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Two efficient novel fluorescent naphthalene and fluorene-based aromatic hydrocarbon isomers (1 and 2)
are prepared and investigated for organic electroluminescence. These compounds show bright violet to
deep-blue emission, narrow full width at half maximum (52 nm), and high photoluminescence efficiency

(e.g. 0.61 in CH,Cl,, 0.67 in film). Alternation of substituent position on the naphthalene moiety can give

rise to remarkable emission variation. The relatively large torsion angle between naphthalene and
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fluorene suppresses the t—m interactions by weakening the intermolecular interactions in the solid state,

which can result in highly efficient fluorescence. Moreover, the 1931 Commission Internationale de

DOI: 10.1039/d0ra01846e

rsc.li/rsc-advances

1. Introduction

Recently, wet-processable organic light-emitting devices
(OLEDs) have become a research focus in the industrialization
of high-performance organic electroluminescence (EL). For
both solid-state lighting and displays, blue emission is indis-
pensable. The inherent defects of pure blue emitters can
remarkably influence the OLEDs performance, thereby
hampering industrialization of OLEDs.? Currently, most of the
blue emitters suitable for wet-processable OLEDs are polymer-
based materials, in which polyfluorene is the most used.?
However, the well-known shortcoming of polyfluorene is its
green emission band due to the formation of a B-phase of the
polymer in the aggregation state, reducing the color purity of
the blue emission.** Besides, compared to the small molecule-
based emitters with well-defined chemical structure, the
device performance of polymer-based OLEDs is usually unstable
due to the difference in molecular weight distribution.* Thus,
structural design becomes the key to solving these problems.
Fluorene is an important building block for designing blue
emitters, and has inspired us to further explore this rich family
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L'Eclairage coordinates and maximum emission peak for deep-blue electroluminescence based on 1 are
(0.16, 0.08) and 410 nm, respectively.

of blue fluorophors through structural design for achieving wet-
processable deep-blue OLEDs.

In this contribution, by linking naphthalene and hexyl
functionalized fluorene with large torsion angle, two novel wet-
processable violet to deep-blue fluorescent aromatic
hydrocarbon-based emitters (1 and 2) were designed. Hexyl
chains in the fluorene moiety could not only increase their
solubilities in the commonly used organic solvents but also can
act as the steric hindrance group. The large torsion angle
between naphthalene and fluorene unit could also suppress the
-7 interactions in the solid states, inducing highly efficient
emission. These two designed emitters exhibit intensive violet
to deep-blue fluorescence (415 nm for 1 and 400 nm for 2 in
dichloromethane) with quite high photoluminescence (PL)
efficiency (®p) (0.42-0.67) and narrow full width at half
maximum (FWHM) (52-60 nm) beneficial to highly efficient
wet-processable deep-blue OLEDs. The 1931 Commission
Internationale de L'Eclairage coordinate and maximum emis-
sion peak for deep-blue electroluminescence based on 1 are
(0.16, 0.08) and 410 nm, respectively.

2. Results and discussion

As depicted in Scheme 1, these two aromatic hydrocarbon
isomers were prepared with two steps in high yields. The target
emitters were obtained in very high yield (over 85%) by Suzuki
coupling reaction of dibromonaphthalene with 2-(9,9-dihexyl-
9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane under
the catalysis of Pd(PPh;3), at 85 °C in toluene. Both two
compounds are purified as white solid by column chromatog-
raphy and fully characterized by mass spectra, elemental
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Scheme 1 Synthetic route, chemical structures of violet/deep-blue aromatic hydrocarbons.

analyses and nuclear magnetic resonance (NMR) (ESIt). Two
six-carbon hexyl chains were incorporated into the fluorene for
improving the solubilities in the commonly used organic
solvents. The NMR spectra were obtained in the solvent of
chloroform-d. Due to quite similar chemical environment of
proton in these compounds, the "H NMR for 1 and 2 are not well
resolved, some of them are overlapped. However, both '*C NMR
spectra shows excellent resolution, although the much larger
torsion angle between naphthalene and fluorene unit. In *C
NMR spectra of compounds 1 and 2, seventeen signals of
aromatic carbons can be found, which can be attributed to two
equivalent part of the entire molecule owing to this structural
symmetry of compound 1 and 2, which is originated from the
quite rapid rotation of fluorene moiety at room temperature in
the solution state. Similar observation could also be found for
signals from the carbons of hexyl chains, there exist seven
resonances in nonaromatic region of *C NMR spectrum for
each compound. Unfortunately, -crystallization of two
compounds were failed due to the four flexible hexyl chains in
one molecule, we optimized the molecular configuration in
ground state to investigate the torsion angles between naph-
thalene and fluorene moiety of two compounds, as shown in
Fig. S1,T torsion angles are about 54° (53.7° for 1, 54.1° for 2).
Such large torsion angles indeed reduce molecular planarity to
guarantee the deep-blue emission, and also effectively suppress
the -7 interactions in the solid states, inducing in quite highly
efficient violet to deep-blue emission. More importantly, such
molecular engineering of large torsion angle reduce molecular
planarity effectively, which commonly lead to the aggregation
induced quenching and the red shift in emission spectrum of
fluorescent materials.

The photophysical property of these two compounds (1 and
2) was well investigated in both dichloromethane and film
shown in Fig. 1, Tables 1, S1 and S2.f In the solution of
dichloromethane, the strong absorption band in the wave-
length of 228 nm and 250-350 nm is attributed to the overlap of
1t — m* transition of both naphthalene and fluorene moiety in

16688 | RSC Adv, 2020, 10, 16687-16692

1 and 2.>® The emitters show bright deep-blue to violet fluo-
rescent emission with a emission wavelength of 415 nm for 1
and 400 nm for 2 in the solution of CH,Cl, (excited at 280 nm).
The quartz plates were used as the substrate to record the PL
spectra of the film. Under the same excitation wavelength, the
emission maximum of both two emitters was slightly blue shift
to 410 nm for 1 and 390 nm for 2 in the film state. The slight
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Fig. 1 (a) UV-visible absorption (left), photoluminescence (right)
spectra of 1 and 2 in CH,Cl, at 298 K; (b) photoluminescence spectra
of 1 and 2 in film at 298 K.
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Table 1 Photophysical and electrochemical properties for emitter 1 and 2

Emission”
Compound Aem [NM] FWHM [nm] 7 [ns] Ppy, ES et [eV] E,’ [eV] HOMO/LUMO® [eV]
1 415 (CH,CL,) 60 (CH,Cl,) 0.90 (CH,CL,) 0.42 (CH,CL,) 1.00 2.99 —5.80/—2.81
410 (film) 57 (film) 1.08 (film) 0.52 (film)
2 400 (CH,CL,) 58 (CH,Cl,) 0.96 (CH,CL,) 0.61 (CH,CL,) 1.02 3.10 —5.82/—2.72
390 (film) 52 (film) 2.18 (film) 0.67 (film)
“ At a concentration of 1.0 x 10~° mol L™! in CH,Cl, or neat film, A, = 280 nm. ? In CH,Cl,. ¢ HOMO (eV) = —e(Egnset + 4.8), Eg = 1240/, LUMO (eV) =

E, + HOMO.

blue shift (about 5-10 nm) in emission maximum can be
attributed to steric hindrance of four flexible hexyl chains in one
molecule in solid states. More interestingly, the alternation of
substituent position on naphthalene moiety can give rise to
remarkable emission variation (410 nm for 1 and 390 nm for 2
in film), indicating that the substituent position has great
influence on the excited state of emitters. As shown in Table
S2,t the fluorescence decays are analyzed as two-exponential
curves, the average emission lifetimes of these two emitters
are calculated to be 0.9-2.18 ns from the two-exponential
curves, supporting the fluorescent nature of emission. It
should be noted that relatively large torsion angle and the hexyl
chains within the fluorophors result in the weak interactions
between molecules, and then hinder the -7 interactions in the
solid states, inducing in the effective violet to deep-blue fluo-
rescent emission. The electron cloud distributions of lowest
unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) of 1 and 2 calculated from quantum
chemical calculations were depicted in Fig. 2.7 Different from
the molecule with donor-acceptor structure, the calculated
electron cloud of both LUMO and HOMO distribute over nearly

LUMO

the whole m-conjugation skeleton of molecule, this can be
explained by the fact that the electron density of naphthalene is
almost the same with that of fluorene. Besides, the calculated
electron cloud distributions of selected molecular orbitals of 1
and 2 are also shown in Fig. S2,f and the corresponding
calculated energy levels for of 1 and 2 are listed in Table S3.7
The calculated energy level gap of 1 is slightly smaller than that
of 2, which is consistent with the emission energies of two
compounds in the solution of CH,Cl,. The ®@p;, of 1 is 0.42 in
dichloromethane and 0.52 in film. The ®p;, of 2 is 0.61 in
dichloromethane and 0.67 in film. The emissions exhibited
narrow FWHM (52-60 nm). Moreover, in neat film, the @p;, of
two emitters is much higher than that in dichloromethane. It
should also be noted that, owing to the less extent of aggrega-
tion induced quenching effect in neat film, the high @y, of the
fluorophor could have positive influence on the performance of
devices. We further investigated the electrochemical property of
fluorophors by means of cyclic voltammetry (CV). As shown in
Fig. S3,1 the compounds show reversible oxidation wave in the
solution of CH,Cl,, and the first oxidation potential of
compounds was estimated to be about 1.0 V.*> The energy levels

Fig. 2 Calculated electron cloud distributions of HOMO/LUMO of 1 and 2.

This journal is © The Royal Society of Chemistry 2020
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of the highest occupied molecular orbital and the lowest
unoccupied molecular orbitals of compounds calculated from
the CV can be calculated to be —5.80, —2.81 eV for 1 and —5.82,
—2.72 eV for 2, respectively.

The deep-blue fluorophor 1 was employed further to fabri-
cate the electroluminescent device for evaluating the perfor-
mance of electroluminescence. The non-doped deep-blue OLED
was prepared with the device structure of indium-tin-oxide
(ITO) (180 nm)/poly(3,4-ethylenedioxythiophene) doped with
poly(styrenesulfonate) (PEDOT:PSS) (40 nm)/poly(9-
vinylcarbazole) (PVK) (30 nm)/emitter 1 (20 nm)/2,2,2"-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) (50 nm)/
lithium fluoride (LiF) (1 nm)/aluminum (Al) (100 nm) as
depicted in Fig. S4.1 In the device, ITO is severed as the anode,
and PEDOT:PSS is severed as the hole injection layer (HIL). TPBi
layer and PVK layer are severed as the electron transport layer
(ETL) and the hole transport layer (HTL). We use compound 1 as
the non-doped light-emitting layer (EML). In order to evaluate
the performance of device, a 20 nm of neat film of compound 1
was chosen. The illustration of device structure and the energy
levels of involved functional materials of the deep-blue/violet
device are shown in Fig. S4.7 According to the energy level
diagrams of device (Fig. S4bt), the LUMO/HOMO level of the
fluorophor matches well with that of TPBi and PVK, proving the
excellent carrier recombination within the emission layer, that
is quite important for realizing a high-performance of OLED.?
The fluorophor 1-based device exhibits bright deep-blue fluo-
rescence with narrow FWHM of 59 nm and emission maximum
at 410 nm, as shown in Fig. 3a. In addition, the 1931
Commission Internationale de L'Eclairage (CIE) coordinates is
located in (0.16, 0.08), which belongs to the deep-blue region
(shown in Fig. 3b). Most importantly, under different working
voltages from 7 V to 9 V, the normalized spectra of electrolu-
minescence are well overlapped, indicating that the spectrum of
electroluminescence cannot be affected by the working volt-
ages, and this electrofluorescence is only emitted from the solid
states of fluorophor 1.°

According to the EQE-current density (EQE-J) curve in
Fig. 3b, current density-voltage-luminance (J-V-L) curves and
current efficiency-luminance-power efficiency (CE-L-PE)
curves depicted in Fig. 4, the deep-blue device based on fluo-
rophor 1 also achieves the performance of electroluminescence.
For instance, the turn-on voltages of this device is about 7 V, the
highest luminance, PE, CE and EQE are 138 cd m 2, 0.11 Im
W', 0.25 cd A", and 0.22%, respectively. We noted that, over
the whole operation progress, the efficiency roll-off of this
device is quite small. This preliminary performance of device is
not high, which could be suffered from the inefficient structure
of device. Nevertheless, in the aspects of the spectral properties
of EL, these preliminary results imply that the compound 1 still
has promising application in the deep-blue/violet devices.

3. Experimental section
3.1. Materials and reagents

All of solvents were used after distillation and stored over acti-
vated molecular sieves (5 A). All operations were performed
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Fig. 3 The EL spectra (a) and EQE-J curve (b) of violet/deep-blue
OLED based on 1. Inset: EL photograph (up) and 1931 CIE coordinate
(down) of device at 8 V.

under an inert nitrogen atmosphere using standard Schlenk
unless otherwise stated. All of chemicals and reagents were
purchased from commercial sources and used without further
purification.

3.2. Synthesis of aromatic hydrocarbon isomers (1 and 2)

1,4-Bis(9,9-dihexyl-9H-fluoren-2-yl)naphthalene (1). 2-(9,9-
Dihexyl-9H-fluoren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(0.6 mmol), 1,4-dibromonaphthalene (0.3 mmol) and Pd(PPh;),
(0.03 mmol) was added to mixtures of ethanol (15 mL), toluene
(50 mL), and 2.0 M K,CO; aqueous solution (20 mL). The
mixtures were stirred at 85 °C for 24 h under N,. After the
reaction was finished, the mixtures were diluted with CH,Cl,
and washed with water, dried over anhydrous Na,COs3, then the
solvent evaporated. The crude product was purified by column
chromatography to give white powder (petroleum ether as the
eluent) (85% yield). 'H NMR (400 MHz, CDCl;, 6): 8.06 (dd, J =
6.5, 3.3 Hz, 2H), 7.87 (d, ] = 8.1 Hz, 2H), 7.80 (d, J = 7.2 Hz, 2H),
7.61 (s, 2H), 7.55 (d, J = 5.7 Hz, 4H), 7.46 (dd, J = 6.6, 3.3 Hz,
2H), 7.37 (dq, J = 9.5, 6.2 Hz, 6H), 2.10-1.97 (m, 8H), 1.23-1.05
(m, 25H), 0.82-0.78 (m, 21H). “*C{'"H} NMR (100 MHz, CDClj, 4):
151.14, 150.86, 141.02, 140.51, 140.48, 139.67, 132.44, 128.91,
127.27, 127.01, 126.70, 126.65, 125.93, 125.10, 123.03, 119.94,
119.74, 55.30, 40.57, 31.69, 29.89, 24.05, 22.74, 14.19. Anal.
caled for CgoH7,: C, 90.85; H, 9.15; found: C 90.89, H 9.20.
MALDI-TOF-MS (m/z): caled for CgoHyy, 792.563; found,
792.562.

This journal is © The Royal Society of Chemistry 2020
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Fig.4 The CE-L-PE curves (a), J-V-L curves (b) of deep-blue OLED
based on 1.

1,5-Bis(9,9-dihexyl-9H-fluoren-2-yl)naphthalene (2). This
compound was obtained in the yield of 90% by the same
procedure as the compound 1. "H NMR (400 MHz, CDClj, 6):
8.00 (d, J = 8.4 Hz, 2H), 7.87 (d, J = 8.1 Hz, 2H), 7.81 (d, ] =
7.3 Hz, 2H), 7.58-7.51 (m, 8H), 7.43-7.36 (m, 6H), 2.06-2.00 (m,
8H), 1.22-1.09 (m, 26H), 0.83-0.79 (m, 20H). "*C{'"H} NMR (100
MHz, CDCl;, 6): 151.13, 150.83, 141.32, 141.00, 139.86, 128.88,
127.25, 127.01, 126.99, 125.89, 125.50, 125.08, 123.02, 119.91,
119.68, 55.29, 40.54, 31.67, 29.87, 24.03, 22.72, 14.17. Anal.
caled for CgoHy,: C, 90.85; H, 9.15; found: C 90.88, H 9.22.
MALDI-TOF-MS (m/z): caled for CgoHyp, 792.563; found,
792.571.

3.3. EL device fabrication and testing

The devices were fabricated on pre-patterned ITO glass
substrates with a sheet resistance of 15 Q per square. The ITO
glass substrates were sequentially cleaned by the detergent,
acetone, isopropyl alcohol and deionized water before use. Prior
to the thin film deposition, the substrates were treated with the
UV ozone to improve the work function and also to remove the
possible chemical residuals left on the ITO surface during the
wet cleaning processes. Poly(3,4-ethylenedioxythiophene)
doped with poly(styrenesulfonate) (PEDOT:PSS) were spin-
coated onto the cleaned ITO substrates at 3000 rpm for 40 s,
and annealed for 20 min at 120 °C. The poly(9-vinylcarbazole)
(PVK) prepared by spin-coating (PVK in

layer was

This journal is © The Royal Society of Chemistry 2020
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chlorobenzene (5 mg mL ™)) at 3000 rpm for 40 s, and annealed
for 10 min at 100 °C in the glove box. The thickness of the PVK is
about 20 nm. The EML layer was prepared by spin-coating
(compound 1 in toluene (5 mg mL™')) at 3000 rpm for 40 s,
and annealed for 10 min at 100 °C in the glove box. The thick-
ness of the EML is about 20 nm. Afterwards, the ITO glass
substrates with PVK layer and EML layer were loaded in
a vacuum chamber for deposition of organic layers using
thermal evaporation under a base pressure of 5 x 10~* Pa. The
film thicknesses and the corresponding deposition rates were
controlled by the calibrated crystal quartz sensors. The thick-
ness for PEDOT:PSS/PVK/EML by spin-coating are characterized
by a film step measuring instrument (Dektak-XT). Deposition
rates of functional organic layers, the cathode interlayer LiF and
the top Al contact were about 1A s, 0.1 A s * and 3-6 A s},
respectively. The active emissive area of the devices is 3 mm x 3
mm, defined by the overlap between ITO anode and Al cathode.

The EL spectra, CIE coordinates of OLEDs were measured
using a computer controlled PR-655 spectra scan spectrometer.
The J-V-L was measured by a computer-controlled Keithley
2400 source meter integrated with a BM-70A luminance meter.
The CE and PE were calculated from the plot of J-V-L. The EQE
was calculated from the J-V-L curve and spectra data. All
samples were characterized immediately after thin films depo-
sition without encapsulation.

3.4. Theoretical calculations

All calculations were performed using the Gaussian 09 package.
The geometry optimization by density functional theory was
carried out using the B3LYP functional. The 6-31G(d) basis set
was used to treat all other atoms.

4. Conclusion

To conclude, two novel and highly efficient deep-blue to violet
fluorescent fluorene/naphthalene-based aromatic hydrocar-
bons were designed by connecting fluorene and naphthalene
through large torsion angle. Attributed to the large torsion angle
between naphthalene and fluorene unit and four hexyl chains
within one molecule, the m-7 interactions was largely sup-
pressed in the solid states, giving highly efficient deep-blue to
violet fluorescent emission. In neat film, bright deep-blue to
violet emission at wavelength of about 410 nm with high ®@p;, up
to 0.67 can be observed from the designed emitters, and the full
width at half maximum of emitter is relatively narrow (52 nm).
In addition, the 1931 Commission Internationale de L'Eclairage
coordinate and maximum emission peak for deep-blue elec-
troluminescence based on 1 is (0.16, 0.08) and 410 nm,
respectively. Further explorations of this family of deep-blue
fluorescent materials for highly efficient deep-blue electrolu-
minescence are still going on.
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