluorenol (2.67 g, 9.26 mmol) and CF3SOsH (1.21 g, 8.06 mmol).The
product was purified by silica gel column chromatography using an eluent mixture of ethyl
acetate and hexane in the volume ratio of 1:6. White powder was obtained after precipitation in
methanol with the yield of 22 % (0.49g).

MS (APCI+, 20V), m/z(%): 1146 ([M+H]", 45).

'H NMR (400 MHz, CDCls) & (ppm): 3.25 (s, 9H,), 3.72 (s, 9H), 6.55 (dd, J1 = 1.9 Hz, J, = 8.3
Hz, 3H), 6.60 (d, J = 8.3 Hz, 3H), 6.64 (d, J = 1.8 Hz, 3H), 6.71 (d, J = 8.9 Hz, 6H), 7.07 (d, J =
8.9 Hz, 6H), 7.22 (t, J = 7.5 Hz, 6H), 7.31 (t, J = 7.5 Hz, 6H), 7.36 (d, J = 7.6 Hz, 6H), 7.72 (d, J
= 7.5 Hz, 6H).

13C NMR (100 MHz, CDCls) & (ppm): 55.01, 55.53, 64.44, 113.23, 119.88, 120.43, 123.96,
125.92, 127.07, 127.31, 128.93, 128.95, 135.89, 138.04, 139.82, 140.82, 151.61, 157.97, 158.04.
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IR vmax (KBFr): 3058, 3034 (C-H, Ar), 2930 (C-H), 2832 (OCHz), 1506, 1447 (C=C, Ar), 1248
(C-0-C).

Tris{3-methoxy-4-[9-(4-methoxyphenyl)-9-fluorenyl]phenyl}amine (4) was prepared by the
similar procedure as compound 1 using 3,3”,3”’-trimethoxytriphenylamine (0.3 g, 0.89 mmol), 9-
(4-methoxyphenyl)-9-fluorenol (0.87 g, 3.02 mmol) and CF3SOzH (0.36 g, 2.40 mmol). The
product was purified by silica gel column chromatography using an eluent mixture of
tetrahydrofurane and hexane in the volume ratio of 1:6. White powder was obtained after
precipitation in methanol with the yield of 25 % (0.269).

MS (APCI+, 20V), m/z(%): 1147 ((M+H]", 100).

'H NMR (400 MHz, CDCls) § (ppm): 3.31 (s, 9H), 3.72 (s, 9H), 6.38 (dd, J1 = 8.5 Hz, J, = 2.1
Hz, 3H), 6.62 (d, J = 2.1 Hz, 3H), 6.68-6.73 (m, 9H), 7.01 (d, J = 8.8 Hz, 6H), 7.22 (t, J = 7.6
Hz, 6H), 7.32 (t, J = 7.3 Hz, 6H), 7.55 (d, J = 7.5 Hz, 6H), 7.72 (d, J = 7.5 Hz, 6H).

13C NMR (100 MHz, CDCls) & (ppm): 55.17, 55.49, 63.08, 109.09, 113.23, 115.747, 119.88,
126.46, 127.01, 127.18, 127.464, 128.17, 129.64, 138.16, 140.03, 147.37, 151.87, 157.62,
158.97.

IR vmax (KBr): 3056, 3032 (C-H, Ar), 2930 (C-H), 2832 (OCHj3), 1596, 1508, 1447 (C=C, Ar),
1246 (C-0-C).

2.2. Methods

'H NMR and *C NMR spectra were recorded with Varian Unity Inova [300 MHz (*H), 75.4
MHz (**C)] and Bruker Avance Il [400 MHz (*H), 100 MHz (*3C)] spectrometers at room
temperature. All the data are given as chemical shifts 6 (ppm) downfield from Si(CHz)s. Infrared
(IR) spectra were recorded using PerkinElmer Spectrum GX Il FT-IR System. The samples of
the solid compounds were prepared in the form of KBr pellets. Mass spectrometry (MS) was
performed with the Bruker maxis 4G. Differential scanning calorimetry (DSC) measurements
were carried out in a nitrogen atmosphere with a Perkin Elmer at DSC 8500 equipment at a
heating and cooling rate of 10 °C/min. Thermogravimetric analysis (TGA) was performed on a
Perkin Elmer TGA 4000 apparatus in a nitrogen atmosphere at a heating rate of 20 °C/min.
Melting points were measured with Electrothermal MEL-TEMP melting point apparatus.
Absorption spectra of dilute (10° M) solutions in tetrahydrofuran (THF) were recorded on an
UV—vis—NIR spectrometer Lambda 950 (Perkin-Elmer). Fluorescence spectra, fluorescence
quantum vyields (®rL) and fluorescence decay curves of dilute solutions in THF or toluene (10
> M) and of solid films of the compounds were recorded with Edinburgh Instruments LS980

spectrometer. Using an AvaSpec-2048 XL spectrometer, phosphorescence spectra were recorded
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with >100 ps delay after excitation. Cyclic voltammetry (CV) measurements were carried out
using a micro-Autolab 111 (Metrohm Autolab) potentiostat-galvanostat equipped with a standard
three-electrode configuration. A three-electrode cell equipped with a glassy carbon working
electrode, an Ag/Ag (0.01 M in anhydrous acetonitrile) reference electrode and a Pt wire counter
electrode were employed. The measurements were done in anhydrous dichloromethane with
tetrabutylammonium hexafluorophosphate (0.1 M) as the supporting electrolyte under nitrogen
atmosphere at a scan rate of 0.1 V/s**3, The measurements were calibrated using an internal
standard, ferrocene/ferrocenium (Fc) system. The oxidation potentials (Ei2 vs Fc) for the
reversible oxidation were taken as the average values of the anodic and cathodic peak potentials,
Epa and Epc, respectively. lonization potentials (1p°°) of the films of the synthesized compounds
were measured by electron photoemission in air method as described before**. Hole drift
mobilities were studied by a time of-flight (ToF) method*>*. For both the electron
photoemission and ToF measurements, the vacuum-deposited layers of the studied compounds
were prepared.

OLEDs based on doped emitting layer with the following architectures were fabricated: ITO/m-
MTDATA(0 nm)/70 wt% 2:30 wt% BPhen(25 nm)/BPhen(25 nm)/Ca(10 nm)/AlI(60 nm)
(designated as WhiteD1), and ITO/m-MTDATA(30 nm)/2(8 nm)/30 wt% 2:70 wt% BPhen(25
nm)/BPhen(25 nm)/Ca(10 nm)/AI(60 nm) (designated as BlueD). Before deposition of the
layers, the ITO-coated glass substrates with a sheet resistance of 15 Q/sq were cleaned in acetone
and isopropyl alcohol ultrasonic baths during ca. 10 min. The organic layers, calcium and
aluminum films were vacuum-deposited under the vacuum of 2-5x107° mBar using vacuum

equipment from Kurt J. Lesker in-built in an MB EcoVap4G glove box.

2.3. Computational Details

All computations were performed at the density functional theory (DFT) level*” employing the
B3LYP* functional, in conjunction with the 6-31G(d,p) basis set. The spectroscopic properties
of the molecules were calculated using a time dependent density functional theory method
(TDDFT)%%%2 in the absence of medium effects. Up to 20 excited states were calculated and the
theoretical absorption bands were obtained by considering a band half-width of 0.2 eV at half-
height®. The vertical and adiabatic ionization potentials (Ip) were calculated *‘in the gas phase”’
at the B3LYP/6-31G (d,p) level as the differences of the total energies between the neutral
species and the cationic species. The internal reorganization energy (i) values were calculated at
the B3LYP/6-31G(d,p) level according to the following equation®®:
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Geom(M™* G M G M Geom(M*
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in which the quantity EGeom(M) for instance corresponds to the energy of the cationic species

(M*) in the geometry of the neutral molecule (M). All computations were performed with the

Gaussian 09 program®,

3. Results and Discussion
3.1. Synthesis

The synthetic route towards the appropriate arylfluorenyl substituted triphenylamines is shown in
Scheme 1. Compounds 1-4 were obtained by Friedel-Crafts-type substitution reaction®!. All the
compounds were purified by column chromatography. They were identified by IR-, *H NMR-,

13C NMR- and mass spectrometries.
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Scheme 1. Syntheses scheme of compounds 1-4.
3.2. Geometries of Compounds and Frontier Orbitals

The geometries of compounds 1-4 were determined theoretically. The geometries of the two o-
methoxytriphenylamine-based compounds (1, 3) are similar between them. A similar observation
applies to m-methoxytriphenylamine-based compounds (2, 4), so that only the geometries of
compounds 1 and 2 are shown in Figure 1. The propeller-like TPA core has pitch-of-blade angles
(a) ranging 57°-59° and 39°-41° in ortho-methoxy substituted compounds (1, 3) and in meta-
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methoxy substituted compounds (2, 4) respectively. Each TPA phenyl group has two substituents
in the para position — fluorenyl and phenyl (methoxyphenyl). As expected, smaller phenyl-
phenyl dihedral angles with average values of ~ 40° and ~ 44° were found for compounds 1, 3
and 2, 4 respectively, as compared to phenyl-fluorenyl ones (~ 90° and ~ 85° for 1, 3 and 2, 4
respectively, average values). The larger dihedrals found for the fluorenyl moieties are due to the
larges steric repulsions, which are expected to impact the distribution of frontier orbitals and the

electronic- and optical properties related to these orbitals.

Figure 1. Geometries for compounds 1 and 2 obtained by gas phase calculations at the
B3LYP/6-31G(d,p) level.

The frontier orbitals for the synthesized molecules were found to be very similar (Figure 2).
HOMO is localized on the triphenylamine core and LUMO is localized on one of fluorene
sidearms. The electronic properties related to these orbitals are consequently expected to exhibit
similarities. The localization of the frontier orbitals in different moieties is due to a cumulated
effect of the energy difference between the local HOMOs (LUMOs) of each fragment, and to the

almost orthogonal space orientation, in turn stemming from their steric repulsion.
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Figure 2. Energy diagram corresponding to HOMO-1 through LUMO+7 molecular orbitals of

compounds 1-4 obtained at the B3LYP/6-31G(d,p) level. The dominant electronic transitions
corresponding to select excited states are indicated with vertical arrows. Pictograms of HOMO

and LUMO orbitals corresponding to compounds 1-4 are also shown.
3.3. Thermal Properties

The thermal characterization of the compounds was performed by DSC and TGA under a
nitrogen atmosphere. The thermal characteristics are summarized in Table 1. All the synthesized
compounds (1-4) showed high thermal stability. The temperatures of the onsets of the thermal
degradation (Tgec) Were above 415 °C, as confirmed by TGA with a heating rate of 20 °C/min.
The thermal stability of m-methoxytriphenylamine-based compounds (2, 4) was found to be
higher than that of o-methoxytriphenylamine-based compounds (1, 3) (Figure 3). Compounds 3
and 4 having additional methoxy groups in phenylfluorenyl moieties showed slightly lower
thermal stabilities than their corresponding counterparts having without additional methoxy
groups (1 and 2). Compounds 1 and 2 were isolated after the synthesis as crystalline substances
however they could be transformed into the glassy state by heating from the melts or by casting
from the solutions. Compounds 3 and 4 were obtained as white amorphous powders. They
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showed only glass transitions both in the heating and in the cooling DSC scans. All the
synthesized arylfluorenyl substituted methoxytriphenylamines (1-4) showed high glass transition
temperatures (Tg) which ranged from 151 to 165 °C. The comparison of the values of Ty of
compounds 1 and 2 with those of compounds 3 and 4 allows to conclude that methoxy groups in
the peripheral phenyl moieties does not result in any substantial reduction of Tgy. Glass transition
temperatures of meta-methoxy substituted compounds (2, 4) were found to be higher by ca. 10
°C than those of ortho-methoxy substituted compounds (1, 3).

Table 1. Thermal characteristics of compounds 1-4.

Compound Ter, °C Tm, °C T& °C Taec®, °C
1 285 317 152 424
2 - 293 165 478
3 - - 151 415
4 - - 162 440

Tm, Ter, Tg estimated by DSC: scan rate, 10 °C/min; N2 atmosphere; # second heating scan.

Taec estimated by TGA at a heating rate of 20 °C/min; N2 atmosphere.
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Figure 3. TGA curves of arylfluorenyl substituted triphenylamines 1-4 recorded at a heating rate
of 20 °C/min in nitrogen atmosphere. DSC curves of compound 2 at a recorded heating rate of 10

°C/min in nitrogen atmosphere.
3.4. Electrochemical and Photoelectrical Properties

The electrochemical properties of the compounds were studied by cyclic voltammetry (CV). The
cyclic voltammograms of 1-4 showed the reversible oxidation with the peak height varying
linearly with sweep rate and the same values of anodic and cathodic peak currents (Figure 4).
The shape of cyclic voltammograms was found to be similar for all the studied compounds. The
electrochemical data are summarized in Table 2. The ionization potential values (I,*) were
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determined from the values of the first oxidation potential with respect to ferrocene (Fc). The
ionization potential values (1,*) of the synthesized compounds were found to be close and
ranged from 5.11 to 5.26 eV. The electron affinities (EA®) determined from the optical energy
band gaps (E¢°") and ionization energy values ranging 1.60-1.75 eV.

The ionization potentials (1,°°) of the solid layers of compounds 1-4 were also established, by
electron photoemission spectrometry in air. The electron photoemission spectra are shown in
Figure 5. The values of 1, are given in Table 2. The I,*® values ranging 5.25-5.41 eV are
slightly larger than the electrochemical values, however, the trend is similar in both set of values.
The ionization potential values of ortho-methoxy-substituted triphenylamine derivatives (1, 3)
were found to be a little lower than those of meta-methoxy-substituted counterparts (2, 4).
Similar dependency of 1,°° on the position of methoxy groups was earlier observed for 1,1-bis(4-
aminophenyl)cyclohexane based arylamines?. A similar I, trend can be deduced also from the
HOMO energy values (Table 2). The smaller I, values of the ortho-isomers as compared to
meta-ones is due to the distribution of HOMO in the TPA phenyl groups, exhibiting large
coefficients at the ortho positions, and almost zero coefficients at the meta position, thus
responding differently to the antibonding interactions with the methoxy groups. This effect is
almost absent in the case of peripheral methoxy groups due to the strict HOMO localization on
the TPA moieties, which can explain the negligible impact of the methoxy groups on the I

values of compounds 3 and 4 as compared to 1 and 2.

Table 2. 1y, EA, Egenergies of compounds 1-4.

E1/2 VS Egopt’a |pcv ’b EACV, c |pep,d e HOMO,e £ LUMO, e
Compound
Fc, V eV eV eV eV eV eV
1 0.32 3.51 5.12 1.61 5.25 (5.50) -4.57 -0.81
2 0.46 3.51 5.26 1.75 5.41 (5.79) -4.84 -0.78
3 0.31 3.51 511 1.60 5.26 (5.43) -4.52 -0.77
4 0.44 3.58 5.24 1.66 5.40 (5.73) -4.80 -0.72

2 The optical band gap estimated from the edges of electronic absorption spectra

b The ionization potentials measured by electrochemical studies 1,%/=4.8+E1vsFc*.

® The electron affinities calculated using equation EA®= 1,V - E¢°",

4 The ionization potentials measured by electron photoemission in air method; in parenthesis
theoretical adiabatic I, values obtained at B3LYP/6-31G(d,p) level ”in gas phase”.

¢ HOMO and LUMO energies calculated at the B3LYP/6-31G(d,p) level “in gas phase”.
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Figure 5. Electron photoemission spectra of the films of compounds 1-4 recorded in air at 25
°C.

3.5. Optical and Photophysical Properties

Absorption and fluorescence spectra of compounds 1-4 are shown in Figure 6. The spectral data
are collected in Table 3. The absorption spectra of the dilute solutions in THF of arylfluorenyl-
substituted derivatives 1-4 are similar and display two absorption bands at ca. 270 and 310 nm
originated mainly from the absorptions of the fluorene moieties and the triphenylamine core,
respectively. The theoretical absorption spectra (Figure 7) of 1-4 indicate that the maxima of

absorption bands result as a combination of electronic transitions towards several excited states.
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The HOMO—LUMO, LUMO+1 transitions (So—S1, S2) are of charge transfer character (Figure
2). In Figure 7, these transitions are of small oscillator strength and energetically close to the
strong of intra-triphenylamine transitions. SO—Si, Sz transitions are consequently hidden and do
not appear as a separate band. The intense low energy band of ortho-methoxy substituted
compounds (1 and 3) is due to HOMO—LUMO+3, LUMO+4, LUMO+6 and LUMO+7
transitions, which are of mixed charge transfer and local excitation nature (see Figure S1, S, for
the pictograms of the corresponding orbitals). A similar observation applies to the nature of the
low energy band for meta-methoxy-substituted compounds (2 and 4). As expected, the impact of
the peripheral methoxy groups in the absorption spectra is negligible, which is due to the
negligible contribution of the methoxy-phenyl groups in the HOMO and the virtual orbitals
involved in the corresponding transitions (Figure S1).

Similarly to the absorption spectra, the introduction of methoxy groups into phenylfluorenyl
substituents does not substantially affect the fluorescence spectra of the dilute solutions. (cf. the
spectra of the solutions of 3 and 4 with those of 1 and 2). Fluorescence intensity maxima of
dilute solutions in THF of the compounds with o-methoxytriphenylamine core (1, 3) exhibit
bathochromic shifts compared to those of the compounds with m-methoxytriphenylamine core
(2, 4). The Stokes shifts range 60-97 nm (48-78 meV) in THF, indicating increase in the dipole
moments (DM) between the ground state (GS) and the first excited state Si (Ap). Our
calculations indeed result in Ap values in gas phase ranging 20-24 Debye (Table S1). The larger
Stokes shifts by roughly 34-36 nm (27-29 meV) in the case of compounds 1, 3 as compared to
2, 4 can be due to a combination of two effects: (i) larger difference in the dipole moments (DM)
between the ground state (GS) and S: for ortho-methoxy substituted compounds (1, 3) than for
meta-methoxy substituted compounds (2, 4). (ii) The intramolecular relaxation energy in the S;
state might be more important for ortho-methoxy-substituted compounds (1, 3) than for meta-
methoxy-substituted compounds (2, 4). Both factors seem to contribute equally, as the Stokes
shifts for ortho compounds in toluene (small dielectric constant) are roughly 19 nm (15 meV)
larger than for the meta compounds, which is almost half of the difference in Stokes shift in
THF.

The emission intensity maxima of the solutions in THF showed red shifts with respect to those of
the solutions in toluene (Figure 6). This solvatochromic effect is larger (25 nm) in the case of
ortho-methoxy-substituted compounds 1 and 3, and much smaller (6 nm) for the meta-methoxy-
substituted compounds 2 and 4. Again, this observation can be explained by the larger increase
in the S; dipole moment as compared to the GS one for the former compounds, in correlation
with different polarity of the media. The emission spectra of the solid films of compounds 1-4
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were found to be without vibronic features and are situated in between the toluene (less polar)
and the dilute solutions in THF (more polar).

Interestingly, the emission spectra of solid-film compounds 3 and 4 containing methoxy groups
in the peripheral phenyl moieties exhibit an additional broad and structure less band at larger
wavelengths reported hereafter as band type IlI (350-600 nm, Figure 6). While the
phosphorescence band appears at the same region (Figure S2), the band type Il cannot be due to
TADF emission, as this should then appear at higher energies corresponding to singlet emission.
Additionally, the band type Il is absent in the case of compounds 1 and 2, despite the presence of
the phosphorescence emission at the same region. We deduce consequently that the emission
band type Il is of excimeric origin. The appearance of this band only in the presence of the
peripheral methoxy groups is consistent with the idea that methoxy groups can strengthen the
intermolecular interaction by means of hydrogen bonds?33%46, which is expected to help excimer
formation®’.

Fluorescence quantum yields (®f) of dilute solutions in THF, toluene and of the solid films of
the compounds are given in Table 3. Fluorescence spectra show globally low quantum yields,
which seems to correlate with the very small oscillator strengths of the So—S: CT transitions.
The films of compounds 1 and 2 exhibited considerably higher emission quantum yields than the
corresponding dilute solutions. ®r values of the films of compounds 3, 4 were found to be
considerably lower than those of the films of compounds 1, 2 and comparable to those of their
dilute solutions. This seems coherent with the enhanced intermolecular interactions in the solid
films of these compounds, in turn due to the establishment of hydrogen bonds by means of the
peripheral methoxy groups, some dynamical PL quenching can be expected®8,

The triplet energies (Er) of the compounds were calculated to be of ca. 2.66 eV. The calculated
values were found to be in good agreement with the experimental values of 2.86 eV which were
taken from phosphorescence spectra of the dilute solutions of the studied compounds (Figure
S2). AEst values of 0.51-0.52 eV for the ortho-methoxy substituted compounds (1, 3) and 0.60
for the meta-methoxy substituted compounds (2, 4) were found in solid films and in toluene, thus
suggesting more efficient TADF in the case of ortho-methoxy substituted compounds.
Fluorescence decay curves of the dilute THF solutions of compounds 1-4 demonstrated single
exponential decay profiles. Fluorescence life times (t) of the dilute solutions of o-
methoxytriphenylamine-based compounds (1 and 3) were found to be longer than those of the
corresponding m-methoxytriphenylamine-based counterparts (2 and 4).
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Table 3. Optical and photophysical properties of the dilute solutions and neat films of

compounds 1-4.

Solution )
i _ Film
in THF in toluene
Compound max at
abs 30F0LK/77 B Er R O R O
nm % ’ theor nm % nm %
K, nm
1 268,309  406/368 8 531 1.092 2386 2.66 381 9 387 32
2 269,309  370/358 21 191 1045 2.86 2.65 364 8 367 29
3 270,310 404/367 75 7.03 1106 2.86 2.66 379 11 386 11
4 271,310 370/358 15 1.87 1140 2.86 2.65 364 8 365 5

max
abs

— absorption maximum,
A8 — emission maximum (Aex = 310 nm).

®f — quantum yield.

7— fluorescence life time measured at 4™ (Aex = 310 nm).

¥? — least squares fitting of experimental fluorescence decay data.
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Figure 6. Absorption and fluorescence spectra of compounds 1-4 at 300 K (solid line —
absorption and fluorescence spectra of dilute solutions in THF, dashed line — fluorescence of
dilute solutions in toluene, dotted line — fluorescence of solid films)
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Figure 8. Fluorescence transients of dilute (10° M) solutions in THF of derivatives 1-4.

Fluorescence lifetimes (7) and least squares fitting of experimental data () are indicated.
3.6. Charge Transporting Properties

Time of flight measurements were used for the estimation of charge-transporting properties of
the compounds. Figure 9 shows electric field dependencies of hole and electron drift mobilities
(u) for the layers of compounds 1-4. All the compounds showed the linear dependencies of
charge mobilities on the square root of the electric field. Compounds 1-3 showed bipolar charge-
transporting properties with the comparable mobilities of holes and electrons. The charge carrier
mobility values are summarized in Table 4. Comparison of the charge-transporting properties of
the synthesized compounds revealed the dependence of charge mobilities on the position of
methoxy groups in triphenylamine moiety. Compounds 2 and 4 with meta-methoxy substituted
triphenylamine core showed higher charge mobilities than the corresponding counterparts with
ortho-substituted central unit (1 and 3). The highest charge mobilities were observed for the
layer of compound 2 which showed hole mobility of 1.4x10°3 cm?/Vs and electron mobility of
8.8x10™ cm?/Vs at an electric field of 6.4x10° V/cm.

-2 | Holes: Electrons:
10 B 1 m 1
o 2 @ 2
B 3 H 3
O 4

4, cm’IVs

0 ' 2(I)O ' 4(I)O ' G(IJO ' 8(IJO ' 1000
E1/2 (Vlcm)1/2

Figure 9. Electric field dependencies of hole and electron drift mobilities for the layers of

compounds 1-4 at room temperature. The samples for the measurements were prepared by

vacuum deposition.

In order to obtain more insight on the charge-transport properties of these compounds, we rely
on Marcus theory, in which the rate-constant of hole-transfer between two adjacent molecules of

amorphous materials can be calculated by means of the following equation:

© 2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/



_ 4m? 1 2 —(AG°+/1)2]
keur = h 1/47r/1kBTt €XP | " axpar (2)

In this equation t is the electronic coupling between two adjacent molecules, AG? is the reaction
free energy, A is the reorganization energy. This last parameter contains contributions from the
medium polarization energy (As), and from the energetic effort due to the intra-molecular
geometric relaxations related to the charge transfer between two adjacent molecules (Ai). The
intra-molecular geometric relaxations (Ai) correspond to the hole- and electron transports for

each compound are given in Table 4.

Table 4. Time of flight hole and electron mobility parameters of the layers of compounds 1-4.
The intramolecular reorganization energies for hole and electron transport calculated at the
B3LYP/6-31G(d,p) level are also shown.

Oa f 0, ’
Compound sl A He He eV ¢ eV

cm?/Vs  cm?Vs  cm?Vs  cm3Vs

1 9.4x107 3.9x10* 2.6x10% 25x10*%  0.245 0.100
2 1.3x10%  1.4x10% 52x10° 8.8x10*  0.153 0.099
3 4.4x107  6.5x10° 4.0x107  4.2x10°  0.243 0.107
4 5.5x10%  1.4x10* - - 0.165 0.103

Hole and electron mobility values at electric field of 6.4x10° VV/cm.

The results shown in Table 4 indicate larger reorganization energies for hole transport than for
electron transport, suggesting that, based on this factor only, the hole transport should be slightly
inferior as compared to the electron transport. This seems consistent with the smaller tmo values
for holes than for electrons. Although experimentally hole and electron transports are similar,
electron transport is fractionally lower. This observation suggests that the intrinsic properties in
these materials cannot account for the trends in the charge transfer, which mostly seems to
depend on the disorder phenomena. The larger energy disorder for electron transport (larger
LUMO energy distribution) as compared to holes seems to be due to the easier intermolecular
interactions, hence geometrical deformations, between the peripheral acceptor moieties as
compared to the interaction between the central and sterically hindered TPA moieties. However,
the polaronic type transport depending on the intrinsic properties of these molecules seems to be
not negligible, as similar trends are found for gm0 and un values, both being larger for
compounds 2 and 4 as compared to 1 and 3. Note that the larger umo values for 2 and 4 by

roughly 2 orders as compared to 1 and 3 may be due to the smaller 4" values in the former case
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(0.153-0.165 eV as compared to 0.243-0.245 eV respectively, Table 4). However, differences in
HOMO-HOMO electronic couplings might also play, as steric hindrance around N atom in the
TPA moieties seems to be larger in 1 and 3 (hence smaller electronic couplings) as compared to
2 and 4.

As an example, the current transient curves of holes and electrons for compound 1 at different
electric fields are presented in Figure 10. Clear transit time for holes or electrons were not seen
in the linear scales due to the dispersive charge transport, however, they were well recognized in
log-log scales for both holes and electrons. Current transient curves of the other studied

compounds showed similar behaviors.

10% — 160V
Holes — 150v Electrons — 180V
— 140V 10° 4 — 160V
1] 130V
10 ~ ‘ — 120V

2

— 110V

—— 100V
10°4 —90v
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Figure 10. Current transient pulses of holes and electrons for the layer of 1 at the different

electric fields at room temperature.
3.7. Exciplex-Forming Properties of Compounds 1-4

To study exciplex-forming properties of compounds 1-4, the layers of the molecular mixtures of
the donor compounds 1-4 and the acceptor compounds 4,7-diphenyl-1,10-phenanthroline
(Bphen) or 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) were prepared. The shifts of
fluorescence (FL) spectra of the layers of the molecular mixtures to the long-wavelength region
compared with the photoluminescence spectra of compounds 1-4, BPhen and BCP, which peaks
are in the near ultraviolet region, were observed (Figure 11a, b). The fluorescence spectra of
these molecular mixtures are characterized by broad emission bands with the peaks in range
from 427 to 485 nm. The similar shifts of fluorescence spectra were previously observed for the
donor-acceptor molecular systems capable of the exciplex formation*1"1°, We assumed that
fluorescence spectra of the mixtures 1-4:BPhen(BCP) are influenced by the exciplex formation.
To confirm this assumption, we recorded the FL life times and the FL quantum efficiencies of
the molecular mixtures (Figure 11c, d, Table 5). The FL decay curves were well fitted (5> were
not higher then 1.3) by the double exponential law A+Blexp(-t/t1)+B2exp(-t/t2). The life times

(t1, T2) of the layers of the mixtures 1-4:BPhen (BCP) are given in Table 5. Both 11 and 1> of the
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mixtures were longer than the FL life times of the solid samples of pure 1-4, BPhen or BCP. The
increased FL life times of the mixtures can be explained by the formation of intermolecular
charge transfer (CT) complexes between the molecules of 1-4 and BPhen(BCP) and, as a result,
formation of the exciplexes. The shorter component t1 is apparently associated with the singlet
exciplex emission, and the longer component t2 is related to the TADF effect of exciplexes due
to the reverse intersystem crossing (RISC) mechanism from singlet to triplet state!®%, The life
times (1, t2) of exciplexes based on o-methoxytriphenylamine-based compounds (1, 3) were
found to be longer than those observed for exciplexes based on the m-methoxytriphenylamine-
based counterparts (2, 4). The peaks of exciplex emission for the mixtures 2(4):BPhen(BCP)
were blue-shifted compared to those observed for the mixtures 1(3):BPhen(BCP), which is due
to the lower HOMOs of 2 and 4, hence their larger HOMO(2, 4)-LUMO(BPhen(BCP)) gap as
compared to 1 and 3. The shoulders at ca. 350-360 nm belong to fluorescence emission of the

studied compounds.
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Figure 11. Fluorescence spectra and transients FL curves of the layers of the mixtures of
compounds 1-4 with BPhen or BCP.
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In general, the radiative electronic transition from the LUMO of an acceptor to the HOMO of a
donor results in exciplex emission with the emission maximum, described by the following
equation®*:
hvii®™* = If — Ef — E¢ ©)

where IF is the ionization potential of the donor, EZ is the electron affinity of the acceptor, and
Ec is the electron-hole Coulombic attraction energy. The emission maximum of 440 nm (2.8 eV)
of the exciplex 2:BPhen was found. Interestingly the application of Eq. 3 results in a value of
hvx®* =~ 2.76 eV, by using the Ip (5.41 eV) of 2, the E, (3 eV) of BPhen, and a typical value
of -0.35 eV for the e-h binding energy in organic materials, thus showing good agreement with
the experimental value. Similar behaviors were observed for all the studied exciplexes based on
compounds 1-4. The reason of the differences between the calculated and measured values could
be due the bending of HOMO, LUMO levels at the donor-acceptor interface® and to the lack of
exact e-h binding energies.

Table 5. Fluorescence quantum yields and photoluminescence transients of the layers containing

mixtures of compounds 1-4 and Bphen or BCP.

Mixture AR, nm  ®p, % T, 18 1
28.3 (40.2%),

1:BPhen 475 13.64 1.121

119.26 (59.8%)

23.92 (63%),

2:BPhen 442 12.62 1.169
82.33 (37%)
28.06 (40%),

3:BPhen 483 12.64 1.129
133.87 (60%)
15.47 (55%),

4:BPhen 447 15.71 1.182

72.45 (45%)
17.82 (47.0%),

1:BCP 447 - 1.097
101.55 (53%)
13.64 (45%),
2: BCP 427 12.68 1.045
50.38 (55%)
36.80 (52%),
3: BCP 460 - 1.198
149.98 (60%)
8.53 (46%),
4: BCP 447 23.96 1.072
43.8 (54%)
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3.8. White Organic Light-Emitting Diodes

To fabricate white organic light-emitting diodes (WOLEDs), we combined the blue 2:BPhen and
green 4,4’ 4"-tris[3-methylphenyl(phenyl)amino]triphenylamine (m-MTDATA):Bphen
exciplexes as the two different emitters. The device of the following structure was fabricated:
indium tin oxide (ITO)/m-MTDATA(30 nm)/2:BPhen(25 nm)/BPhen(25 nm)/Ca(10 nm)/Al(60
nm) (Figure 12a). In the following discussion this devices will be referred as WhiteD. In this
device the blue 2:BPhen exciplex was formed in the emitting layer (EML) and green m-
MTDATA:Bphen exciplex was formed on an interface between the m-MTDATA hole-
transporting layer (HTL) and the EML. The BPhen layer was used as an electron-transporting
layer (ETL). The EML contained 70 wt% of 2 and 30 wt% of BPhen. According to HOMO and
LUMO levels of the materials used, it should be no difficulties for the injection of holes and
electrons from the ITO anode and from the Ca cathode to EML (Figure 12a).

The electroluminescence (EL) spectra of the WhiteD recorded at the different applied voltages
are shown in Figure 12b. The EL spectrum observed at 5 V is characterized by broad emission
band with the peak at 527 nm and the shoulders in the blue and red regions. The position of the
shoulder in the blue region at 430 nm is close to the position the FL band of blue exciplex
2:BPhen (Figure 11a). This shoulder cannot be attributed to the emission of pure m-MTDATA
because of the strong energy barrier for electrons which appears due to the difference of the
LUMO energies of m-MTDATA and BPhen. The emission band in the electroluminescence
spectrum of WhiteD peaking at 527 nm is attributed to the green m-MTDATA:Bphen exciplex®.
The shoulder observed in the red region at 620 nm, which was not observed in the FL spectra of
pure 2 and of the mixture 2:BPhen, apparently originates from the electroplex of the layer of
2:BPhen that is associated with the exciplex emission'*. The EL spectrum of the WhiteD does
not contain emission from the pure m-MTDATA, 2 and Bphen which indicates that holes and
electrons radiatively recombine on the exciplex forming sites in WhiteD. Overlapping emission
spectra of the two exciplexes resulted in the shift of EL peak of WhiteD to higher energy region
with increasing applied voltage (Figure 12b). Commission Internationale de 1’Eclairage (CIE
1931 and CIE 1976) chromaticity coordinates (X, y) and (u’; v’) of the WhiteD were found to be
from (0.286, 0.378) to (0.24, 0.29) and from (0.164, 0.489) to (0.16, 0.435), respectively,
corresponding to cold-white color with color temperatures higher than 6500 K (Figure 13). The
CIE chromaticity coordinates of the WhiteD corresponded to white color at all the external

voltages used.
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Figure 12. Energy-band diagram (a) and electroluminescence spectra (b) of WhiteD. Current
density—voltage— luminance characteristics (c) and current efficiency—current density—power

efficiency—external quantum efficiency characteristics (d) of WhiteD.

The energy-band diagram of the device WhiteD is shown in Figure 12a. Injected holes from ITO
under external applied voltage can drift across the HTL and 2 due to the concordance of HOMO
of m-MTDATA and HOMO of 2. Holes then are blocked on the interface EML/ETL due to the
energy barrier. According to the LUMO of 2, injected electrons from the Ca cathode to the ETL
can drift through the ETL as well as through the included BPhen EML and reach the HTL/EML
interface without any energy barriers. A difference between HOMO of m-MTDATA and that of
2 produce a shallow energy barrier for holes, therefore, holes and electrons radiatively recombine
on the HTL/EML interface emitting the green m-MTDATA:Bphen exciplex light in WhiteD.
Injected holes into the EML radiatively recombine with the electrons thus emitting the blue
2:BPhen exciplex light near the HTL/EML interface since the hole mobility of 2 (Figure 9) is
lower than the electron mobility of BPhen®. The increase of the intensity of the shoulder in the
blue region (at 430 nm) of the EL spectrum of WhiteD compared to that of the peak at 527 nm
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with the increase of the applied external voltage (Figure 12b) is apparently due to the deeper hole

penetration and the spreading of the recombination zone through the entire EML.
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Figure 13. CIE1976 and CIE1931 diagrams for the devices WhiteD and BlueD.

The current density—voltage— luminance characteristics of WhiteD are shown in Figure 12c. The
turn on voltage of 3.6V was observed at 10 cd/m? which are similar to the values of well-
constructed OLEDs®. The maximum brightness of WhiteD reached 5300 cd/m? at 10 V. Figure
12d shows the current (nc), power (1p), and external quantum efficiencies as the functions of
luminance for WhiteD. The values of maxima of nc, np, and nex: Were observed at 6.34 cd/A, 4.09
Im/W, and 2.55%, respectively. The efficiencies of WhiteD are not very good compared with
those of OLEDs with the optimized structures with one formed exciplex”%. The efficiencies of
the exciplex-based OLEDs can be improved by the optimization of charge carrier balance

between the two exciplexes®®.

3.9. Blue Organic Light-Emitting Diodes

We fabricated blue OLED based on the blue 2:BPhen exciplex as an emitter. The structure of the
device was ITO/m-MTDATA(30 nm)/2(8 nm)/2:BPhen(25 nm)/BPhen(25 nm)/Ca(10 nm)/Al(60
nm) (Figure 14a). In the further discussion this device will be referred as BlueD. In this device,
the HTL (m-MTDATA), EML (2:BPhen), and ETE (BPhen) were the same as in WhiteD. In
BlueD compound 2 was used as the electron blocking material. The electron blocking layer
(EBL) protected the HTL from electrons and the green m-MTDATA:Bphen exciplex could not
be formed. Owing to the HOMO energy and hole-transporting properties of compound 2, holes
can be easily injected into the EML of BlueD. Therefore, holes and electrons radiatively
recombine in EML emitting the blue 2:BPhen exciplex light. The EL spectra of BlueD are
plotted in Figure 14b. No substantial differences in the EL spectra recoded at the different
applied voltages were observed. No emission from the green m-MTDATA:BPhen exciplex was
recorded. This observation confirms good electron-blocking properties of compound 2. We note

that EL spectra of BlueD (Figure 14b) are very similar to the FL spectra of the mixture 2:BPhen
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(Figure 11a) and are not similar to FL spectra of pure 2 or BPhen (Figure 6). Therefore, the EL
spectra of BlueD were characterized by blue exciplex emission while using 2:BPhen as the
emitter the deepest blue TADF emission reported so far was observed with the EL maximum at
428 nm and with the CIE 1931 chromaticity coordinates of (0.179; 0.104). Such CIE 1931
coordinates (0.179; 0.104) of the EL of the BlueD were close to the National Television System
Committee (NTSC) blue color standard of (0.14, 0.08)%2.
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Figure 14. A energy-band diagram (a) and electroluminescence spectra (b) of BlueD. Current
density—voltage—luminance characteristics (c¢) and current efficiency—current density—power

efficiency—external quantum efficiency characteristics (d) of BlueD.

Figure 14c shows the current density—voltage—luminance characteristics. For the BlueD, the turn
on voltage of 4.5V (it was taken at 10 cd/m?) was found to be higher than that observed for
WhiteD. The increase of the turn on voltage of BlueD was apparently caused by the effect of the
additional layer in the structure of the device. The maximum brightness of 900 cd/m? was
recorded at 9 V for BlueD. Such brightness is comparable with that reported earlier for deep
blue fluorescent OLEDs®. The plots of nc, np, and next as functions of current density for BlueD

are shown in Figure 14d. The values of maxima of nc, Mp, and next Were observed at 1 cd/A, 0.75
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Im/W, and 1.2%, respectively. The additional approaches, such as the optimization of the
concentration of BPhen in its mixture with 2 and the optimization of the thicknesses of the layers
of the devices, can be used to improve the performance of BlueD.

Conclusions

We synthesized and characterized new derivatives of methoxytriphenylamine having
phenylfluorenyl or methoxyphenylfluorenyl moieties as substituents and studied their thermal,
optical photophysical and photoelectrical properties. The synthesized triphenylamine derivatives
were found to constitute glass-forming materials with glass transition temperatures being in the
range of 151-165 °C as characterized by differential scanning calorimetry. Electron
photoemission spectra of the solid samples of the materials revealed ionization potentials of
5.25-5.41 eV. Most of the synthesized compounds showed bipolar charge transport. The highest
charge mobilities were observed for the layer of tris[3-methoxy-4-(9-phenyl-9-
fluorenyl)phenyl]amine which showed hole mobility of 1.4x10° cm?/Vs and electron mobility of
8.8x10™ cm?/Vs at an electric field of 6.4x10° V/cm. The theoretical results suggested similar
geometries of the compounds, similar HOMO and LUMO distributions, and similar absorption
and fluorescence spectra. The impact of the methoxy substituents in meta- or ortho positions in
TPA was found to be important with respect to the HOMO energy and ionization potentials,
being roughly 0.3 eV smaller in the case of ortho isomers. As for the methoxy substituents at the
peripheral phenyl groups, a negative impact was found, translated in reduced charge transport
and in reduced fluorescence quantum yield in solid films. Exciplex-forming properties of the
synthesized compounds with known acceptors were discovered while deep blue TADF emitters
were found. Possible applications of the exciplex emitters for either cold-white with the CIE
1931 chromaticity coordinates of (0.24, 0.29) at 12 V or deep-blue with the CIE 1931
chromaticity coordinates of (0.179; 0.104) OLEDs were proposed. The maximum brightness of
the cold-white OLED reached 5300 cd/m? at 10 V while the values of maxima of current, power,
and external quantum efficiencies were observed at 6.34 cd/A, 4.09 Im/W, and 2.55%,

respectively.
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