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A new UV fluorescent material based on phenanthro[9, 10-d]imidazole and butyltriphenylsilane (SiBPI) is designed and

synthesized, which presents high quantum yield and excellent solubility. A non-doped solution-processed device using

SiBPI as active layer achieves an extremely high ne: of 1.76% with guaranteed saturated UV CIE coordinates of (0.158,

0.042).

1. Introduction

Solution-processable small organic light emitting materials,
which possess concise structure and good solubility, have
attracted much attentions in both scientific and industrial
communities as potential candidates for large-scale flat-panel
displays and low-cost solid-state Iightings.l'3 Remarkable
progress has been made in achieving high-quality solution-
processable materials that emit colors in the visible region
over the past decade.*” Materials with even shorter ultraviolet
(UV) wavelengths, however, are not developed as well,
although efficient UV emitters are of great importance in
biology medical treatment,8 sterilization,9 and high density
information storage.10 In addition, such emitters can also be
used to generate light of all colors by energy transfer to
emissive dopants,”'12 and can effectively reduce the power
consumption of a full-color organic light emitting diodes
(OLEDs).B'16 According to the European Broadcasting Union
(EBU) standard blue Commission International de L’Eclairage
(CIE) coordinates of (0.15, 0.06),17 UV OLEDs should match the
emission with y CIE coordinate lower than 0.06.

In our prior study, phenanthro[9, 10-d]imidazole (Pl) was
found to be a promising building block for UV emitting
materials which possesses a wide energy bandgap of 3.46 eV,
violet light emission in film (393 nm), and narrow full width
half maximum (FWHM, 50 nm).s'18 Moreover, Pl also exhibits
ambipolar carrier transport properties with high carrier
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mobilities, which is quite beneficial for its application for
OLEDs.***° However, its low glass transition temperature (Tg)
of 62 °C, moderate solid-state quantum yield of 40% and poor
film-forming ability is far from being adequate for application
in UV light emitting OLEDs. In addition, most of excellent PI-
based emitters exhibit nearly unity fluorescence quantum
efficiency and UV emission in dilute solution. Unfortunately,
they tend to aggregation in the solid state, which usually
results in the decreased efficiency and emission out of the UV
spectral region in OLEDs."®*"? This problem can be solved to
some extent by introducing a bulky silane segment, which
enhances the solid state efficiency by the tetrahedral
geometry as well as maintains the wide bandgap of PL® In this
paper, the tetrahedral geometry of silane segment could
increase the steric hindrance, suppress intermolecular
interactions and enhance the efficiency in solid state.
Compared with PPl (0.40), very high PL quantum yield of 0.77
for SiBPI is observed in thin films. What is more, the bandgap
of PPl and SiBPI are all calculated to be 3.28 eV according to
their absorption edge in film state. It indicates that the bulky
silane moiety effectively blocked the quenching process of PPI
in film. Contrast with PPI, the T, and T,, of SiBPI are also
improved. In this paper, we further increase the solubility of
Pl-based materials by adopting butyltriphenylsilane as a
substituent, which could effectively increase the flexibility of
the compound to help conserve better morphological stability
with convenient solution-processibility. As a result, SiBPI
shows high solubility as high as 80 mg mL™ in toluene. The
solution-processed device based on SiBPI exhibits good
performance with the maximum external quantum efficiency
(Next) Of 1.76%, current efficiency (n.) of 0.57 cd A", and CIE
coordinates of (0.158, 0.042), which is comparable to the
performance of its vacuum-deposited device. To the best of
our knowledge, this newly synthesized material shows the
guaranteed saturated UV electroluminescence (EL) with high
efficiency by spin-coating method.
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Fig. 1 The TGA and DSC graphs of SiBPI and PPl (recorded at a
heating rate of 10 K min™ under a nitrogen flow).

Fig. 2 The spin-coating films of SiBPI and PPI on the quartz plate at
room temperature and after annealing at 90 °C for 0.5 h.

2. Results and discussion

2.1 Synthesis

The synthesis route to SiBPI is shown in Scheme 1. Firstly, the
reaction intermediate (a) was readily obtained by "one-pot" Debus-
Radziszewski reaction with high yield according to our reported
procedure.21 Then, SiBPI used for this study could be achieved by
treating a with n-BulLi at -78 °C, followed by lithium exchange with
dichlorodiphenylsilane.23 The molecular structure of the
intermediate and final product were confirmed by 'y NMR, high-
resolution mass spectrometry, fourier-transform infrared
spectroscopy, elemental analysis, and corresponded well with their
expected structure (Supporting Information).

2.2 Thermal properties

SiBPI exhibited decomposition temperature (Tq,
corresponding to 5% weight loss) of 406 °C by
thermmogravimetric analysis (TGA), which was much higher
than PPl (317 °C) (Fig. 1) due to the introduction of
butyltriphenylsilane segment. The T, of SiBPI was measured to
be at 75 °C by differential scanning calorimetric (DSC). Upon
further heating beyond T, no exothermal peak of
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crystallization temperature was observed. Atomic force
microscopy (AFM) characterization presented that film of SiBPI
fabricated by spin-coating method displayed fairly
homogenous and smooth surface morphology with the
roughness of 1.13 nm. After annealing at 90 °C for 0.5 h, the
film morphology were almost kept unchanged. In contrast, the
surface of PPl film showed noticeable crystallization area
especially after annealing (Fig. 2). The thermal stability and
film morphology of SiBPI had been successfully modified for
application in UV devices with the rational design of molecular
structure. As a consequence, SiBPI might form morphologically
stable films during device operation, which is highly important
for its application.u'z‘r’

2.3 Photophysical properties

SiBPI emitted in UV region showing quite similar emission
spectra as PPl in dilute THF solution (Fig. 3), indicating that the
non-conjugated silane segment in SiBPl did not affect the
conjugation length and the bandgap in comparison with PPI.
The emission peaks of PPl and SiBPI were both located at 369
nm and 372 nm, respectively. It is noteworthy that SiBPI
exhibited narrow emission with only 36 nm FWHM in the
spectra. This is helpful for obtaining saturated color with a low
y CIE coordinate in OLEDs. We also measured the fluorescence
in different solvents with various polarities, and SiBPI showed
almost the similar emission spectra, implying that no obvious
intramolecular charge transfer existed in the compound (Fig.
4). SiBPI and PPI also exhibited similar absorption spectra. The
maximum absorption peak at 262 nm was attributed to the
isolated benzene ring connected with imidazole. The
absorption band around 340 nm of SiBPI was a little bit red-
shifted compared with that of PPI, which might be originated
from the m-mt* transition of Pl unit. The bandgap of PPl and
SiBPI were all calculated to be 3.28 eV according to their
absorption edge in film state. Very high PL quantum yield of
0.77 for SiBPI was observed in thin films indicating that the
bulky silane moiety effectively blocked the quenching process
of PPl in film. Such high quantum efficiency was unusually
observed for wide bandgap organic UV emitters.”® What is
more, the introduction of silane segment and butyl unit could
effectively afford the materials with convenient solution-
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Fig. 3 (a) Normalized absorption and emission spectra of SiBPI in
THF (concentration: 10° mol L'l) and (b) Normalized absorption
and emission spectra in film, compared with PPI.

This journal is © The Royal Society of Chemistry 20xx


http://dx.doi.org/10.1039/c6ra18755b

Page 3 of 8

RSC/Advances

Journal Name

View Article Online
DOI: 10.1039/C6RA18755B

Table 1 The photophysical, thermal and electrochemistry data of PPl and SiBPI.

A . max solna) FWHMsolnb) A P max ﬁImC) FWHM filmd) o] fIE) Tg Tm Td HOMOf) LU Mof) A ng)

[nm] [nm] [nm] [nm] % [’a  [ca [ [eV] [eV] [eV]

PPI 369 35 393 50 40 62 126 317 -5.53 -2.07 3.46
SiBPI 372 36 426 53 77 75 190 406 -5.57 -2.22 3.35

Published on 17 August 2016. Downloaded by Northern Illinois University on 17/08/2016 12:29:04.

3 The maximum emission peaks in THF (concentration: 10” mol L'l); ® The full width half maximum of emission in THF (concentration: 10°

mol L'l); 9The maximum emission peaks in film; 9 The full width half maximum of emission in film; ® The PL quantum yield in thin film; f

Measured by cyclic voltammetry.
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Fig. 4 PL spectra of SiBPI, measured in different solvents with
easing polarity (concentration: 10° mol L'l).
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Fig. 5 Cyclic voltammogram of the SiBPI and PPI.

processibility. The solubility as high as 80 mg mL™? in toluene
was attained for SiBPI, suggesting the greatly improved
flexibility as compared to PPl. Such an exceedingly high
solubility could guarantee SiBPI as potential candidate for
solution-processable material to be applied in large-scale flat-

panel displays and low-cost solid-state lightings.

This journal is © The Royal Society of Chemistry 20xx

for SiBPlI (much lower than that of PPI),

2.4 Electrochemical properties and theoretical
calculation

The highest occupied molecular orbital (HOMO) and lowest

unoccupied (LUMO) levels were measured by cyclic

voltammetry using a glassy carbon disk (diameter 3 mm) as the
working electrode, a platinum wire as the auxiliary electrode
with a porous ceramic wick, and Ag/Ag" as the reference

(Fig. 5).27'28 PPl exhibited one quasi-reversible

oxidation wave with an oxidation onset potential of 0.95 V,

electrode

which gave a HOMO level of -5.53 eV by comparison to
ferrocene (Epomo = - (€Ex,+4.58) eV), and the LUMO level was

measured to be -2.07 eV. SiBPI also exhibited one quasi-
reversible oxidation wave corresponding to HOMO level of -
5.57 eV. While the LUMO level was calculated to be -2.22 eV
which may be
attributed to the partly overlapping between n-nt* conjugation
in PPl and the d orbital of Si atom. The decreased LUMO level

was beneficial effect for the electron injection in device. This

. . 23
effect was often observed in silicon-containing compounds.

The molecular design concept is further validated by the

Molecular Structure HOMO LUMO

>

‘.h

',. ‘905 ¥

e
4

SiBPI ’:

Fig. 6 Frontier molecular orbitals (HOMO and LUMO) of PPI
and SiBPI calculated with DFT on B3LYP/6-31G(d) level.
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Table 2 Performance of the vacuum-deposited device A and the solution-processed device B.

b f)
bevie? ML Ven Next” T T n’ clg” CIE?
evice
[nm] v [%, 100 cd m™] [%] [cdm?] [cd A I, vl [, y, 100 cd m”]
A 424 3.8 2.05 2.62 693 1.04 (0.166, 0.046) (0.194, 0.078)
B 416 5.3 1.70 1.76 420 0.57 (0.158, 0.042) (0.159, 0.044)

3 The structure of device A: ITO/Mo0Oj3 (10 nm)/TAPC (40 nm)/ SiBPI (20 nm) /TmPyPb (40 nm)/LiF (0.5 nm)/Al (100 nm); device B:
ITO/PEDOT:PSS/ SiBPI (10 mg/mL)/TmPyPb (5 nm)/TPBi (40 nm)/LiF (1.2 nm)/Al (150 nm); ®'The external of quantum efficiency (ney) taken
at 100 cd m'z; 9The maximum external of quantum efficiency (Nmax, ext); 9 The maximum values of luminance (Lmax); ® The current efficiency
(ne); I The CIE coordinates taken at 6 V; The CIE coordinates taken at 100 cd m™.
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Fig. 7 The current density-electric field intensity curves of the single
carrier devices based on PPl and SiBPI.

theoretical calculation. As shown in Fig. 6, the density function
theory (DFT) calculated HOMO and LUMO were found to be
mainly localized on the Pl moiety. The observations are in a
good agreement with the experimental results.

2.5 Electroluminescent properties

To investigate the carrier injection and transport ability, the
hole-only and the electron-only devices of SiBPI and PPl were
fabricated. The configuration of the hole-only device was
ITO/PEDOT/SiBPI or PPl (80 nm)/Au and the electron-only
device had the configuration of ITO/TPBi (10 nm)/ SiBPI or PPI
(100 nm)/LiF/Al. In the hole-only device, the results indicated
that the hole current values of SiBPI and PPl were not much
different. In the electron-only device, the 10 nm TPBi was
inserted as a hole-blocking layer to ensure a pure electron
current in the device. The electric field intensity was calculated
by the voltage and the thickness of the film obtained in the
deposition process. As shown in Fig. 7, in the high electric field
intensity zone (> 4.2%10" vV cm"l), the electron current values
of SiBPI was approximately one order magnitude higher than

This journal is © The Royal Society of Chemistry 20xx

that of PPI, providing strong evidence that SiBPI could possess
better electron injection and transport ability.

To further access the performance of SiBPI as a UV light-
emitter, non-doped vacuum-deposited device (A) and spin-
coating device (B) were both fabricated. Device A was a typical
sandwiched structure of ITO/MoQOj; (10 nm)/TAPC (40 nm)/ SiBPI
(20 nm)/TmPyPb (40 nm)/LiF (0.5 nm)/Al (100 nm). The best EL
performance in terms of ne (2.62%) was obtained, with n. of 1.04
cd A? (Table 2). And it showed a relatively low turn-on voltage of
3.8 V, which was different from the other OLEDs containing wide
bandgap emitters. The device exhibited UV EL spectrum similar with
its thin film PL spectrum. The maximum peak of EL emission was at
424 nm for SiBPI with very narrow spectra distribution (FWHM = 60
nm), which was very helpful for obtaining saturated UV color. The
CIE coordinates of (0.166, 0.046) matched well with the
requirement of EBU standard blue CIE coordinate.”*° As shown in
Fig. S5, the emission at 424 nm for vacuum deposition device A
can be ascribed to be the emission from SiBPl. However, at
high voltages, distinct long-wavelength emission around 584
nm was observed for vacuum deposition device A, which might
be generated by an exciplex formed at the interface.™™?
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Fig. 8 (a) EL emission for devices A and B at 6 V. Insert: the CIE
coordinates. (b) The external quantum efficiency and current
efficiency for devices A and B.
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Table 3 Data summary of deep blue devices with high efficiency by solution-processed.

emitters e maxa) A maxb) Mo maXC) Lma)(d) Araw . ’ clf ' Ref
(cdA™) (Imw™) (%) (cd m?) (nm) (xy)
p-DTPABI-Cz 3.71 2.32 2.88 5521 461 0.16,0.17 33
m-DTPABI-Cz 2.74 1.73 2.28 4403 465 0.16,0.16 33
0CSoC 4.0 3.0 - 5500 455 0.172,0.224 34
la 3.79 - - 19181 415 0.17,0.11 35
3a 0.5 0.2 1.50 714 415 0.16,0.05 36
5P-TCTA 2.48 2.15 2.30 7300 445 0.15,0.09 37
TFPC2 0.86 0.56 2.02 1054 430 0.16,0.04 38
POSS-DPCz 1.4 - 0.92 8900 450 0.15,0.12 39
5CzCN - - 18.7 - - 0.17,0.27 40
HFB-diF-Dpa 6.99 6.10 5.45 5000 460 0.154,0.136 41
TPA-PyF3 1.13 0.66 1.78 1352 423 0.16,0.07 42
CBP-PyF3 1.68 1.08 2.07 1289 423 0.16,0.08 42
2 0.47 0.18 1.25 483.1 431 0.157,0.069 43

Published on 17 August 2016. Downloaded by Northern Illinois University on 17/08/2016 12:29:04.

4 The maximum current efficiency (N¢, max); ®IThe maximum power efficiency (N, max); 9The maximum external of quantum efficiency (Nex,
max); 9 The maximum values of luminance (Lmax); ® The maximum peak of electroluminescence emission (Amax e); ' The CIE coordinates

taken at turn-on voltage.

Accordingly, we could assume that the recombination zone for
the typical sandwiched structure was located near the HTL/ETL
interface. So, at 100 cd m? the CIE coordinates were changed
to (0.194, 0.078).

Devices B was fabricated by spin-coating method with the
structure of ITO/PEDOT:PSS/ SiBPI (60 nm)/TmPyPb (5 nm)/TPBi (40
nm)/LiF (1.2 nm)/Al (150 nm). It exhibited high performance with
the maximum ne, of 1.76 %, n. of 0.57 cd A'l, and CIE coordinates
of (0.158, 0.042). Significantly, at 100 cd m* the CIE coordinates
were still kept at (0.159, 0.044), indicating very good color stability
for UV light-emitting diodes over a wide range of operation
conditions. The EL emission spectrum was as similar as that
obtained from the PL emission spectrum. In particular, the EL
spectra and CIE coordinates were kept unchanged over the entire
applied voltage from 6 V to 11 V. The data of newly published

This journal is © The Royal Society of Chemistry 20xx

deep blue devices by spin-coating method were list as
comparison. This is the highest spin-coating UV EL efficiency in
comparison with previously reported result, which is consistent
with its high thin film photo luminescent quantum vyield,
appropriate flexibility and high T,, and indicated the present device
structure could effectively confine the carriers and excitons in the
emissive layer. Moreover, it is worthy to note that SiBPI showed
very low roll-off of the luminance efficiencies. The results further
demonstrated that the molecular design strategy is feasible.

Conclusions

In summary, a new highly efficient UV emitter based on PPI
has been designed, synthesized and fully characterized. The
promising photophysical properties of SiBPI, including high

J. Name., 2013, 00, 1-3 | 5
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quantum vyield of UV emission, appropriate flexibility, high
thermal and morphological stability can be distinctly ascribed
to the introduction of butyltriphenylsilane. In addition, the
solubility as high as 80 mg mL™? in toluene was attained for
SiBPI. The solution-processed device based on SiBPI can
achieve an excellent ne. of 1.76% with true violet CIE
coordinates of (0.158, 0.042), which is comparable to the
performance of its vacuum-deposited device. Over a wide
range of operation conditions, the luminance efficiencies and
color purity were almost unchanged. It was among the best
results ever reported for solution-processed UV light-emitting
diodes, which inspired its application in the future.

Experimental

Synthesis  of  2-(4-bromophenyl)-1-phenyl-3a,11b-dihydro-1H-
phenanthro[9,10-d]imidazole ( a )

A mixture of 4-bromobenzaldehyde (2.5 g, 13.5 mmol),
phenanthrene-9,10-dione (2.8 g, 13.5 mmol), aniline (6.3 mL, 67.5
mmol), ammonium acetate (4.2 g, 54.5 mmol), and acetic acid (60
mL) were refluxed under nitrogen in an oil bath. After 2 h, the
mixture was cooled and filtered. The solid product was washed with
acetic acid many times. Then it is obtained the product as white
powder (5.5 g). Yield: 90.6 %. "H NMR (500 MHz, DMSO, §): 8.95 (d,
J=8.36Hz, 1 H), 8.90 (d, J = 8.38 Hz, 1 H), 8.70 (d, J = 7.95 Hz, 1H),
7.80 (t, J = 7.16 Hz, 7.72 Hz, 1H), 7.76-7.69 (m, 6H), 7.59 (t, J = 8.56
Hz, 8.72 Hz, 3 H), 7.53 (d, J = 8.61 Hz, 2H), 7.37 (t, J = 7.36 Hz, 7.97
Hz, 1H), 7.10 (d, J = 8.34 Hz, 1H); MALDI-TOF (m/z): [M"] calcd for
C,7H,7BrN, : 449.3; Found: 449.0.

Synthesis of 2-(4-(butyldiphenylsilyl)phenyl)-1-phenyl-1H-
phenanthro[9,10-d]imidazole (SiBPI)

A solution of n-BulLi in hexane (2.4 M, 6.0 mL) was added
slowly (over 1 h) under nitrogen to a stirred solution of a (5 g,
11.1 mmol) in anhydrous THF (150 mL) at -78 °C.
Dichlorodiphenylsilane (1.4 g, 5.6 mmol) was then added
quickly while maintaining the temperature at -78 °C. The color
of the solution gradually changed to pale yellow. After 4 h the
mixture was warmed to room temperature and stirred for 24
h. The reaction mixture was then quenched with water and
extracted with chloroform. The combined organic phases were
dried (MgS0O,) and concentrated under reduced pressure.
After solvent evaporation, the liquid was purified by column
chromatography using petroleum ether/ methylene chloride
as the eluent to afford a white solid (2.0 g). Yield: 59 %; 'H
NMR (500 MHz, DMSO, 6): 8.94 (d, J=8.31 Hz, 1 H), 8.88 (d, J =
8.55 Hz, 1 H), 8.69 (d, J = 7.97 Hz, 1H), 7.79 (t, J = 7.12 Hz, 7.90
Hz, 1H), 7.73-7.67 (m, 6H), 7.63 (d, J = 8.22 Hz, 2 H), 7.57 (t, J =
7.12 Hz, 8.29 Hz, 1H),7.46-7.39 (m, 12H), 7.35 (t, J = 7.48 Hz,
8.1 Hz, 1H), 7.06 (d, J = 8.28 Hz, 1H), 1.34 (d, J = 8.43 Hz, 6H),
0.94 (t, J = 6.64 Hz, 6.92 Hz, 3H); FTIR (KBr, v, Cm'l): 3048,
2946, 2918, 2860, 1593, 1513, 1491, 1466, 1451, 1425, 1394,
1373, 1296, 1196, 1107, 1016, 999, 962, 873, 826, 806, 755,
723, 699, 615, 552, 532, 509, 486, 469, 428; MALDI-TOF (m/z):
[M*] calcd for C43H3¢N,Si : 608.8; Found: 608.8. Anal. calcd for

6| J. Name., 2012, 00, 1-3
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CasH36N,Si : C 84.83, H 5.96, N 4.60; Found: C 84.99, H 5.99, N
4.53.
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A solution-processed device using SiBPI as active layer achieves an high ne of 1.76% with CIE

coordinates of (0.158, 0.042).
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