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Excited-State Conformational/Electronic Responses of Hole Transporting
Saddle-Shaped N,N’-Disubstituted-Dihydrodibenzo[a,c]phenazines; A
Paradigm of True Cross-Strait Collaboration

Pi-Tai Chou (J& 2 7g)
Department of Chemistry, National Taiwan University, Taipei, 10617 Taiwan
E-mail: chop@ntu.edu.tw

During the past three years, through the intensive and solid cross-strait collaboration between Taipei and
Shanghai, a great puzzle regarding the anomalous emission in a series of hole transporting N,N’-
disubstituted-dihydrodibenzo[a,c]phenazines has been solved. The representative compounds DMAC (N,N’-
dimethyl), DPAC (N,N’-diphenyl) and FIPAC (N-phenyl-N'-fluorenyl) reveal significant non-planar
distortions (i.e., a saddle shape) and remarkably large Stokes-shifted emission independent of the solvent
polarity. For DPAC and FIPAC with higher steric hindrance on the N,N’-substituents, normal Stokes-shifted
emission also appears, for which the peak wavelength reveals solvent-polarity dependence. These unique
photophysical behaviors are rationalized by electronic configuration coupled conformation changes en route
to the geometry planarization in the excited state. This proposed mechanism is different from the symmetry
rule imposed to explain the anomalously long-wavelength emission for DMP and is firmly supported by
polarity-, viscosity-, and temperature-dependent steady-state and nanosecond time-resolved spectroscopy.
Together with femtosecond early dynamics and computational simulation of the reaction energy surfaces, the
results lead us to establish a sequential, three-step kinetics. Upon electronic excitation of N,N’-disubstituted-
dihydrodibenzo[a,c]phenazines, intramolecular charge -transfer takes place, followed by the combination of
polarization stabilization and skeletal motion toward the planarization, i.e., elongation of the -
delocalization over the benzo[a,c]phenazines moiety. Along the planarization, DPAC and FIPAC encounter
steric hindrance raised by the N,N’-disubstitutes, resulting in a local minimum state, i.e., the intermediate.
The combination of initial charge-transfer state, intermediate, and the final planarization state renders the full
spectrum of interest and significance in their anomalous photophysics. Depending on rigidity, the N,N’'-
disubstituted- dihydrodibenzo[a,c]phenazines exhibit multiple emissions, which can be widely tuned from
red to deep blue and even to white light generation upon optimization of the surrounding media.
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Phenomena, Molecular Design, Synthesis and Applications, Semiconductor
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The Strategies to Develop Highly Efficient Sensitizers for DSSC

Jianli Hua (£ 22 11)
Key Laboratory for Advanced Materials and Institute of Fine Chemicals, East China University of
Science and Technology, 130 Meilong Road, Shanghai 200237, China.
E-mail: jihua@ecust.edu.cn

As the light-harvesting antennas of dye-sensitized solar cells (DSSC), sensitizers are the core part of the
whole DSSC system. This research project is focused on the molecular design, chemical synthesis, structural
analysis and performance measurement of novel highly efficient organic sensitizers for DSSCs. The main
achievements are as follows: (1) Study on the performance of D-A-n-A organic sensitizers. Compared with
the traditional D-n-A sensitizers, the introduction of strong electron-withdrawing group can easily tune the
energy levels, enlarge the absorption wavelength range and improve the photostability of the sensitizer. We
synthesized several series of sensitizers with strong electron-withdrawing quinoxaline, pyrido[3,4-b]pyrazine,
[1,2,5]thiadiazolo[3,4-c]pyridine, and dithiazole unit as the auxiliary acceptor for the application on DSSC.
DSSC based on quinoxaline as the additional acceptor and bulky indoline donor, exhibited the highest
efficiency of 10.65 %; (2) Study on the high performance dye sensitizers. Organic sensitizers containing
diketopyrrolopyrrole (DPP), quinacridone or isoindigo have good chemical and photochemical stabilities, as
well as show strong absorption of light around 300~600 nm. These groups can not only expand conjugated
system and spectral response range, but also enhance the intramolecular charge transfer efficiency and
stability. We synthesized several series of organic sensitizers based on the high performance dyes, among
which the device performance of a 2-ethyl-hexyl branched DPP-based sensitizer reached efficiency of 7.63 %;

(3) Study on the performance of sensitizers containing double acceptors without COOH as anchors. The
acceptors of organic sensitizers are normally featured with carboxylic acid (COOH). However, dye
dissociation problems exist in this kind of sensitizers after longtime irradiation. We have reported a novel
electron acceptor 2-(1,1-dicyanomethylene)rhodanine (DCRD). This acceptor group consists of strong
electron-accepting rhodanine and dicyanomethylene, which can widen absorption spectra effectively; the O
and N atoms of rhodanine in DCRD can chelate onto the TiO2 surface to form coordination bond, improving
the stability of sensitizers.

References

1.J. Mao, J. Hua, H. Tian, Angew. Chem. Int. Ed., 2012, 51, 9873.

2.J.Yang, J. Hua, S. Zakeeruddin, H. Tian, J. Am. Chem. Soc., 2014, 136, 5722.
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Organic Blue Dopants Having Triplet-Triplet Annihilation

Chien-Hong Cheng (7 1)
Department of Chemistry, National Tsing Hua University.
E-mail: chcheng@mx.nthu.edu.tw

The limitation of fluorescent OLEDs can be overcome by the up-conversion of triplet to singlet states
via two possible mechanisms. One is thermally activated delayed fluorescence (TADF)1 and the other is
triplet-triplet annihilation (TTA). For TADF materials, a small singlet-triplet energy gap of the material is
necessary to enable fast conversion of the triplet excitons to singlet excitons by reverse intersystem crossing.
In general, TADF material-based OLEDs can provide very high efficiency, but most of these devices show
large efficiency roll-off, low luminance and low operational lifetime. TTA materials with high EL efficiencies
are considered to be potential candidates for practical use.

In this talk, we will show you several new deep-blue dopants containing a styryl group as the core.2,3
Most of these dopants exhibit very high fluorescence quantum efficiencies near 100%. The deep-blue OLEDs
fabricated using a suitable host such as 1-(2,5-dimethyl-4-(1-pyrenyl)phenyl)pyrene (DMPPP) doped with
one of the dopants as the emitting layer exhibit very high external quantum efficiencies with CIEy less than
0.14. The devices show delayed electroluminescence, but the dopants do not reveal any delayed
photoluminescence.3 These observations suggest that these deep blue molecules possess TTA properties. In
most cases, the EQESs and current efficiencies of these doped OLEDs increased with an increase in luminance,

without compromising on the efficiency, owing to the increased TTA contribution at larger applied voltages.

References
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C.-H. Cheng, Chem. Commun., 2014, 50, 6869.
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Materials, Interfaces and Device Structures for Highly Efficient Organic
Light-emitting Diodes

Lei Wang (E#%),7* Jiangshan Chen
7Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology
ZState Key Laboratory of Polymer Physics and Chemistry,Changchun Institute of Applied Chemistry,
E-mail: wanglei@mail.hust.edu.cn

In this report, we carried out the research on materials, interfaces and devices for the organic light-
emitting diodes (OLEDs), and obtained many important research achievements. A series of high performance
organic optoelectronic materials, including high efficiency blue fluorescent emitters, high efficiency red,
green, blue and orange phosphorescent emitters, bipolar and electron-transporting phosphorescent hosts, and
electron transporters with high mobility, high triplet energy and high thermal stability were designed and
synthesized.. We also developed several interfacial materials for cathodes and anodes to improve the
performance of OLEDSs, and developed novel organic semiconductor heterojunctions as the electrode
interfacial layers to eliminate the dependence of device performance on the used electrodes. In addition, a
series of high performance OLEDs were designed and fabricated by us. Among them, the red, green and blue
tandem phosphorescent OLEDs showed very high power efficiency of 50, 121 and 47 Im/W at the brightness
of 1000 cd/m2 without any light out-coupling techniques, respectively, and the red and green tandem devices
possessed long lifetime of over 50000 hours. A hybrid white OLED by doping an orange phosphorescent
guest into a blue fluorescent host was fabricated, and a high power efficiency of 63 Im/W was obtained at the

brightness of 1000 cd/m2 without light out-coupling technique, and its lifetime was more than 20000 hours.

References

1. J. Jin, W. Zhang, B. Wang, G. Mu, P. Xu, L. Wang, H. Huang, J. Chen, D. Ma Chem. Mater., 2014, 26,
2388.

2. G. Mu, S. Zhuang, W. Zhang, Y. Wang, B. Wang, L. Wang, Org. Electron., 2015, 21, 9.

3. H. Huang, Y. Wang, B. Pan, X. Yang, L. Wang, J. Chen, D. Ma, C. Yang, Chem. Eur. J., 2013, 19, 1828.
4. B. Pan, B. Wang, Y. Wang, P. Xu, L. Wang, J. Chen, D. Ma, J. Mater. Chem. C, 2014, 2, 2466.

Biography: W5t i, #4400, Fh2gs, By 3551 A4 . 2000
FEHNY T R IS Kb 22 R, SRR 247, 2005 4, SRR

- = WAL B 2 2247 . 2005 4F 10 ] %8 2008 4F 12 F, &k
<> ) B R AL S . 2009 4E-2011 4, B R KERBOE B E K

LI R HAR, 2011 -4, s PUGHE Z LI BT T .

Research Interests: OLED #4 kil & 5 #8444 #1E; A HUTHL bz g 4h
OLED



Healthy Light-a Killer Application of OLED Lighting

Jwo-huei Jou (J& 5#5)

Material Science and Engineering Department, National Tsing-Hua University.

E-mail:jjou@mx.nthu.edu.tw

‘Energy-saving-only’ should no longer be crowned a top priority in the innovation of lighting science

and technology. Energy-efficient white fluorescent and LED lights have been criticized for possessing blue

hazards, including causing irreparable retina damage and suppression of melatonin secretion, while

physiologically-friendly candlelight or incandescent light are blamed for energy-wasting. Thanks to the

inherent design freedom, OLED based light sources can easily be made free of blue hazard, with also a

relatively high light quality, e.g. high SRI (natural light spectrum resemblance index), and high power

efficiency. Taking the candlelight-style OLED for example, it shows a less than 2% melatonin suppression

sensitivity, and little threat to retina damage, while having a more than 900 times the efficacy of a candle.

Along with a greater efficiency progress and cost-down effort made by the OLED giants, OLED promises to

be the mainstream lighting technology very soon in the future.
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Highly Efficient and Stable White OLEDs Using Materials with TADF

Lian Duan (B:/%)
Dept. of Chem., Tsinghua Univ., Beijing, 10084, P. R. China
Tel.:86-10-62779988, E-mail: duanl@tsinghua.edu.cn
White organic light-emitting diodes (WOLEDSs) are widely researched due to their potential applications
in flat panel displays and solid-state lightings. To solve the trade-off between the high efficiency and the long
lifetime, hybrid WOLEDs with a tandem structure seem to be the most promising approach. For the
phosphorescent unit in the tandem WOLEDs, a suitable host material should possess both a first triplet energy
level (T1) high enough to fit the excited level of the emitting phosphors, and a first singlet energy level (S1)
low enough to improve carrier injecting into the emitting layers (EMLs) and reduce the driving voltage.
Besides, to obtain balanced charge transporting, hosts with bipolar features are highly desired. Here, materials
with small singlet-triplet splits (AEST) show the potential to satisfy those demands through carefully design.
Using materials with TADF as hosts for phosphorescent OLEDs, high efficiency, low efficiency roll-off, low
voltage and long lifetime can be achieved simultaneously. Moreover, single-unit hybrid white OLEDs with

a TADF blue emitter also showed high performance.
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Development of Conjugated Polymers and Fullerene Derivatives for
Organic Solar Cell Applications

Chain-Shu Hsu (iFT-#)
Department of Applied Chemistry, National Chiao Tung University, Taiwan
E-mail: cshsu@mail.nctu.edu.tw

Polymer solar cells (PSCs) are a promising alternative for clean and renewable energy due to their
potential to be fabricated onto large area, light-weight flexible substrates by solution processing at low cost.
Our recent progress in the molecular design of p-type conjugated polymers containing multi-fused ladder-
type structure and the n-type fullerene derivatives containing cross-linkable styryl or epoxy groups will be
presented. Both ladder-type conjugated polymers and n-type fullerene derivatives are used to fabricate high
efficient bulk heterojunction PSCs. The cross-linkable fullerene derivatives are also used to fix the
morphology of bulk heterojunction (BHJ) layer so as to improve the stability of PSCs.  Finally a series of
novel DA copolymers were developed by utilizing pyrene-modified porphyrin as complementary light-
harvesting unit (LHU). It was found that adding proper amount of the LHU increased light absorption in
the 400-500 nm region, rendering the porphyrin-incorporated D-A copolymers (PPor) panchromatic light
absorbers. Moc-Jsc trade-offs commonly seen in many D-A polymers were not found in the PPors reported
in this work. This is attributed to the presence of the LHUs increasing the Jsc without sacrificing the Voc
and FF of the polymer solar cells (PSCs). Thus, 8.0% PCE was observed for the PPor-2: PC71BM single-
junction PSCs.  Significantly, 8.6% PCE was achieved when a C-PCBSD cathodic interlayer was introduced
to suppress linkage current.
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Synthesis of Broad Band Gap Conjugated Polymers for Polymer Solar Cells

Zhishan Bo (3 & 1l)
Beijing Key Laboratory of Energy Conversion and Storage Materials, College of Chemistry, Beijing
Normal University, Beijing 100875, China.
E-mail: zsbo@bnu.edu.cn

Recently, polymer solar cells (PSCs) with conjugated polymers as the donor and (6,6)-phenyl-C61-
butyric acid methyl ester (PC61BM) or (6,6)-phenyl-C71-butyric acid methyl ester (PC71BM) as the
acceptor have afforded the power conversion efficiency up to 11%. However, most high efficiency (>7%)
polymer donor materials are small band gap materials, and high efficiency large band gap polymers are very
rare. For the fabrication of high efficiency tandem solar cells, both high efficiency small band gap and large
band gap polymers are required. We report the design and synthesis of a new kind of large band gap
conjugated polymer HD-PDFC-DTBT, in which 3,6-difluorocarbazole was used as the acceptor unit and 5,6-
dialkyloxybenzothiazole as the acceptor unit. Inverted polymer solar cells with HD-PDFC-DTBT as the
donor and PC71BM as the acceptor showed a PCE of 7.39%. Considering a large band gap of 1.96 eV, HD-

PDFC-DTBT is a very promising large gap material for the fabrication of tandem solar cells.
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Band-gap and Solubility Tunable Two-dimensional Conjugated Polymers
for Photovoltaic Applications
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We used Stille coupling of electron-rich benzo[1,2-b:4,5-b’|dithiophene (BDT) presenting conjugated
alkylthiophene (T), alkylphenyl (P), or alkylfuran (F) side chains with electron-deficient alkoxy-modified
2,1,3-benzooxadiazole (BO) moieties to obtain a series of two-dimensional, conjugated, D—n—A polymers
(PBDTTBO, PBDTPBO, and PBDTFBO). We also synthesized a series of novel two-dimensional Se-
atom-substituted donor (D)—n-acceptor (A) conjugated polymers—PBDTTTBO, PBDTTTBS, PBDTTSBO,
PBDTSTBO, PBDTTSBS, PBDTSTBS, PBDTSSBO, and PBDTSSBS—featuring benzodithiophene (BDT)
as the donor, thiophene (T) as the n-bridge, and 2,1,3-benzooxadiazole (BO) as the acceptor with different
number of Se atoms at different n-conjugated locations. Synchrotron X-rayl determined the molecular
packing for these polymers. When using 1-chloronaphthalene (1 vol %) or 1,8-diiodooctane (1 vol %) as an
additive2 for processing the active layer, the power conversion efficiencies (PCEs) of photovoltaic devices
incorporating blends of PBDTFBO, PBDTPBO, or PBDTTBO and PC71BM (1:2) improved to 5.4, 6.4, and
7.4%, respectively, due to their optimized morphologies3. The rational structural modification of the 2-D
conjugated Se-substituted polymers4 the resulting PCEs could vary over 3-fold (from 2.4 to 7.6%),
highlighting the importance of careful selection of appropriate chemical structures such as the location of Se
atoms when designing efficient D—n-A polymers for use in solar cells. For the PBDTTBO:PC71BM (1:2,

wi/w) device featuring PEI/ZnO electron transport layer, the PCE improved to 8.7%.
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Dynamic Donor:Acceptor and Electrode Interfaces in Organic Bulk-
Heterojunction and Perovskite Solar Cells Under Device-Operating
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Organic bulk-heterojunction and perovskite solar cells have shown surprisingly high photovoltaic
actions with the efficiencies reaching 15 % from simple device designs. These quick advancements bring a
fundamental demand to the field: revealing deeper internal photovoltaic processes at dynamic donor:acceptor
(D:A) and electrode interfaces under-device-operating condition. At this moment, the deeper internal
photovoltaic processes at the dynamic D:A and electrode interfaces still remain largely un-revealed, forming
a great challenge to further advance the field of organic solar cells. To respond to this great challenge, we
have investigated the dynamic D:A and electrode interfaces under device-operating condition by using our
previously defined unique experimental methods: magnetic field effects of photocurrent and photo-induced
capacitance. Our fundamental studies have focused on two timely-important issues: (i) controlling the
electron-hole binding energies at D:A interface through polarization and energy parameters and (ii) enhancing
the charge collection at electrode interface through dielectric effects in both bulk-heterojunction and
perovskite solar cells. This presentation will discuss the critical understanding and effective knowledge base
on controlling the useful and non-useful photovoltaic processes at both D:A and electrode interfaces towards

further photovoltaic advancements in bulk-heterojunction and perovskite solar cells.
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New Trends in the Design of Transition-Metal Based OLED Phosphors
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Luminescent third-row transition metal Os(l1), Ir(111) and Pt(Il) based complexes, particularly those with
cyclometalating chelates and equivalent ancillaries, play a key role in the development of optoelectronic
technologies such as organic light emitting diode (OLED), light emitting electrochemical cells, and solid-
state organic lighting applications. Their attractiveness comes from their higher chemical stability due to the
strong metal-ligand bonding, as well as the shortened excitation lifetimes and higher emission quantum yields
versus the pure organic phosphorescent materials. Furthermore, the strong spin-orbit coupling induced by the
central metal ion promotes an efficient intersystem crossing from the singlet to the triplet excited state
manifold, which then facilitates strong electroluminescence by harnessing both singlet and triplet excitons of
the as-fabricated optoelectronic devices. As a result, these transition metal based complexes were extensively
examined as the dopant emitter for high efficient OLEDs. In this presentation, the recently development of
new OLED phosphors, particularly those constructed with dianionic bidentate and tridentate chromophores,
such as biazolate and 2-azolyl-6-phenylpyridine chelates, alone with diimine, NHC carbene, and other
functional monoanionic tridentate chelates, as well as those showed horizontal arranged transition dipole

moment during deposition of EML, will be elaborated in a systematic manner.
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Electrode work function modulation with self-assembled monolayer and its
effect on charge balance and device lifetime in organic light-emitting diodes
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Organic light-emitting diodes (OLEDs) have become a realistic technology in fabricating flat panel
displays because of the rapid progress in academia and industry research efforts. The major focus in OLED
research is the improvement of the device efficiency and extension of device life time. Various factors are
contributing to the efficiency of the device, among which the balance of charge carriers is one factor that is
difficult to quantitatively characterized. The amount of charge carriers injected depends on the energy barrier
of charge injection, which can be systematically modulated by surface modification. In this work we used a
well-ordered organic monolayer to modify a metal electrode to change its surface properties including
wetting characteristics, roughness, as well as work function through the use of a series of molecules with
different functional groups, molecular chain length, and composition in mixed monolayers. Analysis of the
trends in current density and device efficiency were conducted to reveal the information on the charge balance
within the device. Depending on thehole transporting material or electron transporting material used, different
surface modification is needed to achieve the charge balance, which leads to optimal efficiency for given
materials.

In addition to the efficiency, the surface modification also provide a work function that is stable during

the device operation so that great enhancement of device life time is observed.

References

1. C.Y. Chen, K. Y. Wu, Y. C. Chao, H. W. Zan, H. F. Meng, Y. T. Tao, Org. Electron., 2011, 12, 148.
2.Y.T. Tao, K. Y. Wu, K. H. Huang, T. P. Perng, Org. Electron., 2011, 12, 602.

3.S.Y.Yu, D. C. Huang, Y. L. Chen, K. Y. Wu, Y. T. Tao, Langmuir, 2012, 28, 424.

4.S.Y.Yu, Y. T. Tao, Langmuir, 2014, 30, 7369.

Biography: Research Fellow, Institute of Chemistry, Academia Sinica
(since 2006), University of Rochester (Ph.D. 1981). Associate Research
Fellow(1984-1990), Research Fellow(1990-2006).

Research Interests: materials chemistry, surface and interfacial chemistry,
electronic materials and devices.

12



High-Efficiency Organic Solid-State Lighting Sources

Liang-Sheng Liao (& K /)
Institute of Functional Nano & Soft Materials (FUNSOM), Soochow University, Suzhou, Jiangsu.
E-mail: Isliao@suda.edu.cn
Organic light-emitting diodes (OLEDSs) are potentially useful as solid-state lighting sources. However,
an OLED is actually a current-driven device. With increasing current density, its luminance increases but its
operational lifetime decreases. Thus, it is a challenge to fabricate high performance OLEDs which could meet
lighting requirements for both high brightness (> 1000 cd/m?) and long operational time (>30,000 h).
Atandem OLED can be accomplished by vertically stacking several individual electroluminescent (EL)
units together, which are internally connected in series and driven by a single power source. In a tandem
OLED with N EL units (N> 1), the current efficiency can be about N times as high as that of a conventional
OLED that contains only one EL unit. Therefore, the tandem OLED needs only about 1/N times the current
density used in the conventional OLED to obtain the same luminance, which results in an operational lifetime
N times that of the conventional OLED.
In this presentation, we will discuss the device structure, light extraction, design of light-emitting
materials, and fabrication of large panels of high-efficiency and long lifetime tandem OLEDSs. Our results

demonstrate that tandem OLEDs are indeed promising for use as organic solid-state lighting sources.

Figure 1 OLED panels fabricated in the lab at Soochow University
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