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Abstract: A series of symmetric carbazole derivatives (CzP-H, CzP-CN, CzP-Me, and CzP-OMe),
which comprise electron-donating and electron-drawing groups appending on a phenyl core,
was synthesized and characterized in detail. These compounds exhibit excellent thermal stabilities,
with thermal decomposition temperatures exceeding 400 ◦C. From the fluorescent spectra in film,
CzP-H, CzP-Me, and CzP-OMe showed UV to blue-violet emission, with peaks at 396 nm, 402 nm,
and 392 nm, respectively. The E00 energies of CzP-H, CzP-CN, CzP-Me, and CzP-OMe were 3.39 eV,
2.83 eV, 3.50 eV, and 3.35 eV, respectively. From the electrochemical measurements, the highest
occupied molecular orbital (HOMOs) energy levels were −5.30 eV, −5.64 eV, −5.46 eV, and −5.24 eV
for CzP-H, CzP-CN, CzP-Me, and CzP-OMe, respectively. Through calculations from HOMO
energy levels and E00 energies, the lowest unoccupied molecular orbital (LUMOs) energy levels
of CzP-H, CzP-CN, CzP-Me, and CzP-OMe were −1.91 eV, −2.81 eV, −1.96 eV, and −1.89 eV,
respectively. Therefore, the introduction of different substitutes in phenyl cores would distinctly
affect the photophysical properties. These results indicate that the prepared carbazole derivatives
could be potential candidates for realizing ultraviolet or blue-violet emission.

Keywords: carbazole; symmetrical; π-bridge effect; ultraviolet emission

1. Introduction

Recently, organic electronics (OEs) are becoming more attractive due to their unique merits in low
cost, lightweight, large-scale fabrication and flexibility. Until now, plenty of functional small molecules
and polymers have been developed for optoelectronic devices, including organic light-emitting diodes
(OLEDs) [1], organic solar cells (OSCs) [2], organic field-effect transistors (OFETs) [3] and organic
photodetectors (OPDs) [4]. Among them, some are utilized dramatically in the market, ascribing to
their versatile characteristics, such as OLEDs.

The technology of OLEDs is a promising solution for realizing full-color and high-resolution
flat-panel displays and flexible devices. Since their discovery in 1987 [5], the stable and efficient
ultraviolet emitters have become quite crucial for commercial applications. In general, three primary
light emitters (red, green, and blue) have basically satisfied the commercial requirements for their
electroluminescent devices with high efficiencies, long lifetimes, and pure Commission International
de l’Eclairage (CIE) coordinates [6,7]. Although important progress has been achieved, there is
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increasingly urgency to design and manufacture much more extensive applications of OLEDs in
medical and health facilities. Unlike present gas-based ultraviolet light sources, ultraviolet OLED
emitters show versatile advantages such as their high efficiency, low-driving voltage, self-emitting
properties, pure color, high brightness and environmentally-green characteristics [8,9]. Due to the
tough requirements of the intrinsic wide band gaps in ultraviolet materials, weak conjugation [10]
is commonly proposed for designing and preparing molecules; however, this could lead to low
carrier mobility and difficult carrier injection from both anode and cathode electrodes [11,12].
As a result, the development of stable and high-efficiency organic ultraviolet materials in OLEDs
is a significant issue.

Both the obvious shortages of traditional ultraviolet light apparatuses and the promising future
of OLEDs in medical and health care have prompted research studies focused on developing
efficient wide band-gap organic materials for realizing ultraviolet emission. In addition, the
continual improvements of OLEDs provide steady backup for designing and preparing new ultraviolet
materials. Even though organics-based ultraviolet materials possess these advantages, obtaining
high-performance ultraviolet organic materials still faces lots of obstacles. The traditional deep-blue
fluorophores, such as anthracene [13], aromatic hydrocarbons [14], dihydrodinaphthoheptacene [15],
carbazole [16], fluorene [17], triphenylamine [18], phenylene [19], pyrene [20] and phosphorescent
iridium complexes [21] showed good performance in dilute solution, but urgent demands for
further improvements remain regarding ultraviolet color purity, intermolecular stacking, solid-state
morphology, efficiency and device lifetime. For instance, the negative aggregation of molecules in
the solid state could induce red-shifted emissions and aggregation quench, the consequences limit
the realization of pure ultraviolet emission. Furthermore, some of these materials failed to provide
dense films and the thin films tended to crystalize during deposition and produced the rough surface,
grain boundaries or pin holes leading to current leakage. To achieve high-performance ultraviolet
molecules, a number of small molecules and polymers have been designed and developed, including
π-conjugated organics via modification of chemical structures, asymmetric non-planar molecules [22],
donor-acceptor typed dopants [23], phosphorescent emitters [24], star-shaped polyfluorenes [25],
cationic iridium complexes [26], dihydroindenofluorene [27] and monodisperse macromolecules [28].
However, most of them were not good enough for shorter wavelength emission with high color
purity. Recently, a series of versatile star-shaped carbazole derivatives were reported, which comprised
various aryl groups appending in the 1, 3, 6, and 8 positions of 9-alkyl-carbazole. These molecules
exhibited the ultraviolet emission at about 394 nm with a narrow full width at half maxima (FWHM)
of 42 nm, and versatile thermal stability with thermal decomposition temperatures ranging from 321
to 485 ◦C. However, these carbazole derivatives were still facing photoluminescence quantum yields
(PLQY, Φf) as low as 3.4% [29].

However, the new series of carbazole-based ultraviolet emitters in terms of larger band gaps,
high quantum efficiency and high color purity remain to be explored [30–33]. Carbazole-based
small molecules exhibit excellent performance in ultraviolet/deep-blue OLEDs; for example,
they demonstrate large conjugation stability, high hole mobility and high thermal properties. However,
they also suffer from some defects that lead to the limited application in OLEDs. Therefore, intense
investigations have been carried out to improve the performance of carbazole-based ultraviolet
molecules [34–37]. Herein, we designed a series of symmetric ultraviolet small molecules based
on 1,4-Bis (9-phenyl-9H-carbazol-3-yl) bearing different phenyl cores. Through modifying different
substitutes in phenyl cores, such as cyan as an electron-withdrawing group, and methyl and methoxy
as electron donors, four small molecules were synthesized. Their photophysical properties were
investigated in detail with the aim of understanding structure–property relationships and providing
distinct information for further developing novel carbazole-based ultraviolet molecules.
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2. Experimental Section

2.1. Characterization and Instrumentation

All of the reagents were utilized as received from commercial sources. The solvents used in this
study were further purified via standard methods.

1H- and 13C-nuclear magnetic resonance (NMR) spectra were performed on a Brüker AVANCE 400M
spectrometer (Bruker, Billerica, MA, USA) by using deuterated chloroform solution. Time-of-flight
(TOF) mass spectra were tested on a Bruker BIFLEXIII (Bruker, Billerica, MA, USA). Elemental analyses
were carried out on an Elementar Vario (Elementar, Langenselbold, Germany). Differential scanning
calorimetry (DSC) was carried out on a Netzsch DSC-204 (Netzsch, Selb, Germany) under
nitrogen atmosphere with heating and cooling rates of 10 ◦C·min−1 and 70 ◦C·min−1, respectively.
The thermogravimetric analyses (TGA) were tested on a TA TGA Q50 instrument (TA Instruments,
New Castle, DE, USA) with a heating rate of 10 ◦C· min−1. The results of the UV-vis spectra
were obtained from a PerkinElemer LAMBDA spectrophotometer (PerkinElemer, Waltham, MA,
USA). The photoluminescence (PL) spectra were performed via using a PerkinElmer LS-45
fluorescence spectrophotometer (PerkinElemer, Waltham, MA, USA). The fluorescent quantum
yields were recorded in dichloromethane at 297 K with quinine (0.05 mol·L−1 sulfate) as reference.
Cyclic voltammetry (CV) measurements were performed at Princeton Applied Research PARSTAT
2273 (AMETEK Inc., Berwyn, PAa, USA) with a scan rate of 50 mV·s−1 under nitrogen, in which the
tetra(n-butyl)ammoniumhexafluorophosphate (n-Bu4NPF6, 0.1 M) in acetonitrile or dichloromethane
was used as the supporting electrolyte, and the conventional three-electrode configuration was utilized,
consisting of glassy carbon as the work electrode, saturated calomel as reference electrode and platinum
plate as counter electrode, respectively.

2.2. Synthesis of Targeting Molecules

2.2.1. Synthesis of 1,4-Bis(9-phenyl-9H-carbazol-3-yl)benzene (CzP-H)

A mixture of N-phenyl-3-carbazolylboronic acid (1.25 g, 4.4 mmol) and 1,4-Dibromo benzene
(0.475 g, 2 mmol) was added to a three-necked flask and dissolved in freshly distilled toluene (50 mL)
under a nitrogen atmosphere. K2CO3 aqueous solution (2 M, 5 mL) was then added. Pd(PPh3)4 (0.12 g)
was added in one portion to the reaction mixture, which was then heated (99 ◦C) and refluxed for 24 h.
The mixture was cooled to room temperature, concentrated, and extracted with chloroform. The organic
layer was purified using column chromatography on a silica gel with petroleum ether/dichloromethane
(2:1) as the eluent to give CzP-H (0.896 g, 80% yield) as a white powder (melting point (m.p.) 239◦C).
1H-NMR (CDCl3, 400 MHz, δ): 7.30~7.33 (1H, m); 7.43~7.44 (2H, t); 7.47~7.51 (2H, d); 7.60~7.66 (4H,
d); 7.72~7.75 (1 H, d); 7.84 (2H, s); 8.21~8.23 (1H, s); 8.43 (1H, s). 13C-NMR (CDCl3, 400 MHz, δ): 76.68,
76.99, 77.31; 109.94; 110.07; 118.66; 120.09; 120.39; 123.55; 123.99; 125.40; 126.14; 127.12; 127.53; 127.67;
129.92; 133.16; 137.76; 140.25; 140.46; 141.44. MALDI-TOF: m/z 560.3 (M+). Anal. Calcd for C42H28N2:
C 89.97, H 5.03, N 5.00; found: C 89.58; H 5.12; N 4.69.

2.2.2. Synthesis of 2,5-bis(9-phenyl-9H-carbazol-3-yl)terephthalonitrile (CzP-CN)

A mixture of N-phenyl-3-carbazolylboronic acid (1.25 g, 4.4 mmol) and 2,5-dibromoterephthalonitrile
(0.567 g, 2 mmol) was added to a three-necked flask with toluene (50 mL) under the protection of
nitrogen atmosphere. The Pd(PPh3)4 (0.12 g) and K2CO3 aqueous solutions (2 M, 5 mL) were added in
one portion, respective. Then, the reaction system was heated (99 ◦C) and refluxed for 24 h. The mixture
was then cooled to room temperature, and extracted with dichloromethane three times. The crude
products were purified by column chromatography with petroleum ether/dichloromethane (2:1) as the
eluent to give CzP-CN (0.854 g, 70% yield) as a green solid (m.p. 351 ◦C). 1H-NMR (CDCl3, 400 MHz, δ):
7.34~7.37 (2H, t); 7.43~7.50 (4H, t); 7.52~7.57 (4H, t); 7.60~7.69 (10H, m); 8.08 (2H, s); 8.22 (1H, s);
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8.24 (1H, s); 8.39 (2H, s). MALDI-TOF: m/z 610.3 (M+). Anal. Calcd for C44H26N4: C 86.53, H 4.29,
N 9.17; found: C 85.28; H 4.23; N 8.89.

2.2.3. Synthesis of 3,3′-(2,5-dimethyl-1,4-phenylene)bis(9-phenyl-9H-carbazole) (CzP-Me)

A mixture of N-phenyl-3-carbazolylboronic acid (1.25 g, 4.4 mmol) and 1,4-dibromo-2,5-
dimethylbenzene (0.524 g, 2 mmol) was added to a three-necked flask with toluene (50 mL) under
the protection of nitrogen atmosphere. The Pd(PPh3)4 (0.12 g) and K2CO3 aqueous solutions (2 M,
5 mL) were added in one portion, respectively. Then, the reaction system was heated (99 ◦C) and
refluxed for 24 h. The mixture was cooled to room temperature, and extracted with dichloromethane
three times. The crude products were purified using column chromatography on a silica gel with
petroleum ether/dichloromethane (2:1) as the eluent to give CzP-Me (0.965 g, 82% yield) as a white
powder (m.p. 277 ◦C). 1H-NMR (CDCl3, 400 MHz, δ): 2.39 (3H, s); 7.30~7.34 (2H, d); 7.43~7.50 (5H, m);
7.62 (2H, s); 7.64 (2H, s); 8.16 (1H, s); 8.17 (1H, s). 13C-NMR (CDCl3, 400 MHz, δ): 20.18; 76.67; 76.99;
77.31; 109.27; 109.87; 119.99; 120.31; 120.82; 123.47; 123.31; 126.02; 127.12; 127.47; 129.89; 132.34; 132.93;
133.81; 137.83; 139.93; 141.23; 141.31. MALDI-TOF: m/z 588.4 (M+). Anal. Calcd for C44H32N2: C 89.76,
H 5.48, N 4.76; Found: C 88.21; H 5.30; N 4.49.

2.2.4. Synthesis of 3,3′-(2,5-dimethoxy-1,4-phenylene)bis(9-phenyl-9H-carbazole) (CzP-OMe)

A mixture of N-phenyl-3-carbazolylboronic acid (1.25 g, 4.4 mmol) and 1,4-dibromo-2,5-
dimethoxybenzene (0.588 g, 2 mmol) was added to a three-necked flask with toluene (50 mL) under
the protection of nitrogen atmosphere. The Pd(PPh3)4 (0.12 g) and K2CO3 aqueous solutions (2 M,
5 mL) were added in one portion, respectively. Then, the reaction system was heated (99 ◦C) and
refluxed for 24 h. The mixture was cooled to room temperature, and extracted with dichloromethane
three times. The crude products were purified using column chromatography on a silica gel with
petroleum ether/dichloromethane (2:1) as the eluent to give CzP-OMe (0.992 g, 80% yield) as a white
solid (m.p. 297 ◦C). 1H-NMR (CDCl3, 400 MHz, δ): 3.85 (3H, t); 7.16 (1H, s); 7.25 (1H, s); 7.42~7.44
(2H, d); 7.46~7.49 (2H, d); 7.61~7.65 (4H, d); 7.78~7.70 (1H, d); 8.20 (1H, s); 8.37 (1H, s). 13C-NMR
(CDCl3, 400 MHz, δ): 56.71; 76.68; 77.00; 77.31; 109.43; 109.83; 115.46; 119.96; 120.40; 121.14; 123.40;
123.59; 125.94; 127.12; 127.46; 127.77; 129.88; 130.36; 130.84; 137.80; 140.16; 141.29. MALDI-TOF: m/z
620.4 (M+). Anal. Calcd for C44H32N2O2: C 85.14, H 5.20, N 4.51; Found: C 85.17; H 5.25; N 4.24.

3. Results and Discussion

3.1. Synthesis

Scheme 1 shows the detailed synthetic procedures for CzP-H, CzP-CN, CzP-Me, and CzP-OMe.
All of the desired compounds were readily obtained by one-pot Suzuki coupling reaction via using
the commercially available N-phenyl-3-carbazolylboronic acid and 1,4-dibromo benzene derivatives
directly. To promote the reaction yields and simplify the procedures of obtaining target compounds,
the previous reaction systems of tetrabutylammonium bromide (TBAB), PdCl2, and the solvent of
acetone were replaced by Pd(pph3)4 and toluene, respectively [29,30]. These improvements could
successfully control the reaction to get the target products with high yields (>70%). The CzP-H, CzP-Me
and CzP-OMe are readily dissolved in common organic solvents such as toluene, chloroform, THF and
chlorobenzene. However, the CzP-CN is poorly soluble in these solvents, which is possibly resulting
from the introduction of electron-withdrawing cyano groups that the intermolecular force are stronger
in CzP-CN than in CzP-H, CzP-Me and CzP-OMe.

3.2. Thermal Stability

The thermal properties of CzP-H, CzP-CN, CzP-Me, and CzP-OMe were evaluated by
thermogravimetric analysis (TGA), respectively. The pertinent data are summarized in Table 1.
In Figure 1a, the TGA test suggests that all of these small molecules exhibit excellent thermal stabilities,
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with decomposition temperatures (Td) at 5% weight loss ranging from 403 ◦C to 421 ◦C. On the basis
of the thermal properties, all of these four small molecules show very high thermal stability, which is
significantly beneficial for realizing stable ultraviolet materials.

Scheme 1. Synthetic routes of the CzP-H, CzP-CN, CzP-Me, and CzP-OMe.

Figure 1. Thermogravimetric analysis (TGA) curves for CzP-H, CzP-CN, CzP-Me, and CzP-OMe.

Table 1. Thermal properties of CzP-H, CzP-CN, CzP-Me and CzP-OMe.

Compound Tm (◦C) Td (◦C)

CzP-H 239 406
CzP-CN 351 403
CzP-Me 277 421

CzP-OMe 297 413

3.3. Theoretical Calculation

To understand the electronic properties theoretically, the density functional theory (DFT)
calculations were carried out to analyze these four small molecules via using the Gaussian 09 program
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at the B3LYP/6-31G(d) level, and the relative electronic structures are presented in Figure 2. For CzP-H,
CzP-CN, CzP-Me, and CzP-OMe, the highest occupied molecular orbitals (HOMOs) and lowest
unoccupied molecular orbital (LUMOs) were spread out the entire molecule backbones with distinct
locations, indicating that the different substitutes in the phenyl cores could influence the distribution
of electron density in the carbazole-based backbones. The HOMO orbitals of these four compounds
reside much more intensively on both carbazole and phenyl cores, which is possibly due to the
π-bridge effect on symmetric carbazole units. However, the LUMO orbitals are quite different from
the HOMOs. Compared with CzP-H, it can be clearly observed that the LUMOs reside on the phenyl
core, with a cyano group for CzP-CN, resulting from the strong electron-withdrawing properties
of the cyano groups. For CzP-Me and CzP-OMe, the substitutes in the phenyl core have similar
electron-donating groups, but the LUMO state of CzP-Me is only localized on one carbazole unit,
while the LUMO state of CzP-OMe is the closest to CzP-H. This is possibly because the methoxyl group
in CzP-OMe is much more flexible than the methyl in CzP-Me, resulting in the more planar structure
of CzP-OMe than CzP-Me. The distinction of the electron density of the HOMOs and LUMOs implies
that the different substitutes in the phenyl cores can successfully change the twist angle of molecular
structure, even though the π-bridge effect or intermolecular interactions could be influenced. Hence,
the molecular orbital analysis clearly indicates that the substituents at the 2,4-positions of the phenyl
cores alter the energy levels of the symmetric carbazole-based small molecules.

Figure 2. Highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals
(LUMOs) for CzP-H, CzP-CN, CzP-Me, and CzP-OMe by density functional theory (DFT) calculations
at the B3LYP/6-31G(d) level.

3.4. Photophysical Properties

The UV-visible absorption and PL spectra of CzP-H, CzP-CN, CzP-Me, and CzP-OMe in solution
and film are shown in Figure 3, and the relative data are summarized in Table 2. For the absorption
spectra of CzP-H, CzP-CN, CzP-Me and CzP-OMe in dichloromethane (DCM), the maximal absorption
can be detected at 243 nm and 304 nm for CzP-H, 241 nm and 296 nm for CzP-CN, 248 nm and 299 nm
for CzP-Me, and 246 nm, 289 nm, and 325 nm for CzP-OMe, respectively. The absorption spectra in
film are slightly different, with the maximal absorption at 212 nm and 308 nm for CzP-H, 220 nm,
250 nm and 412 nm for CzP-CN, 216 nm and 302 nm for CzP-Me, and 246, and 328 nm and 332 nm
for CzP-OMe, respectively. In addition, the red-shifted absorption at 330 nm for CzP-OMe can be
illustrated as the more planar structure than CzP-Me. From the intersection of normalized absorption
and PL spectra in film, the E00 of CzP-H, CzP-CN, CzP-Me, and CzP-OMe were 3.39 eV, 2.83 eV, 3.50 eV,
and 3.35 eV, respectively (Figure S12). These results show that CzP-Me has a larger band gap (Eg) than
CzP-H, where the CzP-CN has the smallest Eg. The PL spectra in solution and in film show identical
UV or deep-blue emissions, where the emission peaks are at 377 nm and 396 nm for CzP-H, 465 nm
and 480 nm for CzP-CN, and 369 nm and 402 nm for CzP-Me, 388 nm and 392 nm for CzP-OMe in
solution and in film, respectively. CzP-Me shows a shorter emission wavelength, which proves that
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the steric electron-donating methyl groups can successfully increase the twist angle in their molecule
structure and reach the UV emission. The emission at 465 nm for CzP-CN in solution is probably
caused by the intramolecular donor–acceptor charge-transfer state. The spectra in film are slightly
red-shifted compared with those in solution; however, the bathochromic shift of CzP-Me is 33 nm and
CzP-OMe is 4 nm, respectively. This possibly because the largest twist angle of CzP-Me in film has
been restricted, and imposes less influence in the planar structure of CzP-OMe.

Compared with CzP-H, CzP-CN, and CzP-Me, the UV-vis absorption and PL spectra of CzP-CN
are obviously different, and both of them show the greater red-shifted spectra, which is possibly
because cyano is a strong electron-withdrawing unit that would form the obvious intramolecular
charge-transfer state from the carbazole unit to CN-substituted phenyl moiety [36]. These phenomena
are also illustrated by the theoretical computation. It can be seen that these four compounds have
almost the same distributions of electron clouds in the HOMO energy levels. However, there are
completely different distributions in the LUMOs. Furthermore, strong electron-donating carbazole
units and strong electron-drawing cyano units turn CzP-CN into a donor–acceptor (D-A)-type blue
emission, which would be a promising candidate of the blue fluorescent compound. The PL spectra
of CzP-CN show a broad full width at half maximum (FWHM), which indicate that the D-A system
extends π-conjugation, inducing a large bathochromic shift and impairing the color purity. In general,
CzP-H, CzP-Me and CzP-OMe exhibit UV to blue-violet emission with maxima emission from 369 nm
to 402 nm. As shown in Table 2, the photoluminescence quantum yield (PLQY) of CzP-H, CzP-Me,
and CzP-OMe are 71%, 49%, and 35%, respectively. CzP-H shows the highest PLQY, and CzP-OMe
shows the lowest one. Since CzP-CN is hard to solve in organic solvents, it is difficult to test the PLQY.
Therefore, these as-prepared carbazole derivatives can be used potentially as excellent candidates for
the blue-violet to UV OLEDs. Through considering these optical properties penetratingly, it is proposed
that the absorption and PL spectra are affected by the properties of peripheral substituents. As shown
in Figure 3, the absorption and PL spectra of CzP-CN in solution and in film are obviously red-shifting
compared with CzP-H, CzP-Me, and CzP-OMe. The almost 100-nm red-shift in PL can be ascribed to
the strong electron-withdrawing nature of cyano presented in CzP-CN. However, CzP-Me shows the
nearly same absorption and PL spectra as the original compound CzP-H, and only a small blue-shift
in PL spectra due to the steric structure via the introduction of methyl. Additionally, the capabilities of
peripheral substituents (-H, -Me and -OMe) present little effect on the photophysical properties.
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Figure 3. (a) Ultraviolet-visible and (b) PL spectra of CzP-H, CzP-CN, CzP-Me, and CzP-OMe in DCM
solvent; (c) Ultraviolet-visible and (d) PL spectra of CzP-H, CzP-CN, CzP-Me, and CzP-OMe in films.

Table 2. Photophysical properties of the compounds.

Compound λabs,DCM (nm) λabs,film (nm) λPL,DCM (nm) λPL,film (nm) E00 (eV) Φf (%)

CzP-H 243, 304 212, 308 377 396 3.39 71
CzP-CN 241, 296 220, 250, 412 465 480 2.83 -
CzP-Me 248, 299 216, 302 369 402 3.50 49

CzP-OMe 246, 289, 325 246, 328, 332 388 392 3.35 35

3.5. Electrochemical Properties

The cyclic voltammetry measurements were used to study the electrochemical properties of these
four small molecules. The ferrocene was used as a standard internal reference in this study, and the
ferrocene/ferrocenium (Fc/Fc+) redox shows a half-wave potential (E1/2) at 0.47 V. The CV curves are
presented in Figure 4, and the relative data are concluded in Table 3. The highest occupied molecular
orbital (HOMO) energy levels were calculated according to the empirical formula EHOMO = −e(Eox

+ 4.8 − E1/2,(Fc/Fc
+

)) [30], where Eox is the onset of the oxidation potential. From Figure 4, the Eoxs
are 0.97 eV, 1.31 eV, 1.13 eV and 0.91 eV for CzP-H, CzP-CN, CzP-Me and CzP-OMe, respectively.
Through the calculation, the HOMOs of these four small molecules were −5.30 eV, −5.64 eV, −5.46 eV,
and −5.24 eV for CzP-H, CzP-CN, CzP-Me and CzP-OMe, respectively. Since we can’t get the
reductive curves from the CV test, the lowest unoccupied molecular orbital (LUMO) energy levels are
calculated from the empirical equation of ELUMO = EHOMO + E00, where the E00 is the intersection of
the normalized absorption spectra with the PL spectra. Through the calculation, the LUMOs of CzP-H,
CzP-CN, CzP-Me, and CzP-OMe are−1.91 eV,−2.81 eV,−1.96 eV, and−1.89 eV, respectively. It shows
that CzP-CN has the lowest HOMO level, indicating that the existence of the electron-withdrawing
substituent (cyano) can decrease the HOMO energy levels. Alternatively, the HOMO of CzP-Me are
0.16 eV lower than the HOMO of CzP-H, but CzP-OMe is 0.06 eV higher than the HOMO of CzP-H.
This is possibly because the methyl group will twist the molecular structure of CzP-Me, leading to the
lower HOMO energy level, while the electron-donating methoxyl group could promote the HOMO
level distinctly. These are in agreement with not only the results from the UV and PL spectra, but also
the theoretical calculations. In addition, from the calculation data of LUMOs, these results can also well
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illustrate that CzP-CN has the lowest LUMO energy level, and CzP-OMe has the highest. It implies
that the strong CN groups can form the charge-transfer state efficiently; however, the methyl groups
may twist and restrict the conjugation of carbazoles to generate UV light emission.

Figure 4. (a) Cyclic voltammogram curves of CzP-H, CzP-CN, CzP-Me, and CzP-OMe in solutions and
(b) an energy-level diagram for CzP-H, CzP-CN, CzP-Me, and CzP-OMe.

Table 3. Electrochemical properties of the compounds.

Compound Eox (V) EHOMO (eV) ELUMO (eV)

CzP-H 0.97 −5.30 −1.91
CzP-CN 1.31 −5.64 −2.81
CzP-Me 1.13 −5.46 −1.96

CzP-OMe 0.91 −5.24 −1.89

4. Conclusions

Through chemical substitution, four small molecules based on carbazole derivatives with
symmetrical configurations anchoring different peripheral substituents, such as methyl, methoxyl,
and nitrile, were investigated in detailed. These four compounds have high melting points and
thermal decomposition temperatures, which demonstrates that they possess very high thermal
stabilities. Theoretical calculations, photophysical properties, and electrochemical properties suggest
that electron-donating groups will increase the HOMO energy levels, and electron-withdrawing units
could lower the LUMO energy levels efficiently in these kinds of molecular configurations with
different peripheral substituents. In addition, the PL spectra of these compounds display UV to
blue-violet fluorescence (λmax= 392–402 nm) in films with narrow FWHM (30–45 nm). Furthermore,
the CzP-H shows the highest PLQY of 72%, and CzP-Me gives the shortest fluorescent emission of
392 nm with a PLQY of 50%. Therefore, the introduction of π bridges with different substitutes between
two carbazole units would affect the photophysical properties efficiently. These results indicate
that the prepared carbazole derivatives would be potentially versatile candidates for constructing
high-efficiency UV and blue-violet organic light emitting materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/11/4/617/s1.
Figure S1: 1H NMR spectrum of CzP-H; Figure S2: 1H NMR spectrum of CzP-CN; Figure S3: 1H NMR spectrum
of CzP-Me; Figure S4: 1H NMR spectrum of CzP-OMe; Figure S5: 13C NMR spectrum of CzP-H; Figure S6:
13C NMR spectrum of CzP-Me; Figure S7: 13C NMR spectrum of CzP-OMe; Figure S8: HR-MS spectrum of CzP-H;
Figure S9: HR-MS spectrum of CzP-CN; Figure S10: HR-MS spectrum of CzP-Me; Figure S11: HR-MS spectrum of
CzP-OMe; Figure S12: Normalized absorption spectra and normalized PL spectra.

http://www.mdpi.com/1996-1944/11/4/617/s1


Materials 2018, 11, 617 10 of 12

Acknowledgments: This work was financially supports by the National Nature Science Foundation of China
(No. 61505123, U1663229, 51473140), the Shenzhen fundamental R&D program under grant (No. JCYJ20160520175355048,
JCYJ20150525092940976), Hunan Postgraduate Science Foundation for Innovation (No. CX2016-B261), Open Project
for the National Key Laboratory of Luminescent Materials and Devices (No. 2017-skllmd-12), Brand Specialty &
Preponderant Discipline Construction Projects of Jiangsu Higher Education Institutions.

Author Contributions: Pengju Zeng and Bin Zhang conceived and designed the experiments; Siyang Liu
performed the experiments; All the authors analyzed the data; Siyang Liu and Bin Zhang wrote the paper.

Conflicts of Interest: There are no conflicts to declare.

References

1. Jou, J.-H.; Lin, Y.-P.; Hsu, M.-F.; Wu, M.-H.; Lu, P. High efficiency deep-blue organic light-emitting diode
with a blue dye in low-polarity host. Appl. Phys. Lett. 2008, 92, 193314. [CrossRef]

2. Liang, Y.; Xu, Z.; Xia, J.; Tsai, S.T.; Wu, Y.; Li, G.; Ray, C.; Yu, L. For the bright future-bulk heterojunction
polymer solar cells with power conversion efficiency of 7.4%. Adv. Mater. 2010, 22, E135–E138. [CrossRef]
[PubMed]

3. Chen, G.; Sun, S.; Lan, L.; Yang, Y.; Yang, W.; Zhang, B.; Cao, Y. A Solution-Processed and Low Threshold
Voltage p-Type Small Molecule Based on Indolocarbazole- and Benzothiophene-Fused Rings. Dyes Pigments
2017, 144, 32–40. [CrossRef]

4. Yu, G.; Gao, J.; Hummelen, J.C.; Wudl, F.A.; Heeger, A.J. Polymer photovoltaic cells: Enhanced efficiencies
via a network of internal donor-acceptor heterojunctions. Science 1995, 270, 1789–1791. [CrossRef]

5. Tang, C.W.; Vanslyke, S.A. Organic electroluminescent diodes. Appl. Phys. Lett. 1987, 51, 913–915. [CrossRef]
6. Yang, Z.F.; Xu, B.; He, J.T.; Xue, L.L.; Guo, Q.; Xia, H.J.; Tian, W.J. Solution-processable and thermal-stable

triphenylamine-based dendrimers with truxene cores as hole-transporting materials for organic
light-emitting devices. Org. Electron. 2009, 10, 954–956. [CrossRef]

7. Kuwabara, Y.; Ogawa, H.; Inada, H.; Noma, N.; Shirota, Y. Thermally Stable Multilared Organic
Electroluminescent Devices Using Novel Starburst Molecules, 4,4′,4′′-Tri(N-carbazolyl) riphenylamine
(TCTA) and 4,4′,4′′-Tris(3-methylphenylphenyl-amino)triphenylamine (m-MTDATA), as Hole-Transport
Materials. Adv. Mater. 1994, 69, 677–679. [CrossRef]

8. Kim, Y.-H.; Shin, D.C.; Kim, S.-H.; Ko, C.-H.; Yu, H.-S.; Chae, Y.-S.; Kwon, S.-K. Novel blue emitting material
with high color purity. Adv. Mater. 2001, 13. [CrossRef]

9. Sasabe, H.; Onuma, N.; Nagai, Y.; Ito, T.; Kido, J. High power efficiency blue-to-green organic light-emitting
diodes using isonictinonitrile-based fluorescent emitters. Chem. Asian J. 2017, 12, 648–654. [CrossRef]
[PubMed]

10. Tang, X.; Yao, L.; Liu, H.; Shen, F.; Zhang, S.; Zhang, H.; Lu, P.; Ma, Y. An efficient AIE-active blue-emitting
molecule by incorporating multifunctional groups into tetraphenylsilane. Chem. Eur. J. 2014, 20, 7589–7592.
[CrossRef] [PubMed]

11. Endo, J.; Matsumoto, T.; Kido, J. Organic electroluminescent devices with a vacuum-deposited
Lewis-acid-doped hole-injecting layer. J. Appl. Phys. 2002, 41, L358–L360. [CrossRef]

12. Vanslyke, S.A.; Chen, C.H.; Tang, C.W. Organic electroluminescent devices with improved stability.
Appl. Phys. Lett. 1996, 69, 2160–2162. [CrossRef]

13. Kwak, S.W.; Lee, K.M.; Lee, J.E.; Yoo, J.; Yi, Y.; Kwon, H.; Lee, H.; Park, M.H.; Chung, Y. Synthesis and
electroluminescence properties of 3-(Trifluoromethyl)phenyl-substituted 9,10-Diarylanthracene derivatives
for blue organic light-emitting diodes. J. Mater. Chem. 2011, 21, 1109–1114. [CrossRef]

14. Liu, F.; Huang, W.; Cao, Y. Facile synthesis of spirocyclic aromatic hydrocarbon derivatives based on
o-halobiaryl route and domino reaction for deep-blue organic semiconductors. Org. Lett. 2009, 11, 3850–3853.
[CrossRef] [PubMed]

15. Romain, M.; Quinton, C.; Roisnel, T.; Jacques, E.; Rault-Berthelot, J.; Poriel, C. A Dihydrodinaphthoheptacene.
J. Org. Chem. 2018, 83, 1891–1897. [CrossRef] [PubMed]

16. Yang, Z.; Chi, Z.; Zhou, L.; Zhang, X.; Chen, M.; Xu, B.; Wang, C.; Zhang, Y.; Xu, J. Blue-light-emitting
carbazole derivatives with high thermal stability. Opt. Mater. 2009, 32, 398–401. [CrossRef]

17. Zhao, Z.; Xu, X.; Chen, X.; Wang, X.; Lu, P.; Yu, G.; Liu, Y. Synthesis and characterization of deep blue
emitters from starburst carbazole/fluorine compounds. Tetrahedron 2008, 64, 2658–2668. [CrossRef]

http://dx.doi.org/10.1063/1.2931071
http://dx.doi.org/10.1002/adma.200903528
http://www.ncbi.nlm.nih.gov/pubmed/20641094
http://dx.doi.org/10.1016/j.dyepig.2017.05.019
http://dx.doi.org/10.1126/science.270.5243.1789
http://dx.doi.org/10.1063/1.98799
http://dx.doi.org/10.1016/j.orgel.2009.04.024
http://dx.doi.org/10.1002/adma.19940060913
http://dx.doi.org/10.1002/1521-4095(200111)13:22&lt;1690::AID-ADMA1690&gt;3.0.CO;2-K
http://dx.doi.org/10.1002/asia.201601641
http://www.ncbi.nlm.nih.gov/pubmed/28029223
http://dx.doi.org/10.1002/chem.201402152
http://www.ncbi.nlm.nih.gov/pubmed/24849130
http://dx.doi.org/10.1143/JJAP.41.L358
http://dx.doi.org/10.1063/1.117151
http://dx.doi.org/10.3390/app7111109
http://dx.doi.org/10.1021/ol900978x
http://www.ncbi.nlm.nih.gov/pubmed/19655730
http://dx.doi.org/10.1021/acs.joc.7b02834
http://www.ncbi.nlm.nih.gov/pubmed/29308637
http://dx.doi.org/10.1016/j.optmat.2009.06.011
http://dx.doi.org/10.1016/j.tet.2007.12.059


Materials 2018, 11, 617 11 of 12

18. Tokito, S.; Tanaka, H.; Okuda, A. High-temperature operation of an electroluminescent device fabricated
using a novel triphenylamine derivative. Appl. Phys. Lett. 1996, 69, 878–880. [CrossRef]

19. Yang, Z.; Chi, Z.; Yu, T.; Yu, T.; Zhang, X.; Chen, M.; Xu, B.; Liu, S.; Zhang, Y.; Xu, J. Triphenylethylene
carbazole derivatives as a new class of AIE materials with strong blue light emission and high glass transition
temperature. J. Mater. Chem. 2009, 19, 5541–5546. [CrossRef]

20. Kumchoo, T.; Promarak, V.; Sudyoadsuk, T.; Sukwattanasinitt, M.; Rashatasakhon, P. Dipyrenylcarbazole
derivatives for blue organic light-emitting diodes. Chem. Asian J. 2010, 5, 2162–2167. [CrossRef] [PubMed]

21. Zhang, S.; Yao, L.; Peng, Q.; Li, W.; Pan, Y.; Xiao, R.; Gao, Y.; Gu, C.; Wang, Z.; Lu, P.; et al. Achieving
a significantly increased efficiency in nondoped pure blue fluorescent OLED: A quasi-equivalent hybridized
excited state. Adv. Funct. Mater. 2015, 25, 1755–1762. [CrossRef]

22. Wee, K.-R.; Han, W.-S.; Kim, J.-E.; Kim, A.-L.; Kwon, S.; Kang, S.O. Asymmetric anthracene-based blue host
materials: Synthesis and electroluminescence properties of 9-(2-naphthyl)-10-arylanthracenes. J. Mater. Chem.
2011, 1115–1123. [CrossRef]

23. Li, W.; Liu, D.; Shen, F.; Ma, D.; Wang, Z.; Feng, T.; Xu, Y.; Yang, B.; Ma, Y. A twisting donor-acceptor molecule
with an intercrossed excited state for highly efficient, deep-blue electroluminescence. Adv. Funct. Mater. 2012,
22, 2797–2803. [CrossRef]

24. Poriel, C.; Rault-Berthelot, J. Structure-property relationship of 4-substituted-spirobifluorenes as hosts for
phosphorescent organic light emitting diodes: An overview. J. Mater. Chem. C 2017, 5, 3869–3897. [CrossRef]

25. Huang, H.; Fu, Q.; Zhuang, S.; Liu, Y.; Wang, L.; Chen, J.; Ma, D.; Yang, C. Novel deep blue OLED emitters
with 1,3,5-Tri(anthracen-10-yl)-benzene-centered starburst oligofluorenes. J. Phys. Chem. C 2011, 115,
4872–4878. [CrossRef]

26. He, L.; Duan, L.; Qiao, J.; Wang, R.; Wei, P.; Wang, L.; Qiu, Y. Blue-Emitting Cationic Iridium Complexes
with 2-(1H-Pyrazol-1-yl)pyridine as the Ancillary Ligand for Efficient Light-Emitting Electrochemical Cells.
Adv. Funct. Mater. 2008, 18, 2123–2131. [CrossRef]

27. Romain, M.; Thiery, S.; Shirinskaya, A.; Declairieux, C.; Tondelier, D.; Geffroy, B.; Jeannin, O.;
Rault-Berthelot, J.; Métivier, R.; Poriel, C. ortho-, meta-, and para-Dihydroindenofluorene Derivatives
as Host Materials for Phosphorescent OLEDs. Angew. Chem. Int. Ed. 2015, 54, 1176–1180. [CrossRef]
[PubMed]

28. Lai, S.-L.; Tong, Q.-X.; Chan, M.-Y.; Ng, T.-W.; Lo, M.-F.; Lee, S.-T.; Lee, C.-S. Distinct electroluminescent
properties of triphenylamine derivatives in blue organic light-emitting devices. J. Mater. Chem. 2011, 21,
1206–1211. [CrossRef]

29. Niu, F.; Niu, H.; Lian, J.; Zeng, P. Synthesis, Characterization and Application of Starburst
9-Alkyl-1,3,6,8-tetraaryl-carbazole derivatives for organic light-emitting diodes. RSC Adv. 2011, 1, 415–423.
[CrossRef]

30. Yang, Y.; Liang, J.; Hu, L.; Zhang, B.; Yang, W. Synthesis and optical and electrochemical properties of
polycyclic aromatic compounds with S,S-dioxide benzothiophene fused seven rings. New J. Chem. 2015, 39,
6513–6521. [CrossRef]

31. Lee, J.; Chen, H.-F.; Batagoda, T.; Coburn, C.; Djurovich, P.I.; Thompson, M.E.; Forrest, S.R. Deep blue
phosphorescent organic light-emitting diodes with very high brightness and efficiency. Nat. Mater. 2016, 13.
[CrossRef] [PubMed]

32. Kawamura, M.; Kawamura, Y.; Mizuki, Y.; Funahashi, M.; Kuma, H.; Hosokawa, C. Highly efficient
fluorescent blue OLEDs with efficiency-enhancement layer. SID Int. Symp. Dig. Tech. Pap. 2010, 41, 560–563.
[CrossRef]

33. Liu, C.; Li, Y.; Zhang, Y.; Yang, C.; Wu, H.; Qin, J.; Cao, Y. Bisanthrance-based donor-acceptor-type light-emitting
dopants: Highly efficient deep-blue emission in organic light-emitting device. Adv. Funct. Mater. 2014, 24,
2064–2071. [CrossRef]

34. Liu, C.; Li, Y.; Zhang, Y.; Yang, C.; Wu, H.; Qin, J.; Cao, Y. Solution-processed, undoped, deep-blue organic
light-emitting diodes based on starburst oligofluorenes with a planar triphenylamine core. Chem. Eur. J.
2012, 18, 6928–6934. [CrossRef] [PubMed]

http://dx.doi.org/10.1063/1.117974
http://dx.doi.org/10.1039/b902802a
http://dx.doi.org/10.1002/asia.201000304
http://www.ncbi.nlm.nih.gov/pubmed/20715050
http://dx.doi.org/10.1002/adfm.201404260
http://dx.doi.org/10.1039/C0JM02877K
http://dx.doi.org/10.1002/adfm.201200116
http://dx.doi.org/10.1039/C7TC00746A
http://dx.doi.org/10.1021/jp110652y
http://dx.doi.org/10.1002/adfm.200701505
http://dx.doi.org/10.1002/anie.201409479
http://www.ncbi.nlm.nih.gov/pubmed/25469476
http://dx.doi.org/10.1039/C0JM02550J
http://dx.doi.org/10.1039/c1ra00014d
http://dx.doi.org/10.1039/C5NJ01114K
http://dx.doi.org/10.1038/nmat4446
http://www.ncbi.nlm.nih.gov/pubmed/26480228
http://dx.doi.org/10.1889/1.3500528
http://dx.doi.org/10.1002/adfm.201302907
http://dx.doi.org/10.1002/chem.201200062
http://www.ncbi.nlm.nih.gov/pubmed/22539308


Materials 2018, 11, 617 12 of 12

35. Prachumrak, N.; Namuangruk, S.; Keawin, T.; Jungsuttingwong, S.; Sudyoadsuk, T.; Promarak, V. Synthesis
and characterization of 9-(Fluren-2-yl)anthrancene derivatives as efficient non-doped blue emitters for
organic light-emitting diodes. Eur. J. Org. Chem. 2013, 3825–3834. [CrossRef]

36. Miwa, T.; Kubo, S.; Shizu, K.; Komino, T.; Adachi, C.; Kaji, H. Blue organic light-emitting diodes realizing
external quantum efficiency over 25% using thermally activated delayed fluorescence emitters. Sci. Rep. UK
2017, 7, 284. [CrossRef] [PubMed]

37. Im, Y.; Byun, S.Y.; Kim, J.H.; Lee, D.R.; Oh, C.S.; Yook, K.S.; Lee, J.Y. Recent progress in high-efficiency
blue-light-emitting materials for organic light-emitting diodes. Adv. Funct. Mater. 2017, 27, 1603007.
[CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/ejoc.201300165
http://dx.doi.org/10.1038/s41598-017-00368-5
http://www.ncbi.nlm.nih.gov/pubmed/28325941
http://dx.doi.org/10.1002/adfm.201603007
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Characterization and Instrumentation 
	Synthesis of Targeting Molecules 
	Synthesis of 1,4-Bis(9-phenyl-9H-carbazol-3-yl)benzene (CzP-H) 
	Synthesis of 2,5-bis(9-phenyl-9H-carbazol-3-yl)terephthalonitrile (CzP-CN) 
	Synthesis of 3,3'-(2,5-dimethyl-1,4-phenylene)bis(9-phenyl-9H-carbazole) (CzP-Me) 
	Synthesis of 3,3'-(2,5-dimethoxy-1,4-phenylene)bis(9-phenyl-9H-carbazole) (CzP-OMe) 


	Results and Discussion 
	Synthesis 
	Thermal Stability 
	Theoretical Calculation 
	Photophysical Properties 
	Electrochemical Properties 

	Conclusions 
	References

