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Doped and non-doped blue organic light-emitting
diodes based on AlEgens with high exciton
utilization efficiency and external quantum
efficiencyf

Jayaraman Jayabharathi, ©2'* Sekar Sivaraj, Venugopal Thanikachalam ‘= and
Jagathratchagan Anudeebhana

A novel molecular design strategy has been exploited for blue luminogens, NSPI-DVP and CNSPI-DVP
consisting of triphenylethene (TPE) at the C5 and C10 positions of phenanthroimidazole with high-lying
charge-transfer (CT) state to harvest dark triplet excitons. These materials show hybridised local and
charge transfer (HLCT) states and aggregation-induced emission (AIE) properties. Non-doped OLEDs
with NSPI-DVP and CNSPI-DVP show high exciton utilization efficiency (EUE) of 36.00 and 64.00%,
power efficiency (PE) of 4.99 and 4.72 Im W™, external quantum efficiency (EQE) of 3.2 and 5.3% and
current efficiency (CE) of 561 and 5.03 cd A% respectively. The non-doped device with CNSPI-DVP
shows excellent performance with negligible efficiency roll-off and high exciton utilization efficiency (EUE)
than NSPI-DVP. The doped OLEDs with CBP:x wt% NSPI-DVP (EQE-7.60/8.98%) and CBP:CNSPI-DVP
(EQE-8.12/9.81%) show higher efficiencies than that of non-doped devices. The improvement of C5/C10
modified phenanthrimidazole mechanofluorochromic (MFC) materials with AIE behaviour could open a
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1. Introduction

High-performance blue organic light-emitting diodes (OLEDs)
have been attracting attention constantly because of their
significant application potential in displays."””> Blue emitters
lag behind red and green emitters owing to a wide band gap,
which results in inefficient carrier injection and unfavourable
electrical behavior.> Anthracene, phenanthrene and pyrene
substituted phenanthroimidazole derivatives with planar and
rigid structures show pure blue emission because of restricted
conformational relaxation in the excited state.> However, blue
luminogens with strong n-n stacking interactions meet
aggregation-caused quenching (ACQ), which lowers the device
efficiency.® Aggregation-induced emission (AIE) could be an
alternative to ACQ.*”” Mechanochromic materials exhibit AIE
characteristics that show opposite behaviour to ACQ, and may
be utilised as emissive materials.® Highly efficient OLEDs with
100% exciton utilization efficiency (EUE) have been harvested
from phosphorescent as well as thermally-activated delayed
fluorescent (TADF) luminogens.” However, blue phosphors
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new way to enhance OLEDs performances.

suffer from poor stability and high cost, whereas blue TADF
materials with donor-acceptor geometry result in poor colour
purity due to intramolecular charge transfer (CT).

Luminogens with AIE characteristics inhibit concentration
quenching and exciton annihilation and result in intensified
emission in the film.'°® However, the utilization of electro-
generated singlet exciton limits to 25% is a major issue in the
EL process. To enhance the singlet exciton population to
improve EUE, luminogens with high-lying CT are offered to harvest
dark triplet excitons.'* Therefore, it is aimed to construct AIE
luminogens having a high-lying CT state and low-lying LE state
for pure blue emission via a reverse intersystem crossing (RISC)
process.

Phenanthroimidazoles with C2 substitution develop effective
conjugation and results in a deep blue emission, whereas N1
substitution does not affect the optical properties significantly
because of the perpendicular configuration.>™*° Though C2 and
N1 substituted phenanthroimidazoles have been studied widely,
C6 and C9 substituted phenanthrimidazole derivatives have not
been analysed broadly.’®*! Recently, our research group
reported C6/C9, as well as C5/C10, substituted phenanthrimida-
zole derivatives (D-A) with excellent efficiency and low roll-off
efficiency.”” >’

In continuation, herein, we have designed two tailor-made blue
luminogens, 1{(naphthalen-1-yl)-5,10-bis(4-(2,2-diphenylvinyl)phenyl)-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2-styryl-1H-phenanthro[9,10-dJimidazole (NSPI-DVP) and (E)-4-(5,10-
bis(4-(2,2-diphenylvinyl)phenyl)-2-styryl-1H-phenanthro[9,10-d]
imidazol-1-yl)-1-naphthonitrile (CNSPI-DVP) consisting of
AIE active triphenylethene (TPE) unit at C5 and C10 positions
of phenanthrimidazole having D-A structures providing
moderate conjugation when compared to C2 substitution
and also alleviating the ACQ effect. These luminogens
having branched naphthyl moiety at azomethine nitrogen
restricted the intermolecular interactions.> Theoretical and
photophysical studies reveal that NSPI-DVP and CNSPI-DVP
having HLCT behaviour with LE state (low-lying) and CT
state (high-lying), enhanced the exciton utilisation efficiency
(EUE). The non-doped OLEDs with NSPI-DVP and CNSPI-
DVP show high EUE of 36.00 and 64.00%, PE of 4.99 and
472 Im W', EQE of 3.2 and 5.3% and CE of 5.61 and
5.03 cd A, respectively. The doped OLEDs with CBP:x wt%
NSPI-DVP (EQE-7.60/8.98%) and CBP:CNSPI-DVP (EQE-8.12/
9.81%) show higher efficiencies than those of non-doped
devices.

2. Experimental section

The detailed experimental procedure (Scheme S1) and fabrication
of devices are discussed in the ESL
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3. Results and discussion

3.1. Molecular design strategy

For structure-activity analysis, frontier molecular orbital (FMO)
investigations of NSPI-DVP and CNSPI-DVP were carried out using
the DFT method (Fig. 1 and Table 1). The excited state analysis was
performed by a TD-DFT method.***” The twisted conformation of
NSPI-DVP and CNSPI-DVP show C-H interactions rather than n-n
interactions, which leads to minimisation of the tight packing
arrangement, hence, these materials show mechanochromism ¢e.,
response to external stimuli (grinding, fuming, annealing, etc.).
The twisted conformation reduced the n-n stacking interactions
and reduced ACQ in the aggregated form of NSPI-DVP and
CNSPI-DVP. The triphenylethylene units coupled with phenanthroi-
midazole core in planar mode with small torsion angles of 6;-20.2°
and 6,'-22.5° (NSPI-DVP) and 6,-14.0° and 6,’-16.8°-(CNSPI-DVP)
implying moderate conjugation between triphenylethylene and
phenanthroimidazole fragments. Because of the strong steric
interaction, the styryl ring at C2 of phenanthrimidazole shows an
enlarged dihedral angle from 46.1° (NSPI-DVP) to 60.2° (CNSPI-
DVP). Similarly, substituent at azomethine nitrogen shows an
enlarged torsion angle from 59.6° (NSPI-DVP) to 76.9° (CNSPI-
DVP). The higher energy CT state was formed in CNSPI-DVP relative
to NSPI-DVP due to the electron-withdrawing ability of the p-cyano
group (Fig. 1). Natural transition orbitals (NTO) of NSPI-DVP reveal
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Fig. 1 Molecular structure, optimized geometry and molecular electrostatic potential map (MEP) of NSPI-DVP and CNSPI-DVP.
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Table 1 Optical and thermal properties of NSPI-DVP and CNSPI-DVP

Properties NSPI-DVP CNSPI-DVP

To/Ta (°C 162/445 213/502

Jap (nm) (soln/film) 323, 350/320, 342 320, 345/318, 340
Jem (nm) (soln/film) 412/438 405/428

@ (soln/film) 9.2/70.7 7.8/40.8

7 (ns) (soln/film) 0.76/2.93 0.41/1.62
HOMO/LUMO (eV) —5.56/—2.27 —5.43/-2.32

Er (eV) 2.36 2.81

ke (x 1087 1.21/2.41 1.90/2.51

kar (x 10%s71) 1.07/2.37 1.65/2.45

that hole of S1 and S2 states distributed on phenanthrimidazole
core and particle of S1 and S2 states localised on triphenylethylene
unit, which are the unique characteristics of LE states. In CNSPI-
DVP, the hole of S1 state distributed on phenanthrimidazole
core and particle of S1 state localised on triphenylethylene unit,
whereas the particle of S2 state located on styryl substituent,
confirming CT dominant characteristics. The HONTOs and
LUNTOs of NSPI-DVP and CNSPI-DVP have been depicted in
Fig. 2 and Fig. S1, respectively (Tables S1 and S2, ESI{). From
theoretical findings, the molecular design strategy of NSPI-DVP
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and CNSPI-DVP has been carried out. These findings are in
agreement with the strategy of energy level regulation. As
designed, the triphenylethylene fragment of NSPI-DVP and
CNSPI-DVP are involved in the S1 — SO transition, so their AIE
activity could be anticipated.>* The theoretical energy gap of
NSPI-DVP and CNSPI-DVP are 3.32 and 3.20 eV, respectively.

3.2. Potential energy surface (PES) scan

The potential energy surface scan of NSPI-DVP and CNSPI-DVP is
depicted in Fig. 2. The minimum energy conformation in which
the dihedral angle between substituent at azomethine nitrogen
and phenanthroimidazole (59.6°-NSPI-DVP; 76.9°-CNSPI-DVP)
and the substituent at C2 with phenanthroimidazole (46.1°-
NSPI-DVP; 60.2°-CNSPI-DVP) reduced the intermolecular packing.
The incorporation of N-coupling and C-coupling enhanced the
molecular distortion as well as suppressed the aggregation
formation and m-n stacking.”® The restricted intermolecular
interaction (RIR) in the non-coplanar conformation of
NSPI-DVP and CNSPI-DVP results in enhanced quantum yield
in film and hence shows AIE active mechanofluorochromic
behaviour.>°
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Fig. 2

(a) Natural transition orbital pairs (HONTOs and LUNTOs) with transition character of NSPI-DVP [f-oscillator strength and % weights of

hole-particle] and (b) Potential energy scan (PES) of NSPI-DVP and CNSPI-DVP.
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Phosphorescence spectra of NSPI-DVP and CNSPI-DVP.

3.3.

The 5,10-dibromo-1-(naphthalen-1-yl)-2-styryl-1H-phenanthro
[9,10-d]imidazole (DBSPI) and 4-(5,10-dibromo-2-styryl-1H-
phenanthro[9,10-d]imidazol-1-yl)naphthalene-1-carbonitrile (DBSPI-
NCN) intermediates were isolated by the condensation of
2,7-dibromophenanthrene-9,10-dione with respective amines,

Synthesis of mechanofluorochromic materials

ammonium acetate and cinnmaldehyde. The Suzuki-coupling
of DBSPI and DBSPI-NCN with (4-(2,2-diphenylvinyl)phenyl)
boronic acid using Pd(PPh;), catalyst in nitrogen stream
yielded phenanthroimidazoles, 1-(naphthalen-1-yl)-5,10-bis(4-
(2,2-diphenylvinyl)phenyl)-2-styryl-1Hphenanthro[9,10-d]imida-
zole (NSPI-DVP) and 4-(5,10-bis(4-(2,2-diphenylvinyl)phenyl)-2-
styryl-1H-phenanthro[9,10-dJimidazol-1-yl) naphthalene-1-carbonitrile

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(@) TGA and DSC graph; (b) cyclic voltammogram; (c) normalized absorption spectra; (d) emission spectra; (e) Lippert—Mataga plot and (f)

(CNSPI-DVP), respectively (Scheme S1, ESIt). The structure of
NSPI-DVP and CNSPI-DVP were confirmed by spectral studies.

3.4. Thermal stability and electrochemical properties

The thermal stability of NSPI-DVP and CNSPI-DVP was analysed
using TGA (thermogravimetric analysis) and DSC (differential
scanning calorimetry) at a heating rate of 10 °C min~" in N,
protection (Fig. 3 and Table 1). The twisted geometry of NSPI-
DVP and CNSPI-DVP with twist angles of 46.1° and 60.2°
between styryl at C2 and phenanthrimidazole core increased
the thermal stability (Fig. 1). The high thermal decomposition
temperature (T4) of NSPI-DVP (445 °C) and CNSPI-DVP (502 °C)
reveal that NSPI-DVP and CNSPI-DVP are thermally stable and

Mater. Adv., 2021, 2, 6388-6402 | 6391
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appropriate for device fabrication. The highly-twisted geometry
of CNSPI-DVP compared to NSPI-DVP exhibits high thermal
stability. DSC curves of NSPI-DVP and CNSPI-DVP reveal an
endothermic process with a high glass transition temperature
(Ty) of 162 and 213 °C, respectively, because of bulky substi-
tuents at both C2- and azomethine nitrogen atoms. The inter-
action between the substituents of NSPI-DVP and CNSPI-DVP
tuned the packing arrangement and improved thermal stability,
which is essentially required for the device fabrication.

The electrochemical properties of NSPI-DVP and CNSPI-DVP
were explored by cyclic voltammetry analysis. The cyclic
voltammogram of NSPI-DVP and CNSPI-DVP show quasi-
reversible redox waves (Fig. 3). The Eyomo 0of NSPI-DVP
(—5.56 eV) and CNSPI-DVP (—5.43 eV) were obtained from
the equation of Eyomo (€V) = —(Eonset + 4.8) eV and Epymo of
NSPI-DVP (—2.27 eV) and CNSPI-DVP (—2.32 eV) were calculated
from Epypmo (€V) = HOMO — 1239/ Aonsee>>° The electrochemical
energy gap (Exomo-rumo) of NSPI-DVP and CNSPI-DVP are of
3.29 eV and 3.11 eV, respectively.

3.5. The photophysical properties

The absorption peaks of NSPI-DVP (323 nm) and CNSPI-DVP
(320 nm) could be due to the n-r* transition from aromatic
chromophoric groups (Fig. 3). The absorption at 350 and
345 nm was due to high energy electronic transition from the
phenanthroimidazole region. Incorporation of DVP increased
the molar extinction coefficient (g,,,,) of the intramolecular
charge transfer absorption peak: [NSPI-DVP: 323 nm (&max —
30960 cm™ ' M), 320 nm (emay - 31250 cm™ " M™'); CNSPI-
DVP: 350 nm (emax — 28571 ecm ' M™'), 345 nm (emax —
28985 cm ™' M~ 1)].**** The NSPI-DVP and CNSPI-DVP exhibit
weak emissions at 412 and 405 nm with a quantum yield (@) of
9.2% and 7.8%, respectively (Table 1). Meanwhile, NSPI-DVP
and CNSPI-DVP could luminesce strongly in the film, and show
emissions at 438 and 428 nm with a maximum quantum yield
of 70.7% and 40.8%, respectively. The high triplet energy (Er) of
NSPI-DVP (2.77 eV) and CNSPI-DVP (2.86 eV) may be sufficient
to excite the dopants (Fig. 3).

The excited-state properties of NSPI-DVP and CNSPI-DVP
were analysed by solvent effects (Fig. S2 and Tables S3, S4,
ESIY). The NSPI-DVP and CNSPI-DVP show red-shifted emission
with increasing solvent polarity due to intramolecular charge
transfer interaction of solvent with solute and defined by
Lippert-Mataga plot [Ac(Paps — Pnu) = hc(hevgps — heviiy) + 2
(e — pg)*la’].>**° The variation of Stokes shift of NSPI-DVP
and CNSPI-DVP with solvent polarity exhibits double linear
relationship confirmed the HLCT behaviour (Fig. 3). The linear
line in the low-polarity region with a smaller slope may be due
to the LE state, whereas E;y remained unchanged in moderate
and high polar solvents, however, Ecr was smaller than Eg
(Ecr < Epg). From the Lippert-Mataga plot, small dipole
moment (u.) obtained in low Af solvents (<0.17) [7.8 D-NSPI-
DVP; 11.08 D-CNSPI-DVP] and in high Af (>0.17), high y. of
19.81 D (NSPI-DVP) and 23.08 D (CNSPI-DVP) were calculated.
This ICT in NSPI-DVP and CNSPI-DVP was expected to enhance

6392 | Mater. Adv,, 2021, 2, 6388-6402
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the device efficiency.**™*° The ICT was supported by theoretical
investigations also (Fig. S1-S4 and Tables S5-S9, ESIT).

The existence of LE and CT components was analyzed using
excitation energies of NSPI-DVP and CNSPI-DVP. Based on
initial LE and CT state energies of NSPI-DVP and CNSPI-DVP,
non-equivalent hybridization was constructed (Fig. 4 and Fig.
S3, ESIt) because of a similar hole/electron wave function
between S, and S,. Small AEg; ~ 0 between S, and T; states
(NSPI-DVP) and S, and Ts states (CNSPI-DVP) assist rapid
reverse intersystem crossing (RISC) with hot exciton process
because of high-lying triplet CT character (hgsc). Thus, compared
with NSPI-DVP, CNSPI-DVP show high EUE and high EQE due to a
high-lying CT state (Tables S3 and S4, ESIt). The large AEr
between T; and T, states of NSPI-DVP (1.19 eV) and CNSPI-DVP
(1.60 eV) assisted the fast RISC by restriction of internal
conversion, called hot-exciton mechanism and AEr, 1, of CNSPI-
DVP is larger than NSPI-DVP due to the cyano group (Fig. 4 and
Fig. $3, ESI}).>°* The degree of hybridization of LE with CT states
depends on both interstate-coupling strength and the initial E; g~
Ecr energy gap. The effective non-equivalent hybridization can
enhance the photoluminance efficiency and EUE of fluorescent
OLED materials. The HLCT behaviour of NSPI-DVP and CNSPI-
DVP can be further confirmed by electron-hole distribution as
well as transition density matrix (TDM) (Fig. 5 - NSPI-DVP; Fig. S4,
ESIt - CNSPI-DVP). The diagonal (confined on the backbone) and
off-diagonal area denote the LE component and CT component,
respectively. The TDM analysis also supports LE and CT states in
the emissive states. The non-zero ¢ of NSPI-DVP and CNSPI-DVP
implies the severe overlap of the hole with the electron (C*/C™:

hrisc

39%
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Fig. 4 (a) Schematic representation of RISC process by high-lying CT

states and (b) hybridization process of LE and CT states of CNSPI-DVP.
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Fig. 5 Hole and particle distribution [green — increasing electron density and blue — decreasing electron density] and contour plots of transition density
matrices (TDM) of CNSPI-DVP for [S;-Ss states: density = transition = n/IOp(6/8 = 3)].

0.99-NSPI-DVP and CNSPI-DVP; Fig. 6) and the calculated eign
value (>0.99) reveals that hybridization with 96% of transition
was observed in NSPI-DVP and CNSPI-DVP.

This transition among excited states suppressed the non-
radiative decay, increasing the photoluminescence efficiency
and oscillator strength. The propeller-shaped triphenylethylene
moiety in NSPI-DVP and CNSPI-DVP initiates AIE behaviour
and it is confirmed by the emission behaviour of NSPI-DVP and
CNSPI-DVP (Fig. 7). These materials are completely soluble in
THF and less soluble in water, hence, the AIE behaviour was
analysed in THF-H,O mixtures. The gradual increase in water
addition to these newborn materials in the THF solution
initiates aggregate formation. The NSPI-DVP and CNSPI-DVP
are feebly and highly fluorescent at low and high % water
fractions, respectively. From PLQYs/f and lifetime (7) s/f of
NSPI-DVP (9.2/70.7%: 0.76 ns) and CNSPI-DVP (7.8/40.8%:
0.41/1.62 ns), the calculated k, radiative and k,, non-
radiative rate constants are of NSPI-DVP [k, ¢ (10% s71) - 1.21/
2.41: kyroe (10° s71) = 1.07/2.37 and CNSPI-DVP (kg (10% s71) -
1.90/2.51: knrgr (10° s7) - 1.65/2.45)]. The increase of k. and
decrease in k,, of CNSPI-DVP and NSPI-DVP is in line with the
aim of our design strategy. The decrease in the non-radiative
rate (k,;) of CNSPI-DVP and NSPI-DVP in solution relative to
that of the film may be due to the restriction of intermolecular
motion (RIM), which is the cause of the AIE behaviour of
CNSPI-DVP and NSPI-DVP.>*?* The aggregates at higher %

© 2021 The Author(s). Published by the Royal Society of Chemistry

H,O addition limit the rotation of aryl moiety and intensified
the emission with a bathochromic shift (Fig. 7). The emission
of NSPI-DVP and CNSPI-DVP in THF solution (>55% water
fraction) show a bathochromic shift with increasing intensity
because of the aggregate formation. The emission spectra at
90% water fraction give an emission enhancement to a greater
extent (Fig. 7). The AIE behaviour of NSPI-DVP and CNSPI-DVP
has also been investigated by absorption spectra (Fig. 8). The
absorption of NSPI-DVP and CNSPI-DVP in THF solution
(>60% water fraction) show a bathochromic shift with increas-
ing intensity because of the aggregate formation above which
scattering of light is observed by nano-aggregate suspension
under different THF-H,O combinations. The AIE behaviour of
NSPI-DVP and CNSPI-DVP are depicted in photographic images
under UV radiation (Fig. 7). The luminogen CNSPI-DVP emits
different colors by varying water fraction, the aggregates
formed at 75-80% H,O emit blue light (420 nm), whereas
aggregates formed at >90% water fraction emit bluish-green
light (460 nm). Similarly, aggregates of NSPI-DVP formed in 75—
80% H,O emit blue light (430 nm) and aggregates formed at
>90% water fraction emit bluish-green light (465 nm).
The sizes of NSPI-DVP and CNSPI-DVP aggregates at various
water fractions were determined by dynamic-light-scattering
(DLS) and the calculated average diameter of CNSPI-DVP and
NSPI-DVP aggregates are 446 nm and 352 nm (70% H,0) and
186 nm and 126 nm (95% H,0), respectively (Fig. 9). The
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Fig. 6 Graphical representation of Dcr and centroid of charges [C*(r)/
C™(n); isosurface for NSPI-DVP and for CNSPI-DVP (0.1 a.u.)].

average size of CNSPI-DVP is larger when compared to NSPI-
DVP, which leads to a lower photoluminescence quantum yield
(PLQY) because of more contribution of molecules on the
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surface of aggregates. However, the more non-radiative excited
state energy loss leads to enhanced emission intensity.*®

3.6. Mechanochromism

The reversible mechanochromic behaviour of NSPI-DVP and
CNSPI-DVP have been studied using solid emission spectra
(Fig. 8 and Table 2). The pristine NSPI-DVP and CNSPI-DVP
show blue emission at 438 nm and 405 nm, which were shifted
to bluish green regions of 476 nm and 463 nm, respectively,
upon grinding. The reversible colour change was investigated
by annealing at 230 °C (NSPI-DVP) and 200 °C (CNSPI-DVP)
for 5 minutes, which results in the blue emission 436 nm
(NSPI-DVP) and 440 nm (CNSPI-DVP). The emission at
476 nm (NSPI-DVP) and 463 nm (CNSPI-DVP) may be attributed
to intermediate species formed by grinding the pristine NSPI-
DVP and CNSPI-DVP. These findings imply that NSPI-DVP and
CNSPI-DVP are highly sensitive towards mechanical stimuli due
to triphenylethylene moiety. The emission spectra of CNSPI-
DVP in film show hypochromatic shift to a larger extent in
comparison to that of NSPI-DVP because of highly twisted
molecular geometry. The grinding-induced spectral shifts are
40 nm (NSPI-DVP) and 23 nm (CNSPI-DVP). The fast color
change of CNSPI-DVP with external stimuli could be attributed
to the cyano group, which is involved in hydrogen bonding
interactions. Also, the Eyomo-rumo confirmed fast intramolecular
interactions. The mechanochromic behaviour of these materials
has also been evidenced by quantum yield measurements. The
quantum yield of NSPI-DVP/CNSPI-DVP in distinct forms are of
70.7%/40.8% (pristine), 80.2%/53.66% (grinding) and 85.64%/
60.32% (annealing). The powder XRD patterns of NSPI-DVP and
CNSPI-DVP were recorded to investigate mechanochromic
behaviour (Fig. 9). The sharp diffraction of pristine NSPI-DVP
and CNSPI-DVP attributed to crystalline form which disappeared

20%  70% 75% 80% 90%  95%

(b)

20% 70% 75% 80% 90% 95%

Fig. 7 Emission spectra and UV illumination of (a) NSPI-DVP and (b) CNSPI-DVP in THF-H,O mixture with different water fractions.
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Table 2 Emission behaviour of NSPI-DVP and CNSPI-DVP under external
stimuli

Compounds  Apristine (0MM)  Aground (MM)  Aanneatea (M) AL (nm)
NSPI-DVP 438 476 436 40
CNSPI-DVP 405 463 440 23

on grinding and exhibit broadband due to amorphous form.
The crystallinity of NSPI-DVP and CNSPI-DVP recovered by
annealing was confirmed by sharp peaks.**“° Before and after
grinding, the emission lifetime of NSPI-DVP and CNSPI-DVP was
enhanced from 2.93 ns to 3.12 ns and from 1.62 ns to 1.86 ns,
respectively. The enhanced lifetime reveals that the intermolecular
interactions were strengthened in NSPI-DVP and CNSPI-DVP due to
their more planarized conformation in the amorphous state
(Fig. 10).

3.7. Electroluminescent studies

The electrical properties of NSPI-DVP and CNSPI-DVP were
analyzed by the fabrication of single-carrier devices (Fig. S5,
ESIY): (a) ITO/NPB (10 nm)/NSPI-DVP and CNSPI-DVP (60 nm)/
NPB (10 nm)/LiF(1 nm)/Al (100 nm)** (HOD: hole-only device):
NPB (LUMO: —2.3 eV) prevents electron injection from cathode
(B¢ - 4.3 eV): (b) ITO/TPBi (10 nm)/NSPI-DVP and CNSPI-DVP
(60 nm)/TPBi (10 nm)/LiF(1 nm)/Al (100 nm) (EOD: electron-
only device): TPBi (HOMO: —6.2 eV) prevents hole injection®
(NPB-N,N’-di-1-naphthyl-N,N’-diphenylbenzidine and TPBi-1,3,

Grinding

£

Reversible
mechanochromism

Annéaling
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N
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5-tris(N-phenylbenzimidazol-2-yl)benzene). The strong carrier
transport properties of NSPI-DVP and CNSPI-DVP were confirmed
by the current density-voltage investigation of the respective
HOD and EOD (Fig. S5, ESIt). The negligible current density
differences between HOD and EOD reveal that NSPI-DVP and
CNSPI-DVP are efficient bipolar materials and transporting
both holes and electrons effectively, which leads to balanced
recombination.”" ™"

Because of high PLQY in film, excellent thermal stability and
AIE character, NSPI-DVP and CNSPI-DVP have been used as an
emissive layer in non-doped devices with the architecture of
ITO/NPB (60 nm)/TCTA (25 nm)/NSPI-DVP or CNSPI-DVP
(30 nm)/TPBi (25 nm)/LiF (1 nm)/Al (100 nm), where, NPB
and TPBi have been used as electron- and hole-blocking layers,
respectively (Fig. 11). The low turn-on voltage [2.7 V-NSPI-DVP and
2.6 V-CNSPI-DVP] may be due to efficient charge transportation and
balanced recombination. The small energy gap (Exomo-rumo) Of
NSPI-DVP and CNSPI-DVP and the small energy barrier between
the adjacent layers promotes carrier injection. Because of the large
energy gap of TCTA and TPBi, exciton will be completely confined
in the emitting layer and leads to higher efficiency. The linear
current density-luminance graph of the fabricated non-doped
devices infer typical photoelectric characteristics of NSPI-DVP and
CNSPI-DVP.

The increase in current density with the increasing voltage
of the fabricated devices may be due to shallow LUMO energy
and a smaller energy gap. The small hole-injection barrier (HIB)
[TCTA:NSPI-DVP (0.60 V) and TCTA:CNSPI-DVP (0.47 eV)] and
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Fig. 10 Mechanochromic behaviour and life time of (a) NSPI-DVP and (b) CNSPI-DVP.
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Table 3 Electroluminescent performances of non-doped devices

Properties NSPI-DVP CNSPI-DVP
Von (V) 2.7 2.6

L (cd m™?) 8932 7623

CE (cd A™) 5.61/5.22 5.03/4.65
PE (Im W) 4.99/4.41 4.72/4.29
EQE (%) 5.09/5.00 5.23/5.18
Roll-off (%) 1.77 0.95

IQE (%) 25.45 26.15

EUE (%) 36.00 64.00

EL (nm) 439 427

CIE (x,) (0.15, 0.17) (0.14, 0.13)

electron-injection barrier (EIB) [TPBi:NSPI-DVP (0.47 eV) and
TPBi:CNSPI-DVP (0.28 eV)] promotes effective hole/electron
injection/transportation and results in higher efficiency.** The
devices with NSPI-DVP or CNSPI-DVP exhibit blue emission at
439 nm (CIE: 0.15, 0.17) and 427 nm (CIE: 0.14, 0.13), respectively
(Fig. 11 and Table 3). The EL emission wavelength is close to PL in
the film, which supports the exciton confinement in the emitting
layer. The absence of excimer or exciplex emission reveals that

© 2021 The Author(s). Published by the Royal Society of Chemistry

h'-e~ recombination is confined within the emissive layer.*®
The non-doped devices with NSPI-DVP and CNSPI-DVP exhibit
high EQE of 5.09 and 5.23%, CE of 5.61 and 5.03 cd A~ and PE of
4,99 and 4.72 lm W', respectively (Fig. 12). In comparison,
CNSPI-DVP shows higher EQE than NSPI-DVP under the same
device architecture because of the high-lying CT state. The non-
doped devices with NSPI-DVP and CNSPI-DVP exhibit negligible
roll-off efficiency [NSPI-DVP 1.76% and CNSPI-DVP 0.96%] due to
effective h'-e~ recombination and reduced exciton quenching.
The rapid hgrsc reduced the triplet exciton concentration when
the current density was increased, hence the efficiency roll-off was
negligible. The non-doped devices of NSPI-DVP and CNSPI-DVP
show excellent operational stability, as proved by small efficiency
roll-off as luminance increases. The negligible roll-off efficiency
supports the potential of NSPI-DVP or CNSPI-DVP for industrial
applications. A comparison of device efficiencies with reported
efficiencies reveals that the devices based on NSPI-DVP
and CNSPI-DVP are excellent emitters in terms of efficiencies
(Table S10, ESIY).

The theoretical maximum EQE of NSPI-DVP and CNSPI-DVP
was found to be 2-4.8% by using light out-coupling efficiency

Mater. Adv., 2021, 2, 6388-6402 | 6397
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(Mout) Of 20-25%,*® which supports the dark triplet exciton
harvesting in the EL process. The maximum EUE of devices
with NSPI-DVP (36.00%) and CNSPI-DVP (64.0%) exceeds
the 25% theoretical limit (Fig. 4 and Fig. S3, ESI, Table 3).
The contribution of triplet-triplet annihilation (TTA) was ruled
out from the linear luminance-voltage curve.*” The large energy
gap (AEsir1) between S1 and T1 of NSPI-DVP and CNSPI-DVP
excluded the TADF process (Fig. 4 and Fig. S3, ESIt). Hence,
high-lying CT states play a vital role in increasing EUE. The
energy gap (AEsy) between S2 and T5 (CNSPI-DVP) and S2 and
T3 (CNSPI-DVP) was found to be ~0.01 eV (Tables S1 and S2,
ESIt), which promotes fast hgisc from high energy-excited
states for effective triplet exciton harvesting and leads to high
EUE.*® The excellent performance of the CNSPI-DVP-based
device implies that efficient hole and electron injection, as well
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as transportation during electroluminescence, leads to balanced
electrons and holes recombination in the emitting layer.

To know the potential of NSPI-DVP and CNSPI-DVP as
emissive materials in efficient OLEDs for industrial applications,
the operational lifetime (T5,) of these devices was measured
along with the reference device.*® Fig. 10 depicts the L-T curve
(relative brightness-L/L, vs. time) of devices with 10 mA cm >
current density. The half-life time was calculated from both the
L-T curve and the equation [L," x Tso = constant: initial
luminance (L), half lifetime (T5,), accelerated factor (n - 1.5)]
and a lifetime of devices has been determined at 500 cd m™>.
The devices with NSPI-DVP and CNSPI-DVP show a longer life-
time of 105 h and 135 h, respectively, which in turn reflects the
stability of the devices. The longer lifetime may be ascribed to
higher thermal stability and wide recombination zone as well as
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Fig. 12 Non-doped device performances: (a) luminance/current density—voltage; (b) current efficiency—current density; (c) power efficiency—current

density (inset: CIE) and (d) external quantum efficiency—Current density.

Table 4 Electroluminescent performances of doped devices

CBP:NSPI-DVP/CNSPI-DVP 5 Wt% 10 wt% 20 wt%

EL (nm) 430/420 428/415 416/409

Von (V) 2.9/2.7 2.8/2.6 2.7/2.6

L (cd m™3) 9223/8237 9297/8412 9812/9967

CE (cd A™Y) 5.23/5.08 6.29/6.10 7.65/7.56

PE (Im W) 4.82/4.61 5.93/5.82 6.48/6.89

EQE (%) 5.55/6.02 7.60/8.12 8.98/9.81

IQE (%) 28/30 38/45 45/49

EUE (%) 40/96 54/96 64/99

CIE (0.15, 0.08)/(0.14, 0.06) (0.15, 0.08)/(0.14, 0.06) (0.15, 0.08)/(0.14, 0.06)
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efficient h*-e~ recombination in the NSPI-DVP and CNSPI-DVP
layer of these devices.

In terms of higher radiative exciton production (1) and EL
efficiency, NSPI-DVP and CNSPI-DVP were used to fabricate
doped OLEDs. The fabricated doped device structure was: ITO/
NPB (40 nm)/CBP:x wt% NSPI-DVP or CNSPI-DVP (20 nm)/TPBi
(25 nm)/LiF (1 nm)/Al (100 nm) (Fig. 11), where, NSPI-DVP or
CNSPI-DVP doped in 4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP)
with doping concentration of 5 wt%, 10 wt% and 20 wt%
functioned as an emissive layer. All the fabricated devices
exhibit blue-shifted electroluminescent spectra with enhanced
device efficiencies (Table 4). The small AEg; can be adequate
for Forster energy transfer from triplet (host) to dopants, the
emissive materials were well diluted in the host and leads to
improve the efficiency. The doped device based on CBP:NSPI-
DVP/CBP:CNSPI-DVP show maximum efficiencies of CE - 5.23/
5.06 cd A™", PE - 4.82/4.61 Im W', EQE - 5.55/6.02% (5 wt%);
CE - 6.29/6.10 cd A, PE - 5.93/5.82 Im W™, EQE - 7.60/8.12%
(10 wt%); CE - 7.65/7.56 cd A™", PE - 6.48/6.89 Im W', EQE -
8.98/9.81% (20 wt%). Because of maximum exciton utilization with
high #,, deep-blue devices based on CBP:NSPI-DVP/CBP:CNSPI-DVP
show high EQE with CIE of (0.15, 0.08)/(0.14, 0.06) and it is close to
the National Television Standards Committee (NTSC) blue color
standard. Additional triplet exciton utilized in OLEDs leads to
enhanced performance, the EL efficiencies are among the state-
of-the-art blue OLEDs in the relative color gamut. The efficiency
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roll-off may be due to exciton loss from the high triplet state of
NSPI-DVP/CNSPI-DVP to the triplet state of CBP (2.6 eV) (Fig. 11).
The EL spectra of doped devices CBP:NSPI-DVP/CBP:CNSPI-DVP
were analogous to pristine PL spectra (NSPI-DVP or CNSPI-DVP).
The similar position and shape of EL spectra of CBP:NSPI-DVP/
CBP:CNSPI-DVP, when compared to PL spectra of pristine NSPI-
DVP or CNSPI-DVP confirm the energy transfer from the host,
CBP to NSPI-DVP or CNSPI-DVP (Fig. 11). The blue-shifted EL
emission was obtained when compared to non-doped devices.
The electroluminescence (EL) spectra of the devices are similar
to their PL spectra, which show both EL and PL originate from
the same radiative decay of the singlet excitons. The doped
devices exhibit higher EQEs as well as deeper CIEs, probably
attributed to the reasonable doping concentration that not only
can suppress excitons concentration-quenching effect but also
can effectually reduce the intermolecular charge transfer effect
caused by a bathochromic shift.*>>°

The CBP:NSPI-DVP/CBP:CNSPI-DVP-based OLEDs exhibit
enhanced device efficiencies compared with that of the non-
doped device (Fig. 13). The EL efficiency was increased by
increasing doping concentration (20 wt%) and the absence of
excimer emission may be the cause for improved efficiencies.
The current density of heavily doped OLEDs increased rapidly
compared to low dopant device concentration.

The theoretically calculated high EQE are 3.5/4.1% NSPI-
DVP (neat/20 wt%) and 2.0/3.0% CNSPI-DVP (neat/20 wt%)
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Fig. 13 Doped device performances: (a) luminance/current density—voltage; (b) current efficiency—current density (inset: CIE); (c) power efficiency—

current density and (d) external quantum efficiency—current density.
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[MEQE = Mout X Mre X 1y X Ppp, Ppr: NSPI-DVP (70.7/82%)
and CNSPI-DVP (40.8/60%), 1oy — out-coupling efficiency (20%),
e — product of charge recombination efficiency (100%), #, -
radiative exciton-production (25%)] and experimental EQE are of
5.09/8.98% NSPI-CVP (neat/20 wt%) and 5.23/9.81%, CNSPI-DVP
(neat/20 wt%).">'® The experimental EQE > theoretical EQE
because larger triplet excitons are converted to singlet excitons in
the EL process.">"® The 7, calculated for NSPI-DVP (neat/20 wt%)
(27-32%/29-34%) and CNSPI-DVP (neat/20 wt%) (29-34%/30-36%)
indicates 17, < 100% may be due to unbalanced carrier transporta-
tion in the emissive layer. The enhanced IQE of 25/28/38/49%
(CBP:NSPI-DVP: neat/5/10/20 wt%); 26/30/41/49% (CBP:CNSPI-DVP:
neat/20 wt%) and maximum EUE of 40/54/64% (CBP:NSPI-DVP:
neat/5/10/20 wt%) and 74/96/99% (CBP:CNSPI-DVP: neat/5/10/
20 wt%) [EUE = 5oy X fpr, X fres/MEr] Were maybe because of
retained CT% in NSPI-DVP and CNSPI-DVP. The calculated EUE
breaking the theoretical limit of 25%, i.e., triplet excitons converted
to singlet excitons by RISC and leads to high-efficiency blue OLEDs.
These research findings demonstrated that the non-doped and
doped devices with NSPI-DVP and CNSPI-DVP show precision in
our emitter design-strategy.

4. Conclusion

We have designed blue HLCT emissive materials, NSPI-DVP and
CNSPI-DVP with orthogonal D-A geometry to harvest high PLQY in
film and high EUE in blue OLEDs. Optical and theoretical analyses
imply that their excited states having LE and CT distribution.
Theoretical simulations of NSPI-DVP and CNSPI-DVP reveal that
the S2 state exhibits high % CT characteristics. These materials
show aggregation-induced emission (AIE) characteristics and are
free of concentration quenching in the film. The NSPI-DVP and
CNSPI-DVP show reversible mechanochromism with excellent
color contrast between blue and green color. The fabricated non-
doped devices based on CNSPI-DVP show blue emission at 427 nm
with CIE of (0.14, 0.13). The special excited state of CNSPI-DVP can
activate the fast hgsc with a hot exciton process and harvesting
more triplet excitons, which leads to a higher EUE of 64.0% than
NSPI-DVP (36.0%). Therefore, non-doped blue devices based on
CNSPI-DVP exhibit excellent EL performance than NSPI-DVP-
based devices with a higher EQE of 5.23% and negligible roll-off
efficiency. The doped device with CBP:20 wt% CNSPI-DVP
show enhanced efficiencies (EQE-9.81%, CE-7.56 cd A™' and
PE-6.81 Im W ') compared to that of non-doped devices. The
harvested efficient device performances could shed light on low-
cost hot exciton materials for next-generation fluorescent OLEDs.
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