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The intensity of a (DT-Ag) NP/
CPB:Ir(mpidmb),(acac) film was increased by about 2.23 times in comparison with that of a control
device, CPB:Ir(mpidmb),(acac), due to coupling between excitons of emissive layer and the localized

electroluminescence dodecanethiol-functionalized  silver

surface plasmon resonance (LSPR) of DT-Ag NPs. The current efficiency of a device with a DT-Ag NPs
layer at 100 cd cm™2 (42.3 cd A™Y) was 17.0 cd A™! higher than that of the control device (25.3 cd A™Y).
The increase in current efficiency in the case of DT-Ag NP-coated devices was strongly related to the
energy transfer between radiated light generated from the CBP:Ir(mpidmb),(acac) emissive layer and the
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1. Introduction

Organic light-emitting devices (OLEDs) have received attention
from researchers for their applications in flexible displays and
lighting sources.'™ Their external quantum efficiency (EQE) is
affected via tuning their electron-hole recombination, spin static
factor, photoluminescence efficiency, and out-coupling effi-
ciency.”” Although the internal quantum efficiency (min,) of
OLEDs has been increased (~100%), their external quantum
efficiency is comparatively low (~30%) for applications in mass
production.®*** Metal-enhanced luminescence has been analysed
using silver and gold nanoparticles*®"” due to their surface
plasmon resonance (SPR), and other metals such as copper'® and
aluminium™ and semiconducting materials such as zinc oxide*
have also been reported to enhance luminescence and device
lifetime. Metal-enhanced luminescence involves the interaction
of luminophores with metallic nanoparticles owing to an
increase in radiative rate after the emission is coupled with far-
field scattering by enhancing their absorption upon an increase
in the local electric field. Spectral overlap between the SPR of
metal nanoparticles and the emission of the luminophore plays
a key role in luminescence enhancement.”* Several materials
have been studied as an HIL in OLEDs such as metal oxides,>*
RuO,” O, plasma-treated Ag anodes,*® poly(bis[6-bromo-N-(2-
ethylhexyl)carbazol-3-y1]),>> Mo00,,* copper(u) phthalocyanine,*
poly(3,4-ethylenedioxythiophene):poly(styrene  sulfonate)
(PEDOT:PSS),**  transition metal oxides, nanocarbon
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LSPR excited by the DT-Ag NPs layer.

electrodes,* and graphene oxide.*® However, the utilization of
noble metal nanoparticles as an HIL will provide an additional
benefit in the form of plasmonic enhancement; in other words,
coupling between surface plasmons of the metal and the
emission of the device contributes to optical enhancement,
which further increases device efficiency.

Metal nanoparticles (NPs) have been utilised as a hole
injection layer in phosphorescent OLEDs to increase their
external efficiency®*** by the effective coupling of excitons in the
emissive layer with the localized surface plasmon resonance
(LSPR) of the metal NPs.** However, an increase in efficiency
(~25%) was achieved in OLEDs with Au NPs as a hole injection
layer owing to the agglomeration of Au NPs. A significant
increase in electroluminescence intensity was obtained with Au-
doped ZnO as a hole injection layer.® However, the agglomera-
tion of Au NPs in ZnO causes variations in LSPR wavelength.
Hence, detailed investigations are necessary to improve device
performance using inorganic-organic nanocomposites.

Here, we report an increase in device efficiency using
dodecanethiol-functionalized Ag (DT-Ag) NPs as a hole injection
layer and iridium(m) bis-4-(E)-2-(1-(4-methoxyphenyl)-1H-phe-
nanthro[9,10-dJimidazolato-N,C*)(acetylacetonate) [Ir(mpidmb),-
(acac)] as the emissive layer. The electroluminescence (EL)
intensity of the DT-Ag NPs/CPB:Ir(mpidmb),(acac) film was
increased by a factor of about 2.23 in comparison with that of
a control device based on CPB:Ir(mpidmb),(acac) owing to
coupling between excitons in the emissive layer and the LSPR of
the DT-Ag NPs. DT-Ag NPs with a density of 35 um™> at the
anode/HTL junction in OLEDs using CBP:Ir(mpidmb),(acac) as
the emissive layer led to an enhancement in emission intensity,
which was attributed to an increase in the radiative rate (k) of
the OLEDs. The increased current efficiency of devices with
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a DT-Ag NPs layer was strongly related to energy transfer
between radiated light generated from the CBP:Ir(mpidmb),-
(acac) emissive layer and the LSPR excited by the DT-Ag NPs
layer.

2. Experiment and characterization

The chemicals required for synthesizing the Ir(mpidmb),(acac)
emissive layer (Scheme S1}) and the nanomaterials, namely, bare
Ag and DT-Ag NPs, were purchased from Sigma-Aldrich. To
confirm the structure of the synthesized materials, spectral
measurements were carried out using a Bruker spectrometer (400
MHz) for NMR and an Agilent LCMS VL SD for the mass of
samples. The oxidation potential measured by a CHI 630A
potentiostat electrochemical analyzer was used to determine the
HOMO energy of the emissive layer. Absorption (A,,s) and band
gap information were recorded using a Lambda 35 spectropho-
tometer and a Lambda 35 with an RSA-PE-20 integrating sphere,
respectively. The emission wavelength (Aem;) of Ir(mpidmb),(acac)
was measured using a PerkinElmer LS55 fluorescence spectrom-
eter, and its quantum yield (QY) was calculated from the equation:

1 A ? .
Dunk = Pstd (Iu—nk) ( Std) (M) , where ¢ is the unknown

std Aunk Nstd
QY, ¢sa is the QY of a standard sample, I, is the unknown

emission intensity, Iyq is the emission intensity of the standard,
Aunk is the unknown absorbance, Ay q is the absorbance of the
standard, nu,i is the unknown refractive index, and 744 is the
refractive index of the standard. The required QY of the film was
measured with an integrating sphere (quartz plate). The decom-
position temperature (T4) and glass transition temperature (T)
were measured with a PerkinElmer thermal analysis system (10 °C
min~'; nitrogen flow rate 100 mL min~') and a NETZSCH DSC-
204 calorimeter (10 °C min~" under a nitrogen atmosphere),
respectively. The morphology of the nanomaterials was studied
with a JEOL JEM 2100 high-resolution transmission electron
microscope (200 kV; resolution 0.1 nm), and the oxidation state of
silver in DT-Ag NPs was determined by XPS (X-ray photoelectron
spectroscopy) using an ESCA-3 Mark II spectrometer (VG) with Al
Ko (1486.6 €V) radiation. Scanning electron microscopy (SEM)
images and energy-dispersive X-ray spectra (EDS) were recorded
with a JEOL JSM-5610 microscope equipped with a back electron
(BE) detector and an FEI Quanta FEG microscope, respectively.
TEM (transmission electron microscopy) images of the nano-
materials were recorded using a Philips transmission electron
microscope with a 200 kV electron beam, and SAED (selected-area
electron diffraction) patterns were recorded with a Philips trans-
mission electron microscope with a CCD camera (200 kV). Powder
XRD patterns were recorded with an Equinox 1000 diffractometer
using Cu Ko radiation (1.5406 A; current 30 mA; 40 kV).

2.1. Fabrication of OLEDs

Green OLEDs with a configuration of ITO without (I) or with DT-
Ag NPs at a density of 6 um™2 (II), 35 pm ™2 (III) or 45 um >
(IV)/NPB (13 nm)/CBP:Ir(mpidmb),(acac) (30 nm)/LiF (1 nm)/Al
(100 nm) were made by vacuum deposition (5 x 10~° torr) on
ITO with a resistance of 20 Q per square. Ir(mpidmb),(acac) and
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LiF were used as the emissive layer (EML) and electron transport
layer (ETL), respectively. Dispersion of the bare colloidal solu-
tion gave a very low density of less than 5 um™>. Centrifugation
at a low speed of 2000 rpm yielded a density of 6 um ™2, whereas
centrifugation at higher speeds of 5000 rpm and 6000 rpm led
to a density of 35 um ™2 and 45 pm ™2, respectively. Furthermore,
an increase in centrifugation speed gave a higher density of Ag
NPs with notable agglomeration. Hence, we set a limit at the
optimized density of 45 um 2. The spin coating of all samples
was carried out at 3000 rpm for 30 seconds. The hole injection
properties of DT-Ag NPs were analysed by the fabrication of
hole-only devices with a configuration of ITO (with or without
DT-Ag NPs)/NPB/LiF/Al. The deposition of organic materials
onto ITO was carried out at a rate of 0.1 nm s ', and LiF was
thermally evaporated on the surface of the organic layer. The
thicknesses of all layers were measured using a quartz crystal
thickness monitor, and measurements of current density (J)-
voltage (V)-luminescence (L) (J-V-L) were made with a Keithley
2400 source meter.

2.2. Computational details

The optimized geometry and HOMO and LUMO contour maps
of Ir(mpidmb),(acac)** were determined with the Gaussian 09
package [DFT/B3LYP/LANL2DZ/6-31G(d,p)].

2.3. 4-((E)-2-(1-(4-Methoxyphenyl)-1H-phenanthro[9,10-d]
imidazol-2-yl)vinyl)-N,N-dimethylbenzenamine (mpidmb)

The vinyl-substituted phenanthroimidazole was synthesised by
refluxing 9,10-phenanthrenequinone (5 mmol), (E)-3-(4-(dime-
thylamino)phenyl)acrylaldehyde (5 mmol), 4-methoxybenzen-
amine (6 mmol) and ammonium acetate (61 mmol) in ethanol
(20 mL) for 12 h under an N, stream and was extracted with
dichloromethane. After purification, the compound was char-
acterised by spectral techniques. Mp 244 °C. Anal. caled for
Cs3,H,,N,0: C, 81.85; H, 5.80; N, 8.95. Found: C, 81.82; H, 5.78;
N, 8.92. "H NMR (400 MHz, CDCl5): 6 2.98 (s, 6H), 3.96 (s, 3H),
6.42 (d, J = 16.0 Hz, 1H), 6.57 (s, 3H), 6.70 (d, J = 8.4 Hz, 1H),
6.78 (d, J = 8.4 Hz, 1H), 7.07 (d, J = 16.4 Hz, 1H), 7.16 (d, ] =
8.4 Hz, 2H), 7.29-7.37 (m, 4H), 7.54-7.64 (m, 3H), 8.31 (s, 1H),
8.67 (d, J = 8.0 Hz, 1H). >*C NMR (100 MHz, CDCl;): 6 40.24,
55.69, 112.09, 115.26, 117.92, 122.92, 124.08, 125.36, 127.29,
128.44, 129.96, 132.04, 137.55, 139.86, 140.63, 141.40, 146.53,
150.51, 151.41. MALDI-TOF MS: m/z 469.9 [M']; caled 469.6.

2.4. Iridium(m) bis-4-(E)-2-(1-(4-methoxyphenyl)-1H-
phenanthro[9,10-dJimidazolato-N,C?)(acetylacetonate)
[Ir(mpidmb),(acac)]

The vinyl-substituted phenanthroimidazole (mpidmb) (2.2 mmol)
and  iridium(m) chloride trihydrate (1 mmol) in
2-ethoxyethanol : H,O (3 : 1) were refluxed under an N, stream at
120 °C, and the dimer that formed (1 mmol) was refluxed with
acetylacetone (2.2 mmol) and potassium carbonate (2.5 mmol) in
2-ethoxyethanol (5 mL) at 120 °C under an N, stream. The green
iridium(m) acetylacetonate complex was washed with hexane and
petroleum ether and characterized by NMR spectral techniques.*
Mp 244 °C. Anal. caled for CeoHggIrNOy: C, 67.19; H, 5.23; N, 6.81.

This journal is © The Royal Society of Chemistry 2017
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Found: C, 67.14; H, 5.20; N, 6.79. 'H NMR (400 MHz, CDCl,):
4 1.88 (s, 6H), 2.54 (s, 6H), 2.91 (s, 12H), 5.29 (s, 1H), 6.57 (d, ] =
8.8 Hz, 1H), 7.18-7.27 (m, 6H), 7.38 (s, 1H), 7.45-7.49 (t, 6H), 7.60~
7.73 (m, 12H), 8.46 (s, 1H), 8.66-8.77 (m, 8H), 8.87 (d, J = 7.6 Hz,
4H). *C NMR (100 MHz, CDCl,): 6 9.60, 11.50, 40.15, 55.56,
111.50, 120.73, 122.75, 123.04, 123.44, 124.00, 124.35, 125.25,
126.10, 127.10, 128.10, 128.94, 130.25, 130.72, 139.56, 150.39.
MALDI-TOF MS: m/z 1233.9 [M"]; caled 1233.6.

2.5. Synthesis of dodecanethiol-functionalised silver
nanoparticles (DT-Ag NPs)

About 0.1 mL dodecanethiol (DT) was added slowly under stir-
ring to 10 mL of 3 x 10~> M AgNO; in ethanol. Then, 25 mL of
a solution of NaBH, in ethanol was added slowly and stirring
was continued for a further 2 h. The reaction mixture was kept
at —18 °C for 4 h, and the cooled solution was dried and the
powder that formed was washed with toluene followed by
alcohol to remove unreacted dodecanethiol.

3. Results and discussion

3.1. Characterisation of dodecanethiol-functionalized silver
nanoparticles (DT-Ag NPs)

The FT-IR spectra of as-synthesized dodecanethiol-
functionalized silver nanoparticles (DT-Ag NPs) and dodeca-
nethiol are displayed in Fig. 1. For dodecanethiol, two bands
due to asymmetric [y(cp,)as] and symmetric [vcp,)s] methylene
stretching are observed at 2920 and 2850 cm ', respectively,
whereas for DT-Ag NPs these two bands are shifted from 2920
and 2850 cm ™' to 2914 and 2847 cm ™', respectively.**** The
bands due to twisting, rocking and wagging around 1400-1150
em ! indicate that the methylene moieties of the methylene
chain adopt a trans zigzag configuration.

The "H NMR spectra of dodecanethiol and DT-Ag NPs are
presented in Fig. 2. The a-methylene and f-methylene groups of
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Fig. 1 FT-IR spectra of dodecanethiol (DT) and dodecanethiol-func-
tionalized silver nanoparticles (DT-Ag NPs).
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DT resonate at 2.50 and 1.62 ppm, respectively, whereas the
thiol proton resonates at 1.39 ppm.**~** The signal of the methyl
protons on the C-12 carbon appears at 0.85 ppm,** whereas the
signals of the other protons on the C3-C11 carbons appear as
a multiplet at 1.3 ppm.”® The 'H resonances of DT-Ag NPs are
broadened in comparison with those of bare DT, which reveals
fast spin relaxation due to mutual dipolar interaction with the
ordered methylene chain.*® The absence of signals of thiol and
a-methylene protons confirms the formation of DT-Ag NPs. The
B-methylene protons and those on the C3-C11 and C-12 carbons
resonate at 1.72, 1.35 and 0.90 ppm, respectively. The absence of
an a-methylene resonance for DT-Ag NPs indicates a strong
interaction between sulfur atoms and the nano-Ag surface.**
Furthermore, DFT results confirm stronger bonding between Ag
and S (Egg = 2.23 eV), and the calculated Ag-S stretching
frequency is 650 cm ™,

The X-ray diffractogram of DT-Ag NPs is shown in Fig. 3. The
diffraction peaks at Bragg angles of 38.6° (111), 38.3° (200),
44.0° (220), 64.9° (222) and 74.0° (311) correspond to pure silver.
These five specific peaks due to (111), (200), (220), (222) and
(311) planes of DT-Ag NPs indicate a face-centered cubic (fcc)
structure, and the prominent peaks in the XRD pattern indicate
the purity of DT-Ag NPs.** Additional reflections with peaks at
low angles corresponding to large unit cells are also observed
for DT-Ag nanoparticles. Such a lattice can only result from the
periodic arrangement of DT-Ag NPs: the trans zigzag configu-
ration of capping DT molecules leads to strong interactions of
the methylene chain with superlattice structures. The average
crystallite size deduced from the Debye-Scherrer equation [D =
kA/B cos 0, where D is the average crystal size, k is the Scherrer
coefficient, 1 is the X-ray wavelength, 0 is the Bragg angle, and
@ is the full width at half maximum intensity] is 7.0 nm and the
surface area is 150.93 m* g~ .

Thermal analysis of DT-Ag NPs showed a gradual weight loss
of 35% from 170 °C to 310 °C, which was due to the desorption
of chemisorbed DT from the surface of DT-Ag NPs. Further-
more, a sharp endothermic transition peak at 129.1 °C, which
appeared below the weight loss temperature, might be attrib-
uted to melting of the superlattice of DT-Ag NPs.*® The high
thermal decomposition temperature (T4) of DT-Ag NPs will
favour film formation in OLEDs (Fig. 4). The metallic nature of
silver in DT-Ag NPs was confirmed by XPS analysis (Fig. 5). The
single band at 284.9 eV corresponds to C-C bonded atoms in
dodecanethiolate. The S 2p signal is somewhat weak, which was
attributed to the small scattering cross-section of the sulphur
atom and also the presence of a small amount of material.’” The
doublet at 162.0 eV and 162.8 eV was attributed to S 2p;/, and S
2p1,. peaks of thiolate species, respectively, and peaks due to
sulfinate (165.5 eV) as well as sulfonate (168.0 eV) species are
completely absent.*® The carbon and sulphur regions of the XPS
spectrum are consistent with the presence of dodecanethiolate
on silver clusters. The Ag 2ps/, (368.1 eV) and Ag 2ps, (374.2 €V)
peaks were attributed to metallic silver (368.0 and 374.0 eV), and
the high symmetry of the silver peaks proves that the valence of
silver did not change. A TEM image of DT-Ag NPs shows that the
particles are dispersed uniformly owing to the attachment of DT
ligands on the surface of DT-Ag NPs. The extent of

RSC Adv., 2017, 7, 38923-38934 | 38925
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Fig. 3 X-ray diffraction patterns of Ag and dodecanethiol-function-
alized silver nanoparticles (DT-Ag NPs).

agglomeration of Ag NPs decreased owing to the interaction of
DT ligands with the surface of DT-Ag NPs. The TEM image
shows the spherical nature of the particles with a size of 7.2 nm
(Fig. 6). The d-spacing (2.35 A) between the lattice fringes of the
silver nanocrystals corresponds to the (111) planes of face-
centered cubic (fcc) silver and is in accordance with the XRD
d-spacing (2.31 A) between (111) planes of an fcc silver crystal

38926 | RSC Adv., 2017, 7, 38923-38934

"H NMR spectra of dodecanethiol (DT) and dodecanethiol-functionalized silver nanoparticles (DT-Ag NPs).

(JCPDS no. 89-3722). The diffraction rings with bright circular
spots in the SAED pattern are indexed to the (111), (200), (220),
(311) and (222) planes, respectively, of fcc silver (Fig. 6). Fig. 6
reveals that each nanoparticle is separated from its neigh-
bouring nanoparticles, which indicates that the silver nano-
particles were modified by dodecanethiol with a homogeneous
size distribution. UV-vis measurements show a surface plasmon
resonance absorption at 380 nm,***° and the composition of DT-
Ag NPs was demonstrated by EDX (Fig. 6). The peaks observed
in the range of 3.0-3.5 keV represent the binding energies of
sulphur and silver elements, whereas the peaks at 1.2 keV and
2.0 keV represent the binding energies of copper and silicon
elements. The copper peaks correspond to the TEM holding
grid and the silicon peak corresponds to the detector.

3.2. Characterisation of Ir(mpidmb),(acac) emissive layer

The UV-vis absorption (A,ps) spectra of the organometallic
complex Ir(mpidmb),(acac) in CH,Cl, and the free ligand

100 —A— Ir(mpidmb), (acac) —4— DT-AgNPs
n H—.‘m\‘\t.‘;gs °C
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Fig. 4 DSC and TGA of dodecanethiol-functionalized silver nano-
particles (DT-Ag NPs) and Ir(mpidmb),(acac).
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Fig. 6 (a) HR-TEM image; (b) SAED pattern; (c) EDAX spectrum of

dodecanethiol-functionalized silver nanoparticles (DT-Ag NPs).

(mpidmb) are shown in Fig. 7. The intense absorption in the
ultraviolet region (248 nm), which occurs at the same energy for
mpidmb, arises from a m-m* transition of the cyclometalated

This journal is © The Royal Society of Chemistry 2017

ligand. The other two bands at 304 and 345 nm can be attrib-
uted to MLCT transitions (spin-allowed) to a singlet excited
state ['MLCT « So] and a triplet excited state [°’MLCT « S,],
respectively, which both originate from the interaction of the
ligand with the iridium center of Ir(mpidmb),(acac). The
intensity of the *MLCT « S, transition is closest to that of the
MLCT « S, transition, which shows that the *MLCT « S,
transition is strongly symmetry-allowed by spin-orbit
coupling.®**® The spin-orbit coupling was enhanced by the
closeness in energy of the w—mt* and MLCT states and the heavy-
atom effect of the iridium(m) ion in the complex.

The broad luminescence spectrum and absorption peaks
show that the excited triplet states of Ir(mpidmb),(acac)
possess predominant *MLCT character. The green emitter
Ir(mpidmb),(acac) displays strong luminescence in both solu-
tion and film states from its triplet manifold. The broad phos-
phorescence spectrum of Ir(mpidmb),(acac) displays green
emissions at 503 and 493 nm (Fig. 7), and the PL quantum yield
(#) was measured to be 0.52. In general, phosphorescence
spectra from a ligand-centered >m-m* state are vibronic,
whereas PL spectra from a *MLCT state display broad
shapes.®*-*® The absence of emission spectra with a vibronic
structure for the organometallic complex Ir(mpidmb),(acac)
indicates that the emissions occur from a well-equilibrated
emissive state and have MLCT character, which is further
confirmed by the phosphorescence lifetime of 1.62 us.

The wavefunction (@) of the triplet state (1) of the iridium
complex is a mixture of @(r-7*) and P(MLCT),*” ie., Or =
a®dr(r-1t*) + bd(MLCT) [where a and b are normalized coeffi-
cients and @(m-7*) and @ (MLCT) are the wavefunctions of
the 3(m-m*) and *(MLCT) excited states, respectively: when a >

RSC Adv., 2017, 7, 38923-38934 | 38927
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dodecanethiol-functionalized silver nanoparticles (DT-Ag NPs) and Ir(mpidmb),(acac).

b the triplet state is dominated by the *m-7t* state, whereas
when b > a the triplet state is dominated by the *MLCT excited
state]. The broad shape of the PL spectrum of Ir(mpidmb),-
(acac) reveals that the excited state has a large contribution
from the *MLCT state. The two peaks observed at 503 and
493 nm are attributed to electronic transitions from vibrational
levels of the triplet state (*MLCT/*7t—w*) to the ground state (S,),
as shown by the Franck-Condon electronic transitions in Fig. 7.

The peak with higher intensity originated from the ¥ =0 —
v = 0 transition from the *MLCT/’*m-1t* state to the S, state,
whereas the shoulder peak with lower intensity was derived

from the ¥ = 0 — v = 1 electronic transition.””* The gain in
-Sqn
e

intensity can be expressed as Iy, = —— [where S is the

Huang-Rhys factor, which is correlated to the intensity of
vibration from the excited *MLCT/>m-m* state to the ground
MwAQ?
2h
frequency, M is the reduced mass, and AQ is the displacement
of potential energy surfaces between the S, and excited states].
The structural distortion upon excitation is explained by the

state and is defined by S = , where w is the vibrational

ratio of the heights of the two emission peaks, i.e., S = 2;;.72
The rate constants for radiative (k) and non-radiative
(knr) decay are calculated from the following equations: @ =
Orsciked (ke + kn)}s ke = D7, ke = (1/7) — (@/7) and © = (K, + kny) "
[where @ is the quantum yield, 7 is the lifetime, and ®g¢ is the
intersystem crossing yield]. The average radiative lifetime of
Ir(mpidmb),(acac) is 1.62 ps and its PL quantum yield () is
0.52. For iridium(m) complexes, @5 is assumed to be 1.0 owing
to spin-orbit interactions due to the heavy-atom effect of

iridium.” The rate constants reveal that the radiative emission

38928 | RSC Adv., 2017, 7, 38923-38934

(3.2 x 10® s7") of Ir(mpidmb),(acac) is dominant with respect to
the non-radiative transition (3.0 x 10% s™7).

From DFT [DFT/LANL2DZ/6-31G(d,p)] analysis, it was shown
that the highest occupied molecular orbital (HOMO) is
predominantly composed of d(Ir) and m(C”N) states, whereas
the lowest unoccupied molecular orbital (LUMO) is localized on
the C*N ligand of the iridium complex (Fig. 8). The electro-
chemical behaviour of Ir(mpidmb),(acac) was investigated
using cyclic voltammetry with the ferrocene/ferrocenium couple
as an internal reference and 0.1 M tetra(n-butyl)Jammonium
hexafluorophosphate as a supporting electrolyte (Fig. 9). The
reversible one-electron oxidation wave at E.,*’*> = 0.31 V vs. Fc/
Fc' shows the electrochemical stability of the complex. The

Fig. 8 Optimized geometry and HOMO and LUMO contour maps of
Ir(mpidmb),(acac).

This journal is © The Royal Society of Chemistry 2017
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dodecanethiol-functionalized silver nanoparticles (DT-Ag NPs) and devices [-1V.

HOMO energy of the complex (HOMO: —5.11 eV)™*”* can be
determined from the half-wave oxidation potential and the
energy of the ferrocene/ferrocenium redox couple [Eyomo (€V) =
—(Eox + 4.8)], whereas the LUMO energy (—2.63 eV) can be
calculated by subtracting the optical band gap energy from the
HOMO level [Erymo = Enxomo — 1239/Aonset]- Thermal charac-
terization (T4s and Ty) of Irf(mpidmb),(acac) was performed via
DSC and TGA measurements to test its suitability for film
formation. TGA of Ir(mpidmb),(acac) showed a high decom-
position temperature (Ty4s) of 401 °C, a high glass transition
temperature (7,) of 154 °C and a melting point (T,,) of 366 °C
(Fig. 4). The green Ir(mpidmb),(acac) emissive layer exhibits
excellent thermal properties and can be subjected to vacuum
evaporation without decomposing.

The optimized geometry and HOMO and LUMO contour
maps of the green Ir(mpidmb),(acac) emissive layer were
determined using the Gaussian 09 package with the DFT/
LANL2DZ/6-31G(d,p) basis set (Fig. 8). The Ir(mpidmb),(acac)
complex exhibits a distorted octahedral geometry around the
iridium atom with two cyclometalated mpidmb ligands and one
ancillary acetylacetonate (acac) ligand. The mpidmb ligands
adopt an eclipsed configuration in which the two nitrogen
atoms N(5) and N(7) exhibit a trans N,N chelate conformation,
and the Ir-N distances range between 2.04 and 2.08 A. The
cyclometalated carbon atoms C(12) and C(21) are in mutual cis
positions with respect to the iridium atom, and the Ir-C
distances range between 1.99 and 2.05 A, owing to the stronger
Ir-C bonding interaction of the mpidmb ligand, which weakens
Ir-C bonds in trans positions. The electron-rich phenyl frag-
ments of Ir(mpidmb),(acac) exert a strong influence and a trans

This journal is © The Royal Society of Chemistry 2017

effect; thus, the ¢trans C,C conformation is thermodynamically
higher in energy and kinetically more labile, which is referred to
as the transphobia effect®” and is confirmed by the fact that the
Ir-C bond length Ir-C,, = 2.02 A is shorter than the Ir-N bond
length Ir-N,, = 2.06 A

3.3. Electroluminescence performance

The root-mean-square roughnesses of the bare device and
devices with DT-Ag NPs with densities of 6 um™2, 35 um > and
45 pm~* were 2.32, 3.06, 3.68 and 3.78 nm, respectively
(Fig. S17), which indicates that the monodisperse NPs with
surface plasmon absorption in the visible region are suitable for
optoelectronic devices (Scheme S21).”® The size of agglomerates
of DT-Ag NPs increased with an increase in the density of DT-Ag
NPs, and the corresponding average size of agglomerates of
DT-Ag NPs in the devices with densities of DT-Ag NPs of 6 um 2,
35 um > and 45 um ™~ were 7.0, 25.0 and 35.0 nm, respectively.
Hole-only devices were fabricated to compare the amount of
hole current generated in hole-only devices with and without
DT-Ag NPs. The current densities in hole-only devices at 3.0 V
were 3.4 mA cm 2 (I - bare), 6.9 mA cm > (I - 6 um™ %), 11.5 mA
em ™2 (III - 35 pm™?) and 2.8 mA cm™? (IV - 45 um™?), respec-
tively. The maximum current density of 11.5 mA cm ™~ achieved
with the DT-Ag NPs layer with a density of 35 um ™2 (III) indi-
cates that the inserted DT-Ag layer generates holes effectively
from the ITO anode, which migrate toward the Al cathode
(Fig. 9).

The density of Ag NPs is a dominant factor in the control
of device performance in this context. In general, metal

RSC Adv., 2017, 7, 38923-38934 | 38929
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nanoparticles have a definite surface potential (zeta potential)
owing to the surface plasmons (charges) that surround them.
Hence, the dispersal of nanoparticles on a semiconductor
surface could alter the characteristics of the surface, in partic-
ular its vacuum level. In our case, the presence of Ag NPs is
expected to alter the vacuum level of ITO, and as a result the
hole injection barrier at the ITO/NPB interface is stabilised.
Fortunately, the injection barrier is reduced (Fig. S2 and S3t)
and hole conduction in OLEDs is enhanced. Hence, this kind of
shift in vacuum level is possible with the optimized density of
Ag NPs on ITO. A variety of hole injection layers have been used
in OLEDs, for example, PEDOT:PSS, MoOj3;, NiO and WOj;. The
role of these materials in this context is to introduce an addi-
tional energy level at the anode/HTL interface, which may be
their work function or HOMO level, which might help to reduce
the hole injection barrier. In this case, nanoparticles help to
reduce the injection barrier because of their surface potential;
in other words, dispersing them on an ITO surface could alter
the characteristics of the surface, in particular its vacuum level.
The determination of the optimized coverage of Ag NPs is
crucial for obtaining a reduced injection barrier at the anode/
HTL interface.” At low coverage, these nanoparticles can trap
incoming holes instead of transporting them.”

X-ray photoelectron spectroscopy (XPS) was performed for
both bare ITO and ITO with dispersed DT-Ag NPs to determine
the hole injection (HI) efficiency of DT-Ag NPs. The hole injec-
tion barrier (HIB) at the anode/HTL interface junction was
calculated from the equation ¢g = IE — @anoqe [Where IE is the
ionization energy of NPB and ¢,noqe is the work function of the
anode material]. The shift observed for DT-Ag NPs indicates
that the injection barrier was reduced, with the result that the
¢anode €nergy level was stabilized. The reduced hole injection
barrier (HIB) at the ITO:NPB interface can be determined using

the Richardson-Schottky thermionic emission model
_ E .
Jrs = A X T? exp {— %} [where Richardson's constant
B

3

7q, ¢g is the zero-
4TTee

field injection barrier, Kg is the Boltzmann constant, T is the
absolute temperature, and E is the electric field strength]. The
device parameter for hole-only devices with bare ITO was added
to the equation, and the zero-field injection barrier was calcu-
lated to be —0.93 eV, and the reduced hole injection barrier for
ITO coated with DT-Ag NPs was calculated to be 0.84 eV. The
reduced hole injection barrier (HIB) with the optimized
coverage of DT-Ag NPs suggests an idea for hole enhancement
in OLEDs. Fig. S2t shows XPS spectra of bare ITO and ITO
coated with DT-Ag NPs [In 3d (3d3/, and 3ds;,) and Sn 3d (3d3),
and 3ds),)], and a red shift in the peaks for both In and Sn
(0.94 eV for In; 0.95 eV for Sn) was observed for ITO coated with
DT-Ag NPs in comparison with bare ITO. This kind of peak shift
was observed when a carrier (hole) injection material was
deposited on ITO with the result that the energy level was
stabilized (Fig. S31), which was due to the formation of an
electric double layer by Ag NPs.””

A* =120 A cm ™2 K2 at m* = my, frg =
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The absorption spectra (A,,5) of devices I-IV reveal that the
absorption peaks at 392 nm for device I (without DT-Ag NPs)
and 412, 449, and 451 nm for devices II, III, and IV, respectively
(with DT-Ag NPs), are related to the LSPR wavelength of DT-Ag
NPs, and the LSPR peak of DT-Ag NPs in solution was
observed at 384 nm (Fig. 9). The red shift in the absorption peak
for the devices is due to the agglomeration of DT-Ag NPs that
results from an increase in the density of DT-Ag NPs. The
coupling of excitons in the emissive layer with the LSPR of DT-
Ag NPs significantly tuned the emission rate. The emission
intensity of the ITO/DT-Ag NPs/NPB/CBP:Ir(mpidmb),(acac)/
LiF/Al film was higher by a factor of 2.23 in comparison with
the ITO/NPB/CBP:Ir(mpidmb),(acac)/LiF/Al film (Fig. 10). The
increase in emission intensity was due to the LSPR effect of the
emissive layer via DT-Ag NPs, which resulted in an increase in
the absorption of incident light by concentrating it into a local
electromagnetic hot spot.”®”® An enhancement in emission
intensity was observed with a well-matched spectral overlap
between the LSPR of DT-Ag NPs and the emission peak of the
emissive layer (Fig. 9). Therefore, these DT-Ag NPs are suitable
for OLEDs that use an acetylacetonate iridium complex as the
emissive layer, as their optical absorption peak is located in
a broad region from 390 to 451 nm, which overlaps the peak of
the emissive layer at 450 nm. When the local electromagnetic
field of excitons in the emissive layer overlaps the LSPR of DT-Ag
NPs, a coupling effect appears between the excitons and the
LSPR (Fig. 10) owing to the transfer of energy between them,
which results in the generation of new channels for emission.
Because the high-momentum scattering speed of LSPR is faster
than the decay speed of the excitons, this results in effective
coupling between the excitons and the LSPR and thereby
enhances the intensity of the radiation.*

When an interlayer based on DT-Ag NPs exists at a specific
distance with respect to the emissive layer and the emission
wavelength of the emitter (A.;) is close to the wavelength of the
LSPR (A4ps), energy transfer results between excitons and the LSPR.
The energy transfer efficiency (E) is related not only to the distance
between the acceptor and the donor (1) but also to the critical
energy transfer distance (R,) [FRET].”® According to Forster's theory
of non-radiative energy transfer, the energy transfer efficiency (E)
can be determined by the following equations:

T F
E=1- 1—0:1— FO:R06/(R06+1‘06):

R® = 8.8 x 102 [i2ndpJ(2)] in A':
J(A) = J Fp(Dea(N)A*dA
0

where 7 and F are the lifetime and fluorescence intensity of the
donor in the presence of the acceptor, 7, and F, are the lifetime
and fluorescence intensity in the absence of the acceptor, @, is
the quantum yield of the donor in absence of the acceptor E is the
efficiency of energy transfer between the donor and the acceptor
and R, is the critical distance when the efficiency of transfer is
50%. Fp(4) is the corrected fluorescence intensity of the donor at
awavelength of A to (A + A}), with the total intensity normalized to
unity, and e,(4) is the molar extinction coefficient of the acceptor

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 (a) Electroluminescence spectra of devices I-IV; (b) lifetime spectra of devices [-1V; (c) luminance—voltage curves for devices I-1V; (d)

current efficiency—current density curves for devices |-IV.

at a wavelength of A. Using values of x> = 2/3 and n = 1.334, from
the available data the overlap integral J can be calculated to be
3.99 x 10""? em® L mol " by integrating the spectral parameters.
The values of R, and E are found to be about 0.62 nm and 0.51,
respectively.®® The value of 7, [1.11 nm] is less than 8 nm and
higher than R,, which supports®* the energy transfer process
between excitons and the LSPR with high probability. FRET
between the donor and the acceptor is possible at a distance of
20-30 nm. In the present case the calculated distance (R,) is
0.62 nm; however, the length of the alkyl chain in dodecanethiol
is less than 2 nm.*” Therefore, the steric effect of this compound
is insignificant for energy transfer.

When the wavelength of the absorption (A,ps) spectrum of
the LSPR in DT-Ag NPs matches that of the emission spectrum
(Aemi), the dominant PL peak corresponds to the emission
frequency of CBP:Ir(mpidmb),(acac), which results in an
increase in efficiency. The PL peak for the CBP:Ir(mpidmb),-
(acac) emissive layer is located close to the LSPR peak of DT-Ag
NPs, with the result that coupling occurs between excitons and
the LSPR. The decay time (Fig. 7) of the DT-Ag NPs/
CBP:Ir(mpidmb),(acac) film is faster than that of the
CBP:Ir(mpidmb),(acac) film owing to coupling between exci-
tons and the LSPR, which results in an enhancement in radia-
tive intensity.***! The PL decay times of devices I-IV were 416.0,
381.7, 328.4 and 246.9 ns, respectively. The variations in the PL
decay times of devices I-IV were related to exciton quenching
that was due to an overlap with the LSPR. The reduction in the
lifetime of triplet excitons in devices II-IV was due to coupling
between triplet excitons in the CBP:Ir(mpidmb),(acac) emissive
layer and the LSPR induced by DT-Ag NPs (Fig. 10). The effective
surface plasmons generated in the vicinity of the surface of DT-
Ag NPs and the increase in luminescence intensity were due to

This journal is © The Royal Society of Chemistry 2017

coupling between excitons and the LSPR of DT-Ag NPs. As
a consequence, excitons in the emissive layer recombined either
radiatively or non-radiatively via the interaction between the
excitons and the LSPR. An overlap in the electromagnetic field
originating from agglomerates of DT-Ag NPs induced non-
radiative decay of excitons owing to destructive interference
with the LSPR. LSPR leads to a very high density of states and
a high local electromagnetic field near the surface of DT-Ag NPs.
A higher decay rate is then expected owing to the strong
coupling between excitons and the LSPR. This shows that not
only the distance between the emitter and DT-Ag NPs but also
the distance between adjacent DT-Ag NPs in the interlayer play
important roles in determining the coupling between the LSPR
and excitons in OLEDs.

A high density of DT-Ag NPs in the interlayer will result in the
quenching of excitons, which is induced by strong overlap
coupling between the excitons and plasmon excitations of the
DT-Ag NPs. The control device (I) without DT-Ag NPs exhibited
a maximum luminance of 1486 cd m ™ and a current efficiency
of 25.3 cd A" at 8.0 V (Fig. 10). The devices with DT-Ag NPs with
densities of 6 um™~> (II) and 35 pm™? (III) exhibited enhanced
performance in comparison with the control device (I). The
operating voltages of devices II (8.3 V) and III (8.6 V) at a density
of DT-Ag NPs of 6 um ™2 (II) and 35 um™?> (III) were almost the
same as that of device I (8.0 V) without DT-Ag NPs. This indi-
cates that the presence of DT-Ag NPs did not significantly affect
the number of holes injected from the ITO anode into the
CBP:Ir(mpidmb),(acac) emissive layer. However, the operating
voltage of device IV with DT-Ag NPs with a density of 45 um >
was higher than those of devices I-III owing to the leakage of
current resulting from the large size of the DT-Ag NPs. The
maximum luminances of the devices coated with DT-Ag NPs

RSC Adv., 2017, 7, 38923-38934 | 38931
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with densities of 6 um ™ (I1), 35 pm > (I11) and 45 um > (IV) were
2699, 2746 and 1308 cd m™?, respectively. The increased lumi-
nances of devices II and III in comparison with that of the bare
device I were due to the coupling effect between excitons of the
CBP:Ir(mpidmb),(acac) emissive layer and the LSPR of DT-Ag
NPs. The maximum current efficiencies of devices II-IV were
36.6 (at 8.3 V), 42.3 (at 8.6 V) and 21.6 (at 10.6 V) cd A,
respectively. The increased luminance efficiency of devices II
and III in comparison to the bare device I was due to increased
luminance resulting from energy transfer via the coupling effect
between excitons in CBP:Ir(mpidmb),(acac) and the LSPR in the
DT-Ag NPs layer. The current efficiency of device III with
a density of DT-Ag NPs of 35 um 2at 100 cd m >was 17.7cd A"
higher than that of device I owing to increased luminance
resulting from energy transfer via the coupling effect between
excitons in the emissive layer and the LSPR in DT-Ag NPs.
Moreover, the current efficiencies of the devices without DT-Ag
NPs and with a density of DT-Ag NPs of 35 um > at 1 cd m >
were 38.3 and 46.0 cd A", respectively, whereas those at 10 cd
m ™% were 32.3 and 44.9 cd A", respectively. The roll-off current
efficiency of the device with a density of DT-Ag NPs of 35 pm >
was lower than that of the device without DT-Ag NPs owing to
exciton quenching resulting from the overlap with the LSPR.*
Even though the magnitude of exciton quenching in device IV
with a density of DT-Ag NPs of 45 um > was greater than that in
device III with a density of DT-Ag NPs 35 pm > owing to an
increase in the overlap with the LSPR, the current efficiency of
device IV with a density of DT-Ag NPs 45 um™ > was lower than
that of the other devices owing to the leakage of current origi-
nating from the large size of the DT-Ag NPs.

4. Conclusions

The use of DT-Ag NPs with a density of 35 um ™~ at the anode/
HTL junction in OLEDs using CBP:Ir(mpidmb),(acac) as the
emissive layer led to an enhancement in emission intensity,
which was attributed to an increase in the radiative rate of the
OLEDs. TEM images reveal that DT-Ag NPs were uniformly
dispersed owing to the attachment of DT ligands to the surfaces
of Ag NPs. The superposition of the absorption spectrum of DT-
Ag NPs on the PL spectrum of the CBP:Ir(mpidmb),(acac)
emissive layer contributed to a coupling effect between the
emission from the emissive layer and the LSPR of DT-Ag NPs,
which resulted in an increase in out-coupling efficiency. The
current efficiency of devices with a DT-Ag NPs layer at 100 cd
cm ™~ (42.3 cd A”")was 17.0 cd A~ " higher than that of a control
device (25.3 cd A™"). The increase in the current efficiency of
devices with a DT-Ag NPs layer was strongly related to effective
energy transfer between radiated light generated from the
CBP:Ir(mpidmb),(acac) emissive layer and the LSPR excited by
the DT-Ag NPs layer.
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