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t in hole-transporting and
electroluminescent properties of
diketopyrrolopyrrole pigment by grafting with
carbazole dendrons†
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Diketopyrrolopyrrole (DPP) pigments are essential and have been intensively exploited as building-blocks

for the synthesis of organic semiconducting polymers and small molecules; however, DPP derivatives as

emissive materials for electroluminescent (EL) devices have rarely been explored. In this work, a series of

new DPP derivatives grafted with carbazole dendrons in a non-conjugated fashion using an amide

linkage was designed to improve the performance of DPP in EL devices. Three DPP derivatives (G0DPP,

G1DPP and G2DPP) bearing di(p-chlorophenyl)-DPP (Pigment Red 254) as the core substituted with

a hexyl chain, N-hexyl carbazole and N-hexyl-N0-9,30:60,N00-tercarbazole, respectively, were synthesized

to afford improved hole-transporting properties without affecting the photophysical and electronic

properties of the DPP core. The synthesized DPP derivatives displayed an intense yellow fluorescence

emission peaked at 536 nm with an absolute photoluminescence quantum yield close to unity in

solution. The hole-transporting capability of molecules was improved when carbazole dendrons were

incorporated, which increased with an increase in the generation of substituent carbazole dendrons in

the order of G0DPP < G1DPP < G2DPP. Significantly, the use of G2DPP, showing the highest hole

mobility, in an EL device yielded a strong and stable yellow emission peaked at 556 nm (CIE x, y color

coordinates of (0.45, 0.53)) with a brightness of 3060 cd m�2, maximum luminous efficiency of 9.24 cd

A�1 and a maximum EQE of 3.11%.
Introduction

The application of organic materials in organic light-emitting
diodes (OLEDs) received signicant interest due to their
successful application in full-color displays (mobile phones,
digital cameras, and televisions) and potential use as solid-state
lighting sources aer it was rst reported by Tang and Vanslyke
in 1987.1–5 To realize highly efficient electroluminescent (EL)
performances in OLED devices, thermally evaporatedmultilayer
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devices integrated with efficient charge injection and charge
transporting layers are fabricated.6–8 Conversely, solution process-
ing can offer simpler and more cost-effective processing and is
suitable for large-area roll-to-roll production.9 Nonetheless, the
further advancement of solution-processed OLED performances is
still very challenging for competitive lighting devices. One key
aspect for achieving high-performance OLEDs is the design and
synthesis of advanced light-emitting materials with suitable elec-
trical and optical properties to fully use excitons for efficient energy
conversion, which is still a challenge.10–12

Diketopyrrolopyrroles (DPPs) are a family of high-
performance industrial pigments with remarkable thermal
stability and excellent photostability.13 They have been widely
used as high-performance pigments such as inks, paints, and
plastics.13 Furthermore, these characteristics are also desirable
for active materials in mass-producible low-cost organic elec-
tronics.14 DPPs have several advantages, for example, they are
strong acceptors that exhibit a high molar absorption coeffi-
cient and high uorescence quantum yield (FPL) and can
undergo several synthetic modications.15 Thus, based on these
features, in recent years DPPs have emerged as one of the most
© 2021 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
successful building blocks in polymers, oligomers, and small
molecules for the synthesis of high-mobility transistor mate-
rials,16–20 sensing materials,21–24 bioimaging uorescent
probes,25,26 two-photon absorption materials27,28 and materials
for the fabrication of photovoltaic devices.29–32 Many efficient
donor and acceptor materials used in high-performance
organic photovoltaics (OPV) are derivatives of DPP.33–36

However, despite their intense emission in solution, DPP
derivatives as emissive materials in OLEDs are found to be
rare.37–41 Most of them are DPP-containing polymers, but the
small DPP molecule has not been investigated to date. This is
because the planar structure of DPP induces strong intermo-
lecular p–p stacking, leading to dissipative intermolecular
charge transfer, aggravated charge recombination, and low
uorescence emission in the solid state.

Hence, in this work, we report our attempt to design efficient
emissive materials based on DPP for application in solution-
processed OLEDs. As depicted in Scheme 1, di(p-
chlorophenyl)-DPP (Pigment Red 254) was utilized as the DPP
emissive core owing to its strong uorescence emission and
inexpensive commercial availability.42 The carbazole dendron
was chosen as the graing moiety given that the carbazole unit
has a high triplet energy (3.0 eV)43 and excellent hole-
transporting ability. Carbazole has also been extensively
exploited as a building block for the design of wide-band-gap
Scheme 1 . Synthesis of diketopyrrolopyrrole derivatives (G0DPP–G2DP

© 2021 The Author(s). Published by the Royal Society of Chemistry
host materials44,45 and multifunctional phosphors.46–48 Addi-
tionally, the carbazole dendron was varied to tune the proper-
ties of the molecule. Besides, carbazole dendrons have been
effectively used to construct many highly efficient hole-
transporting materials49–51 and hole-transporting light-
emitting materials52–54 for OLEDs. Meanwhile, an alkyl linkage
was selected to connect the nitrogen atoms in the DPP unit and
dendron, aiming to retain the optical and electronic properties
of DPP and achieve convenient synthesis. The hexyl chain was
favourably used because longer chains may separate the den-
dron and core too far from each other, resulting in reduced
effects (energy transfer or electron transfer) between the two
moieties, while shorter chains may cause some difficulties in
the synthesis. It has been reported that carbazole-containing
alkyl bromide is unstable, and thus undergoes elimination
reactions to form inactive olens.55 The hexyl linkage would also
give decent solubility to the dendrimers in common organic
solvents, allowing the materials to be fabricated via solution-
based processes. Thus, employing this design strategy, we
achieved the synthesis of efficient green phosphorescent
iridium dendrimers, where the affixing carbazole dendrons
were anticipated to improve the hole-transporting capability
and function as a host for the iridium emissive core. Accord-
ingly, furnishing high and balanced charge carrier ability to the
materials should pave the way to improve the EL performance of
P).

RSC Adv., 2021, 11, 12710–12719 | 12711
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DPP-based OLEDs. Indeed, the G2DPP-based device achieved
the best EL performance with a strong and stable yellow emis-
sion with CIE x, y color coordinates of (0.45, 0.53) and EQE as
high as 3.11% (9.24 cd A�1).

Experimental
Materials and methods

All chemicals were supplied and used as received without
further purication. Pigment Red 254 was obtained from Tokyo
Chemical Industry (TCI) Chemicals. 3,6-Di-tert-butylcarbazole
(1) and 3,300,6,600-tetra-tert-butyl-N0,30:60,N00-tercarbazole (3) were
synthesized following the literature methods.50,52

1H and 13C NMR spectra were acquired on a Bruker Ascend
III (600 MHz) spectrometer in CDCl3 solvent. High-resolution
mass spectra were analyzed using a Bruker Autoex Speed
mass spectrometer. Infrared spectra were recorded on a Perkin
Elmer FTIR spectrophotometer. UV-Vis absorption spectra were
measured using a Perkin Elmer Lambda 1050 UV/Vis/NIR spec-
trometer. AFM images were taken using a Park System model NX-
10 instrument operated in the tapping mode under ambient
conditions. TGA analyses were performed using a Perkin-Elmer
TGA Pyris 1 instrument at a heating rate of 10 �C min�1 under
an N2 ow. PL spectra and decay proles were obtained using an
Edinburgh Instruments FLS980 spectrometer. Absolute photo-
luminescence quantum yields (FPL) were measured on an Edin-
burgh Instruments FLS980 spectrometer integrated with
a calibrated integrating sphere. Electrochemical analyses were
done on an Autolab PGSTA101 with a three-electrode setup (Pt,
glassy carbon, and Ag/AgCl) in CH2Cl2 and n-Bu4NPF6 (0.1 M) as
the supporting electrolyte. Melting points were measured using
a Krüss KSP1N melting point meter and are uncorrected.

Quantum chemical calculations were performed using the
Gaussian 09 soware.56 The ground-state geometries, HOMO and
LUMO distributions, and HOMO, LUMO energy levels were
calculated using the B3LYP/6-31G (d,p) basis set in CH2Cl2 solvent.

OLED devices (ITO/PEDOT:PSS (35 nm)/EML (35 nm)/TAZ
(40 nm)/LiF (0.5 nm) : Al (150 nm)) were fabricated on
patterned ITO glass substrates (12 U sq�1). The substrates were
pre-cleaned carefully and cured with UV/O3 for 2 min. As the
hole injection layer, a 40 nm-think PEDOT:PSS thin lm was
spin-coated on top from a 1.2 wt% aqueous dispersion of
PEDOT:PSS (CLEVIOSTM P VP Al 4083) at a spinning speed of
5000 rpm for 30 s followed by drying at 120 �C for 15 min.
Subsequently, thin lms with a thickness of 35 nm of G0DPP–
G2DPP 3 wt% in mCP host as the EML were spin-coated on top
from toluene solution of EML (2% w/v) at a spin speed of
2500 rpm for 30 s. The thickness of all the spin-coated lms was
assessed using a Dektak XTL stylus proler. Then TAZ as an
electron transporting layer of 40 nm, LiF of 0.5 nm, and
aluminum of 150 nm were thermally evaporated using a Kurt J.
Lasker Mini SPECTROS 100 thin lm deposition system. The
thin lm thicknesses were monitored and controlled using
a quartz crystal. All devices were unencapsulated and measured
under ambient conditions in the dark. They were analyzed
using a Keithley 2400 source meter, a Hamamatsu Photonics
PMA-12 multi-channel analyzer, and an integrating sphere
12712 | RSC Adv., 2021, 11, 12710–12719
equipped with a Hamamatsu Photonics C9920-12 EQE
Measurement System.
Synthesis and characterization

N-(6-Bromohexyl)-3,6-di-tert-butyl-carbazole (2). 1,6-Dibro-
mohexane (2.8 mL, 18.0 mmol) was added to a solution of
compound 1 (1.0 g, 3.6 mmol) and KOH (0.81 g, 14.4 mmol) in
DMF (50 mL) at 0 �C. The mixture was stirred at room
temperature for 24 h and then diluted with water (100 mL) and
extracted with CH2Cl2 (3 � 50 mL). The combined organic layer
was washed with water (50 mL), brine solution (50 mL), dried
over anhydrous Na2SO4, ltered and concentrated under
reduced pressure. The crude product was puried by column
chromatography (CH2Cl2/hexane) to afford a white solid (1.22 g,
77%). Mp 120–122 �C; FTIR (ATR, cm�1) n 2937, 2842, 1482,
1376, 1074, 831, 694. 1H-NMR (600 MHz, CDCl3, ppm) d 8.10 (s,
2H), 7.50 (d, J ¼ 8.4 Hz, 2H), 7.30 (d, J ¼ 8.4 Hz, 2H), 4.25 (t, J ¼
7.2 Hz, 2H), 3.36 (t, J ¼ 6.6 Hz, 2H), 1.81–1.90 (m, 4H), 1.44 (s,
18H), 1.41–1.39 (m, 4H); 13C-NMR (150 MHz, CDCl3, ppm)
d 141.5, 139.0, 123.3, 122.7, 116.3, 108.0, 43.0, 34.7, 33.7, 32.6,
32.4, 32.1, 29.0, 28.0, 26.5; m/z (HRMS MALDI-TOF) C26H36BrN
calcd 441.2031; found 441.3331 (M+).

N-(6-Bromohexyl)-3,300,6,600-tetra-tert-butyl-N0,30:60,N00-tercar-
bazole (4). It was synthesized from compound 3 using the same
conditions as that for 2 and obtained as a white solid (1.06 g,
86%). Mp 293–295 �C; FTIR (ATR, cm�1) n 2935, 2847, 1485,
1375, 1074, 831, 694. 1H-NMR (600 MHz, CDCl3, ppm) d 8.18 (s,
2H), 8.15 (s, 4H), 7.64 (m, 4H), 7.44 (m, 4H), 7.31 (m, 4H), 4.49 (t,
J ¼ 7.2 Hz, 2H), 3.43 (m, 2H), 2.09–1.91 (m, 4H), 1.46 (s, 36H),
1.44 (m, 4H) ppm; 13C-NMR (150 MHz, CDCl3, ppm) d 142.5,
140.3, 139.9, 129.9, 125.7, 123.5, 123.4, 123.0, 119.5, 116.2,
109.9, 109.1, 43.5, 34.7, 33.7, 32.6, 31.9, 29.1, 28.0, 27.3,
26.6 ppm; m/z (HRMS MALDI-TOF) C58H66BrN3 calcd 883.4440;
found 883.605 (M+).

3,6-Bis(4-chlorophenyl)-2,5-dihexyl-2,5-dihydropyrrolo[3,4-c]
pyrrole-1,4-dione (G0DPP). Pigment Red 254 (5) (0.10 g, 0.28
mmol), KOtBu (0.0691 g, 0.62 mmol) and NMP (15 mL) were
heated to 60 �C. 1-Bromohexane (0.12 mL, 0.84 mmol) was then
added, and the mixture was stirred at 60 �C for 18 h. Aer
cooling to room temperature, it was diluted with water (50 mL)
and extracted with CH2Cl2 (3 � 50 mL). The combined organic
layer was washed with water (50 mL), brine solution (50 mL),
dried over anhydrous Na2SO4, ltered and concentrated under
reduced pressure. The crude product was puried by column
chromatography (CH2Cl2/hexane) to afford an orange solid
(0.080 g, 55%). Mp 183 �C; FTIR (ATR, cm�1) n 2936, 2847, 1686,
1612, 1483, 1374, 1076, 831, 695. 1H-NMR (600 MHz, CDCl3,
ppm) d 7.76 (d, 4H, J ¼ 8.4 Hz), 7.50 (d, 4H, J ¼ 8.4 Hz), 3.72 (t,
4H, J ¼ 7.5 Hz), 1.56 (m, 4H), 1.21 (m, 12H), 0.83 (t, 6H); 13C-
NMR (150 MHz, CDCl3, ppm) d 162.5, 147.4, 137.4, 130.0,
129.3, 136.6, 110.0, 41.9, 31.2, 29.7, 29.4, 26.4, 22.5, 13.9; m/z
(HRMS MALDI-TOF) C30H34Cl2N2O2 calcd 524.1997; found
524.4251 (M+).

3,6-Bis(4-chlorophenyl)-2,5-bis(6-(3,6-di-tert-butyl-carbazol-
N-yl)hexyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (G1DPP).
It was synthesized from compound 2 (0.372, 0.84 mmol), KOtBu
© 2021 The Author(s). Published by the Royal Society of Chemistry
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(0.0691 g, 0.62 mmol) and Pigment Red 254 (5) (0.10 g, 0.28
mmol) using the same conditions as that for G0DPP and ob-
tained as an orange solid (0.15 g, 45%). Mp 192 �C; FTIR
(ATR, cm�1) n 2950, 2868, 2311, 1673, 1605, 1475, 1353, 1082,
797, 716. 1H-NMR (600 MHz, CDCl3, ppm) d 8.09 (s, 4H), 7.70 (d,
4H, J ¼ 8.4 Hz), 7.45–7.49 (m, 8H), 7.23 (d, J ¼ 8.4 Hz, 4H), 4.18
(t, 4H, J ¼ 6.8 Hz), 3.69 (t, 4H, J ¼ 7.3 Hz), 1.78 (m, 4H), 1.53 (m,
4H), 1.45 (m, 36H), 1.24–1.30 (m, 8H). 13C-NMR (150 MHz,
CDCl3, ppm) d 162.4, 147.3, 141.5, 138.9, 137.4, 129.9, 129.3,
126.4, 123.2, 122.7, 116.3, 109.9, 107.9, 42.9, 41.8, 34.7, 32.1,
29.3, 29.0, 26.8, 26.6; m/z (HRMS MALDI-TOF) C70H80Cl2N4O2

calcd 1078.5658; found 1078.6823 (M+).
3,6-Bis(4-chlorophenyl)-2,5-bis(6-(3,300,6,600-tetra-tert-butyl-

[N,30:60,N00-tercarbazol]-N0-yl)hexyl)-2,5-dihydropyrrolo[3,4-c]
pyrrole-1,4-dione (G2DPP). It was synthesized from compound 4
(0.372, 0.42), KOtBu (0.035 g, 0.31 mmol) and Pigment Red 254
(5) (0.05 g, 0.14 mmol) using the same conditions as that for
G0DPP and obtained as an orange solid (0.083 g, 52%). Mp
247 �C; FTIR (ATR, cm�1) n 2963, 2854, 2359, 1673, 1503, 1258,
811, 606. 1H-NMR (600 MHz, CDCl3, ppm) d 8.17 (s, 4H), 8.15 (s,
8H), 7.73 (d, 4H, J ¼ 8.4 Hz), 7.55–7.61 (m, 8H), 7.42–7.46 (d,
12H), 7.30 (d, 8H, J ¼ 8.4 Hz), 4.40 (t, 4H, J ¼ 7.2 Hz), 3.76 (m,
4H), 1.94–1.99 (m, 4H), 1.61–1.65 (m, 4H), 1.26–1.46 (m, 80H);
13C-NMR (150 MHz, CDCl3, ppm) d 162.4, 147.3, 142.5, 140.3,
139.9, 137.5, 129.9, 129.4, 126.4, 125.7, 123.5, 123.1, 119.5,
116.2, 110.0, 109.8, 109.1, 43.4, 41.8, 34.7, 32.1, 29.4, 29.0, 26.8,
26.6; m/z (HRMS MALDI-TOF) C134H140Cl2N8O2 calcd
1963.0476; found 1963.0941 (M+).
Results and discussion
Synthesis and characterization

The synthesis of di(p-chlorophenyl)-DPP (Pigment Red 254) func-
tionalizedwith carbazole dendrons is outlined in Scheme 1. Firstly,
the synthesized 3,6-di-tert-butylcarbazole (1) and 3,300,6,600-tetra-
tert-butyl-N0,30:60,N00-tercarbazole (3)50,52 were alkylated with an
Fig. 1 Frontier-orbital distribution, HOMO and LUMO energy levels of G

© 2021 The Author(s). Published by the Royal Society of Chemistry
excess amount of 1,6-dibromohexane in the presence of KOH as
a base in dimethylformamide to afford the monoalkylated mole-
cules 2 and 4 in good yield, respectively. In the nal step, alkylation
of Pigment Red 254 (5) with 1-bromohexane, compound 2, or
compound 4 under basic conditions of KOtBu in N-methyl-2-
pyrrolidone gave the desired products G0DPP, G1DPP, and
G2DPP as yellow-orange solids in moderate yields, respectively. All
molecules were chemically characterized by 1H NMR, 13C NMR,
and high-resolution MALDI-TOF mass spectra, agreeing well with
their proposed structures (Fig. S3–S7, ESI†). Due to the existence of
a hexyl chain and carbazole dendron, the newly synthesized di(p-
chlorophenyl)-DPP derivatives displayed good solubility in most
organic solvents and could be processed into thin lms using
simple solution-processed casting methods.
Theoretical calculation

The electronic structure and molecular geometry were investi-
gated using the density functional theory (DFT) method with
the B3LYP hybrid function and 6-31G(d) basis set as imple-
mented in Gaussian 09.56 The optimized geometries of G0DPP–
G2DPP revealed that the di(p-chlorophenyl)-DPP core adopts
a planar conformation (Fig. S1, ESI†). In case of G1DPP and
G2DPP, the core is sandwiched by pendant carbazole dendrons.
The molecules become more hindered as the generation of
dendrons increased due to the strongly twisted structure of each
carbazole unit in the dendron. These structural characteristics
can inuence the physical properties of the material. The lowest
unoccupied molecular orbital (LUMO) energy level of all the
molecules was calculated to be approximately the same (�2.63
to �2.70 eV), while their highest occupied molecular orbital
(HOMO) energy levels varied (�5.36 to �5.01 eV). A more
detailed picture comparing the HOMO and LUMO for all three
molecules is depicted in Fig. 1. As is evident from this picture,
the LUMO orbitals of all the molecules are located on the
electron-decient di(p-chlorophenyl)-DPP core. The distribu-
tion of the p-electrons in the HOMO of G0DPP is on the DPP
0DPP–G2DPP simulated using the B3LYP/6-31G(d) basis set.

RSC Adv., 2021, 11, 12710–12719 | 12713
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Fig. 2 (a) UV-vis absorption spectra in toluene solution and normal-
ized PL spectra of G0DPP–G2DPP in toluene solution and thin film
spin-coated on quartz substrates of G0DPP–G2DPP. Transient PL
decay spectra ofG0DPP–G2DPP (b) in toluene solution and (c) as neat
films. (d) Normalized PL spectra of 3 wt% G0DPP–G2DPP doped in
mCP.
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orbitals, whereas the p-electrons are delocalized over the entire
carbazole moieties in the case of G1DPP and G2DPP. Accord-
ingly, the HOMO levels decreased with an increase in the
generation of dendrons, while the LUMO levels remained
unchanged. The low HOMO levels of both G1DPP (�5.13 eV)
and G2DPP (5.01 eV) imply that they are susceptible to hole
injection from the indium tin oxide (ITO) anode when fabri-
cated as an emissive layer (EML) in OLED devices.

Optical properties

The UV-visible absorption spectra of the di(p-chlorophenyl)-DPP
derivatives in toluene solution (10�6 M) are shown in Fig. 2a.
The detailed optical data are summarized in Table 1. All the
spectra showed the main broad absorption band maximum at
479 nm, which can be assigned to the p–p* transition of the
Table 1 Key physical data of the synthesized compounds

Compd
labs (log 3)a

(nm, M�1 cm�1)
lem (nm) sola/
lmb/dlmc

sd (ns)
solb/lmb

T5d
e

(�C)
E1/2 vs.
Ag/Ag+f (V)

G0DPP 479 (4.31) 536/610/557 6/4 356 �1.73, �1.2,
1.23, 1.47

G1DPP 298 (4.71),
479 (4.29)

536/608/557 6/4 409 �1.75, �1.19,
1.15, 1.52

G2DPP 298 (5.14),
479 (4.27)

536/595/553 6/13 432 �1.76, �1.18,
1.02, 1.20, 1.50

a Measured in toluene. b Measured as the neat lm. c Measured as 3 wt% d
a heating rate of 10 �Cmin�1 under an N2 ow.

f Obtained fromCV at a scan
PL quantum yield measured by integrating sphere. h Estimated from the o
�(4.44 + Eooxnset); LUMO¼ �(4.44 + Eorenset); E

ele
g ¼ Eooxnset � Eorenset, where Eo

o
n

of the reduction. j LUMO ¼ HOMO � Egopt. k Obtained from hole-only de
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di(p-chlorophenyl)-DPP moiety (Fig. 2a).42 In G1DPP and
G2DPP, a sharp absorption band at a lower wavelength (298
nm), corresponding to the p–p* transition of the carbazole
moiety, was also observed. Noticeably, the DDP absorption peak
intensities of all the molecules barely changed (Fig. 2a and
Table 1), suggesting that grating the DPP core with electron-
donating carbazole dendrons in a non-conjugated manner
does not affect its electronic properties. This result is consistent
with the constant in LUMO levels observed in the DFT calcu-
lation. Moreover, the intensity of the absorption peak at 298 nm
increases from G1DPP to G2DPP, which is related to the
increased number of carbazole units in the substituent moie-
ties. Thus, the optical band gap (Egopt) of these molecules will
not be affected. As depicted in Table 1, the Egopt values calcu-
lated from the onset of the absorption spectra are 2.33 eV for
G0DPP, 2.34 eV for G1DPP, and 2.35 eV for G2DPP. In solution,
G0DPP–G2DPP demonstrated a strong yellow emission with an
absolute PL quantum yield (FPL) close to unity (Table 1). They
showed identical photoluminescence (PL) spectra with peaks at
536 and 578sh nm, which are attributed to the emission of the
di(p-chlorophenyl)-DPP core (Fig. 2a). The PL spectra of G1DPP
and G2DPP are excitation wavelength independent, where
excitation occurs either at the carbazole moieties (at 298 nm) or
DDP core (at 479 nm), and thus the PL spectra obtained are
identical. The results suggest that energy or excitons can effi-
ciently be transferred from the carbazole moiety to the emissive
DPP unit. In the neat lm, the PL spectra displayed a large
bathochromic-shi compared to the PL in solution, indicating
the substantial aggregation of the molecule in the lm state.
G0DPP, in particular, its PL spectrum was red-shied to 610 nm
and became broad with a featureless band. G2DPP bearing a 2nd

carbazole dendron exhibited weaker intermolecular aggrega-
tion. Consequently, the FPL values of these compounds doped
in the neat lm were as low as 9–20% (Table 1). The transient PL
decay spectra of G0DPP–G2DPP in solution and neat lm are
shown in Fig. 2b and c, and the lifetimes are listed in Table 1,
respectively. In both conditions, all the molecules displayed
only prompt uorescence with a short lifetime (ns). It is inter-
esting to note that the PL lifetime of G2DPP in the neat lm (13
FPL
g (%) sola/

lmb/dlmc Egopth (eV)

HOMO/
LUMO/
Eeleg

i (eV) LUMOj (eV)
Hole mobilityk

(cm2 V�1 s�1)

96/9/67 2.33 �5.69/�3.33/
2.36

3.34 2.00 � 10�6

95/12/71 2.34 �5.51/�3.33/
2.18

3.16 2.56 � 10�6

92/20/70 2.35 �5.29/�3.33/
1.96

2.94 3.35 � 10�5

oped in mCP thin lm. d Transient PL decay time. e Analysed by TGA at
rate of 50mV s�1 in CH2Cl2 and n-Bu4NPF6 as the electrolyte.

g Absolute
ptical absorption edge, Egopt ¼ 1240/lonset.

i Calculated using HOMO ¼
x
set is the onset potential of the oxidation and Eorenset is the onset potential
vice (ITO/PEDOT:PSS/Compd/MoO3/Al).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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ns) was somewhat longer than in solution. This can be attrib-
uted to the fact that the bulky molecular structure of the 2nd

carbazole dendron hampers the p-stacked aggregation of the
di(p-chlorophenyl)-DPP core in the solid state, leading to less
planarization of the molecule, and thus giving rise to a long PL
lifetime.57 Thus, to improve the FPLs of G0DPP–G2DPP in the
lm state, they were doped in the mCP host matrix. With the
optimum doping concentration of 3 wt% of the compound in
CBP, the thin lms exhibited strong yellow emissions, with the
FPL values insignicantly enhanced up to 71% (Table 1). As
shown in Fig. 2d, the PL spectra of all the doped thin lms
display pure dopant emissions peaked at 553–557 nm, which
are slightly blue-shied compared to that in the PL spectrum of
the corresponding neat lm. These results imply that doping of
the compounds in the mCP host matrix well suppresses
molecular aggregation and restores their high FPL as that in
solution.

Thermal and electrochemical properties and hole mobility

The thermal properties of G0DPP–G2DPP were investigated by
thermal gravimetric analysis (TGA), which revealed that all the
molecules exhibit high thermal stability with decomposition
temperatures at 5% weight loss (T5d) of over 356 �C (Fig. 3a and
Table 1).

The electrochemical properties of the samples were explored
by cyclic voltammetry (CV) to estimate the oxidation, reduction
potentials, and HOMO–LUMO energy levels of each molecule.
The experiments were performed in CH2Cl2 solution with 0.1 M
n-Bu4NPF6 as the supporting electrolyte. The CV plots of
G0DPP–G2DPP are shown in Fig. 3a, and the data is tabulated in
Table 1. All the compounds displayed multiple oxidation and
reduction processes. Their reductions occurred at the same
reduction half-wave potentials (E1/2) of ��1.2 and ��1.7 V,
which are attributed to the reduction of the di(p-chlorophenyl)-
DPP moiety.42 The oxidations at E1/2 of�1.2 and�1.5 V can also
Fig. 3 (a) TGA plots of G0DPP–G2DPP analyzed under N2 at a heating
rate of 10 �C min�1. (b) CV curves of G0DPP–G2DPP measured in
CH2Cl2 solution containing 0.1 M Bu4NPF6 at a scan rate of 50 mV s�1.
(c) AFM images of G1DPP and G2DPP 3 wt% doped in mCP thin films.

© 2021 The Author(s). Published by the Royal Society of Chemistry
be ascribed to the oxidation of the DPP core. Thus, the oxidation
wave at the lower potential of 1.15 V for G1DPP and 1.02 for
G2DPP can be related to the oxidation of the graing carbazole
dendrons. Moreover, the CV traces remained unchanged in
their continual CV scans, proving the high electrochemical
stability of these molecules. Subsequently, the HOMOs,
LUMOs, and band gaps were deduced from the oxidation onset
(Eooxnset) and reduction onset (Eorenset) following the equations
described in the footnote of Table 1. Although optical band gaps
for all three materials were found to be identical, the electro-
chemical HOMO and LUMO values and electrochemical band
gaps (Eeleg ) varied among the molecules. These values are
compared in Table 1. G2DPP was found to have the smallest
Eeleg value (1.96 eV) and also the lowest-lying LUMO level (�5.29
eV). Upon going from the unsubstituted hexyl chain (G0DPP) to
the 1st generation carbazole dendron (G1DPP) and 2nd genera-
tion carbazole dendron (G2DPP), the trend of increasing HOMO
energy was observed, and thus narrowing of the bandgap. These
electrochemical results are similar to the calculated HOMO,
LUMO, and DE values calculated in the DFT experiment. The
presence of the carbazole dendron is innately likely to make the
molecules easier to oxidize. The LUMO levels of the compounds
were calculated using the difference between the optical band
gap (Egopt) and HOMO level obtained from electrochemical
measurements and are listed in Table 1. Markedly, the HOMO
levels of G1DPP and G2DPP are close to the work function of the
ITO/PEDOT:PSS anode (5.20 eV) (Fig. 5a),58 and as an emissive
layer, they can be coated on top of the ITO/PEDOT:PSS anode
without any assistance from hole-injection materials (HIM) and
hole-transporting materials (HTM), giving rise to a simple
device architecture.

The hole-transporting ability of G0DPP–G2DPP was also
determined using the space charge limited current (SCLC)
method based on the current density–voltage (J–V) measure-
ments of a hole-only device (ITO/PEDOT:PSS (35 nm)/G0DPP–
G2DPP (100 nm)/MoO3 (10 nm)/Al (100 nm))59 (Fig. 4). The hole
mobilities of G0DPP–G2DPP were estimated by combining the
Mott–Gurney equation and Frenkel effect60 to be in the range of
2.00 � 10�6 to 3.35 � 10�5 cm2 V�1 s�1 (Table 1). Among them,
G2DPP possessed the highest hole mobility of 3.35 � 10�5 cm2

V�1 s�1. This high hole mobility can be benecial for high-
performance OLED devices.61 It has been established that
Fig. 4 Current density–voltage (J–V) plots of the hole-only devices.
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Fig. 5 (a) Device structure and energy levels (relative to the vacuum energy level) of the materials used. (b) Normalized EL spectra (inset:
photographs of yellow G1DPP and G2DPP-based OLEDs), (c) current density–voltage–luminance (J–V–L) plots, (d) luminance efficiency–
current density (CE–J) plots and (e) external quantum efficiency–current density (EQE–J) plots of the fabricated G0DPP–G3DPP-based OLEDs.
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highmobility emitters can widen the recombination zone in the
emissive layer and result in a longer device lifetime and lower
driving voltages.61,62
Electroluminescent properties

To evaluate the electroluminescence properties of the newly
synthesized di(p-chlorophenyl)-DPP derivatives, OLED devices
with the optimized structure of indium tin oxide (ITO)/
PEDOT:PSS (35 nm)/EML (35 nm)/TAZ (40 nm)/LiF (0.5
nm) : Al (150 nm) were fabricated. The EML was spin-coated
from a CHCl3–toluene (1 : 1) solution of G0DPP–G2DPP 3 wt%
in mCP with a controllable thickness. The morphology of the
casted thin lms was studied by atomic forcemicroscopy (AFM),
which showed that they all displayed amorphous features with
uniform smooth surfaces and root-mean-square roughness
(RMS) values of less than 1 nm (Fig. 3c). The surface was
observed to have no pinholes and crystalline islands, indicating
high-quality nanoscale thin lms. To realize the optimal device
performance from the EML, TAZ was utilized as an electron-
transporting layer (ETL) and hole blocking layer (HBL). As
shown in Fig. 5a, the suitable LUMO level of TAZ and its high
electron mobility can enable the control and enhancement of
Table 2 Electroluminescent data of the fabricated OLED devicesa

Device EML Von
b (V) lELmax (nm) FWHM (nm) Lmax

c (cd m

I G0DPP 4.2 556 88 3376
II G1DPP 4.2 556 88 2034
III G2DPP 4.5 553 84 3060

a ITO/PEDOT:PSS/EML 3 wt% in mCP/TAZ/LiF : Al. b Turn-on voltage a
luminance. e Maximum luminous efficiency. f Maximum external quantu

12716 | RSC Adv., 2021, 11, 12710–12719
the electron–hole recombination zone in the EML,63 whereas
the large energy barrier between the HOMOs of the EML and the
ETL will conne hole accumulation and exciton recombination
close to this interface.64,65 The electroluminescence (EL) spectra,
current density–voltage-luminance (J–V–L) plots, current density
dependence of the luminance efficiency (LE) and external
quantum efficiency (EQE) of the devices are shown in Fig. 5b–e,
and the essential EL data is summarized in Table 2.

Under an applied voltage, all the devices (I, II, and III)
emitted intense yellow EL emission colors peaked at 553–
556 nm, as shown in Fig. 5b and the inset. The EL spectra
overlapped well with the PL spectra of the EML in a thin lm
with no emission peaks from the mCP host matrix (404 and 426
nm)66,67 and TAZ layer (380 nm),67 indicating that the EL is
purely the emissions from the EML. Remarkably, for each
device, the shape and maximum wavelength of its EL spectrum
remained unchanged with an increase in applied voltage from
7 V to 11 V (Fig. S2, ESI†). This implies efficient charge injection
and recombination in the EML, and the excimer emission and
exciplex emissions from the EML/TAZ interface are effectively
repressed. All the devices were conrmed to be well-balanced
and optimized for both charge transport and energy transfer
�2) Jmax
d (mA cm�2) CEmax

e (cd A�1) EQEmax
f (%) CIE (x,y)

142 4.13 1.42 0.48, 0.51
95 8.91 2.67 0.48, 0.51
117 9.24 3.11 0.45, 0.53

t 1 cd m�2. c Maximum luminance. d Current density at maximum
m efficiency.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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from the mCP host to the G0DPP–G2DPP dopants and operated
stably. Among the three devices, device III having G2DPP as the
EML exhibited the best EL performance with a maximum
luminance of 3060 cd m�2, maximum LE of 9.24 cd A�1,
maximum EQE of 3.11%, and turn-on voltage (Von) of 4.5 V.
Device II using G1DPP as the EML showed a slightly lower
device EL performance with a maximum luminance of 2034 cd
m�2 and maximum LE and EQE values of 8.91 cd A�1 and
2.67%, respectively. TheG0DPP-based OLED (device I) exhibited
the lowest EL performance with the maximum LE and EQE
values of 4.13 cd A�1 and 1.42%, respectively. According to these
results, the performance of the devices (Von, LE, and EQE
values) decreased in the order of III > II > I, following a similar
trend for the hole mobility of the EML materials, which was
observed to be G2DPP > G1DPP > G0DPP. It is well-known that
a high mobility EML material can widen the recombination
zone in the emissive layer and result in a longer device lifetime
and lower driving voltages.68 Thus, the outstanding EL perfor-
mance of theG2DPP emitter can be ascribed to the combination
of its high thin lm FPL, high hole mobility, and suitable
HOMO/LUMO levels, ensuring more balanced and improved
recharge recombination behavior within the device.69

Conclusions

In conclusion, we reported the design strategy and synthesis of
new di(p-chlorophenyl)-DPP derivatives (G0DPP–G2DPP) for use
as emissive materials in OLEDs. The molecules were graed
with a series of hole-transporting carbazole dendrons on the
DPP core through a hexyl chain linkage to enhance their hole-
transporting property and electroluminescent performance in
the devices. Owing to the non-conjugated link between the
carbazole dendrons and DPP core, they exhibited a slight effect
on the optical and electronic properties of the molecules, as
expected. Moreover, the carbazole dendron not only assembled
in a bulky geometry in the molecules but also enhanced their
hole-transporting ability. Because of their weak molecular
interactions, these materials exhibited decent thermal stability,
good thin lm-forming capability, and high photoluminescence
quantum yield in the lm state. Especially, G2DPP carrying the
2nd generation carbazole dendron as the grating moiety
exhibited high hole mobility and realized an excellent electro-
luminescent performance in a solution-processed double-
layered OLED. The device displayed a strong and stable yellow
emission color with a brightness of 3060 cd m�2, maximum LE
of 9.24 cd A�1, and maximum EQE of 3.11%. It is believed that
this work can present a useful methodology to decorate DPP as
an efficient light-emitting material with a hole-transporting
facet for acquiring simple-structured OLEDs. This work also
ascertained that carbazole dendrons can be a worthwhile
moiety capable of being exploited for the development of
solution-processed hole-transporting emissive compounds.
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P. Henriksson, C. Fléchon, M. R. Andersson and
F. Cacialli, APL Mater., 2013, 1, 032108.

39 M. Sassi, N. Buccheri, M. Rooney, C. Botta, F. Bruni,
U. Giovanella, S. Brovelli and L. Beverina, Sci. Rep., 2016, 6,
34096.

40 Y. Zhu, A. R. Rabindranath, T. Beyerlein and B. Tieke,
Macromolecules, 2007, 40, 6981–6989.

41 G. Wiosna-Salyga, M. Gora, M. Zagorska, P. Toman,
B. Luszczynska, J. Peger, I. Glowacki, J. Ulanski,
J. Mieczkowski and A. Pron, RSC Adv., 2015, 5, 59616–59629.
12718 | RSC Adv., 2021, 11, 12710–12719
42 E. D. Głowacki, H. Coskun, M. A. Blood-Forsythe,
U. Monkowius, L. Leonat, M. Grzybowski, D. Gryko,
M. S. White, A. Aspuru-Guzik and N. S. Saricici, Org.
Electron., 2014, 15, 3521–3528.

43 A. Van Dijken, J. J. A. M. Bastiaansen, N. M. M. Kiggen,
B. M. W. Langeveld, C. Rothe, A. Monkman, I. Bach,
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