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Abstract: A thiophene-phenylquinoline-based homoleptic
IrIII complex, [Ir(Th-PQ)3] , has been synthesised by a simple
route and utilised as a dopant in solution-processed phos-
phorescent organic light-emitting diodes (PhOLEDs). It
shows the current efficiency of approximately 26 cd A�1

and the external quantum efficiency of about 21 %, which
are the highest values reported to date for PhOLEDs pre-
pared by solution-process.

Phosphorescent organic light-emitting diodes (PhOLEDs) have
potential applications in flat-panel displays and solid-state
lighting sources.[1] The use of phosphorescent dopants can
greatly increase the PhOLED efficiency due to harvesting both
singlet and triplet excitons; this can provide nearly 100 % inter-
nal quantum efficiency.[2] Among the phosphorescent emitters,
IrIII complexes have been considered as the most efficient trip-
let dopant in high efficiency PhOLEDs due to their excellent
colour tunability and relatively short phosphorescence life-
times.[3] When compared to the green phosphors, the design
and synthesis of red- and near-infrared emitting phosphors are
more complicated because the luminescence quantum yields
tend to decrease with longer wavelengths according to the
energy-gap law.[4] Therefore, the design and synthesis of red
phosphors for highly efficient PhOLEDs remain to be further
developed.

The general approach to increase quantum efficiency of par-
ticular phosphorescent dopants is to replace electron-donating
or electron-withdrawing groups with heteroatoms in the cyclo-
metalated ligand systems.[5] However, ligands containing two
heteroatoms that increase the efficiency and luminance half-
lifetime of IrIII complexes have seldom been reported.[6] For this
purpose, quinolone-based compounds have been investigated
because of their elevated electron affinities in opto-electronic
materials.[7] These compounds are stable at high current densi-
ty and possess short phosphorescence lifetimes to suppress
triplet–triplet annihilation, thereby improving device quantum
efficiency.[8, 9]

Fabrication of PhOLEDs by the solution process has more
advantages, such as low cost fabrication and large area appli-
cations, than their highly expensive vacuum-deposition coun-
terparts.[10] The luminous efficiency achieved in polymeric ma-

terials is comparatively lower than that of small-molecule-
based OLEDs.[11, 12] In contrast, the design and synthesis of
highly soluble small molecular phosphorescent emitter for so-
lution-processed PhOLEDs is very scarce. Very recently, Wu
et al. reported the solution processed small molecule PhOLEDs
with the highest external quantum efficiency (EQE) of 15 %.
However, they achieved the homoleptic IrIII complex by multi-
step synthetic routes.[13]

In this work, we have synthesised tris(4-phenyl-2-(thiophen-
2-yl)quinoline)iridium, [Ir(Th-PQ)3] , and utilised it as a dopant
for solution-processed PhOLEDs. The ligand of this IrIII complex
was synthesised from two commercially available starting ma-
terials.

Introduction of electron-donating thiophene unit into the
ligand frame of [Ir(Th-PQ)3] improves the quantum yield, and
red shifts the photoluminance (PL) maximum compared to
their benzene counterparts due to the decrease in the ligand’s
triplet energy with increasing p conjugation.[14] On the other
hand, the strong electron-accepting character of the quinoline
group can effectively reduce the 3MLCT exited energy of the
[Ir(Th-PQ)3] . The simple solution-processed PhOLEDs were fab-
ricated using [Ir(Th-PQ)3] as a dopant and achieved the lumi-
nous current efficiency of approximately 26 cd A�1 and the EQE
of about 21 %, which are the highest values reported to date
for PhOLEDs prepared by the solution-process.

[Ir(Th-PQ)3] was synthesised according to the route shown in
Scheme 1 and its structure was confirmed by 1H, 13C NMR,
HRMS spectral techniques and single-crystal X-ray analysis. The
synthetic details are provided in the Supporting Information.
The single crystal was grown by the diffusion of hexane into
a dichloromethane solution of [Ir(Th-PQ)3] . The ORTEP repre-
sentation of the [Ir(Th-PQ)3] is shown in Figure 1 a. It has tet-
ragonal geometry with three Th-PQ main ligands around the
metal centre.

The thermal stability of the IrIII complex was investigated by
thermal gravimetric analysis (TGA; Figure S1 in the Supporting
Information). The onset decomposition temperature of [Ir(Th-
PQ)3] was observed at 409 8C indicating its high thermal stabili-
ty. The UV–visible absorption spectrum of [Ir(Th-PQ)3] in chloro-
form solution is shown in Figure 1 b. It shows two absorption
bands at 312 and 421 nm corresponding to the spin-allowed
1p!p* transition of the cyclometalated ligands and a well-re-
solved shoulder at 459 nm originating from the singlet metal-
to-ligand charge transfer (MLCT) transitions. A structure-less
weak band at 578 nm was attributed to the spin-forbidden
3MLCT transition. The PL spectrum of [Ir(Th-PQ)3] is shown in
Figure 1 b. It shows an emission maximum at 601 nm in chloro-
form solution due to the presence of donor–acceptor interac-
tions between the electron-donor thiophene and electron-ac-
ceptor quinoline (Th-PQ) groups in the cyclometalated ligand.
The donor–acceptor character is caused by the interaction be-
tween electron-rich thiophene and electron-deficient quinoline
units.[14]

The electrochemical properties of [Ir(Th-PQ)3] were studied
using cyclic voltammetry and the corresponding cyclic voltam-
mogram is shown in Figure 2 a. Appearance of good redox
waves confirms the presence of both anionic and cationic radi-
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cal states. The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy levels
were determined from the onsets of the oxidation and reduc-
tion potentials and were found to be �5.17 and �3.08 eV, re-
spectively. These energy levels are well matched with adjacent
layer of the devices as shown in Figure 2 b. The calculated
band gap was 2.09 eV. The reduction and oxidation generally
occurred due to the presence of quinoline and thiophene
units, respectively, in the cyclometalated ligand. The narrow
band gap may be due to the elevation of the HOMO energy
level with the introduction of an electron-rich thiophene
moiety. The electrochemical switching property of [Ir(Th-PQ)3]
was reversible over 100 successive scans indicating its electro-
chemical stability. The triplet energy level (T1) of [Ir(Th-PQ)3]

was estimated to be approxi-
mately 2.06 eV by using the first
phosphorescent emission peak
of low temperature PL measured
at 77 K (Figure S2 in the Sup-
porting Information).

Here, we have used a high-
performance polymeric hole in-
jection layer (HIL) that has a gra-
dient ionisation potential which

gradually increases from bottom-to-top surface of the HIL film
due to self-organisation (surface work function ~5.95 eV)[15, 16]

(Figures S3, S4 and Table S1 in the Supporting Information).
This gradient HIL (GraHIL) provides efficient hole injection from

the ITO anode to an overlying emitting layer (EML), which has
a large energy band gap and a deep HOMO energy level (e.g. ,
HOMO of TCTA ~5.7 eV). The GraHIL also has a self-organised
surface-enriched insulating property that provides efficient
electron blocking and quenching of excitons.[17] Therefore, the
PhOLED does not require an additional layer for hole injection
and electron blocking between the HIL and the EML as shown
in Figure 3 a. The EML consists of a mixed host system of
a hole-transporting host, 4,4’,4’’-tris(N-carbazolyl)triphenyl-
amine (TCTA), and an electron-transporting host, 1,3,5-tris(N-
phenylbenzimidizol-2-yl)benzene (TPBI), in 1:1 weight ratio
with 15 wt % [Ir(Th-PQ)3] . The mixed host EML can provide
more efficient injection and transport of both charge carriers
to the EML from the adjacent HIL and from the electron trans-

Scheme 1. Synthesis of [Ir(Th-PQ)3] .

Figure 1. a) ORTEP representation, 50 % probability, and b) UV–visible ab-
sorption and PL spectra of [Ir(Th-PQ)3] in CHCl3 solution.

Figure 2. a) Cyclic voltammogram of [Ir(Th-PQ)3] measured in MC at a scan
rate of 100 mV s�1, and b) energy-level diagram of simple-structured red
emitting PhOLEDs.
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porting layer (ETL, TPBI) than
can a single host EML.[17] Be-
cause both hole and electron
transport in the mixed host
system can be facilitated by
a hole-transporting host (TCTA)
and an electron-transporting
host (TPBI), better balance of
holes and electrons can be ach-
ieved in the mixed host EML
than in single-host EML.[17] In ad-
dition, good charge transport of
both charge carriers and charge-
carrier balance in the mixed-host
device can uniformly distribute
the recombination region in
EML, thereby providing an effec-
tive energy transfer from host to
phosphorescent dopant with de-
creased non-radiative decay.[17]

Because a good solubility and
thin-film formability of the
mixed-host EML materials are
prerequisites for fabricating
high-performance solution-pro-
cessed PhOLEDs, we observed
surface morphology of the EML
using atomic force microscopy (AFM). Figure 3 b and c display
AFM topographic images of 40 nm thick mixed-host (TCTA/
TPBI) and 15 wt % of [Ir(Th-PQ)3]-doped EML film (TCTA/TPBI/
[Ir(Th-PQ)3]). The root-mean-square (RMS) surface roughness
value of [Ir(Th-PQ)3] doped EML film was 2.41 �, which is
highly smooth and comparable to that of undoped mixed-host

film (TCTA/TPBI ; 2.47 �). This very smooth surface roughness of
the EML, without localised protruding regions leading to leak-
age current in the device, can provide a base for achieving
a high luminous efficiency.[18, 19]

The PhOLED was fabricated as a configuration shown in Fig-
ure 3 a by simple solution-process and measured-device char-
acteristics, that is, current density, luminance, current efficiency,
and external quantum efficiency (EQE), as shown in Figure 4.
The device exhibited a very high maximum luminous current
efficiency of about 26 cd A�1 and EQE of approximately 21 %.
To the best of our knowledge, this luminous efficiency and
EQE are the highest ever reported for solution-processed red-
emitting PhOLEDs (Table S2 and Figure S5 in the Supporting
Information). This high luminous efficiencies can be attributed
to good thin-film formability, efficient hole injection from high
work function GraHIL, and good charge balance in the mixed
host EML.

PhOLEDs with [Ir(Th-PQ)3] exhibited a narrow, red EL spec-
trum at 1000 cd m�2 with a maximum peak intensity at
608 nm, which matches well with the PL spectrum of [Ir(Th-
PQ)3] (Figure 5 a). This spectral result indicates that energy
transfer from host-to-dopant materials is efficient and the

device architecture is well optimised. The Commission Interna-
tionale de l’�clairage (CIE) coordinates of the device is (0.64,
0.34), which is nearly identical to the red of the National Televi-
sion System Committee (NTSC) 1987 (0.64, 0.33) at 1000 cd m�2

(Figure 5 b).

Figure 3. a) Schematic illustration of the device structure, and b) AFM topo-
graphic images of TCTA/TPBI, and c) TCTA/TPBI/[Ir(Th-PQ)3] films formed by
the spin-coating process.

Figure 4. a) Current density, b) luminance characteristics versus voltage, c) current efficiency, and d) external quan-
tum efficiency of the [Ir(Th-PQ)3] solution processed PhOLEDs.
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In summary, we report a highly efficient and soluble red-
emitting tris(4-phenyl-2-(thiophen-2-yl)quinoline)iridium(III)
complex, [Ir(Th-PQ)3] , that was designed and successfully syn-
thesised for use in solution-processed PhOLEDs. Upon replac-
ing the benzene in the cyclometalated phenylquinoline main
ligand by thiophene the PL emission is shifted to red and the
thermal stability is enhanced. PhOLEDs with [Ir(Th-PQ)3] were
successfully fabricated with a GraHIL as high work function HIL
and a mixed-host EML, which is composed of electron- and
hole-transporting host materials (TCTA, TPBI). Using this simple
structure, we achieved a PhOLED with very high luminous cur-
rent efficiency of approximately 26 cd A�1 and EQE of about
21 % with good CIE coordinates (0.64, 0.34). This achievement
shows the possibility of using low-cost solution-processing
methods to fabricate small-molecule-based PhOLEDs for use in
applications such as large-area flat-panel displays or solid-state
lighting.

Acknowledgements

This work was supported by a grant from the National Re-
search Foundation of Korea (NRF) of the Ministry of Science,
ICT & Future Planning (MSIP) of Korea (NRF-2011-0028320) and
the Pioneer Research Center Program through the National Re-
search Foundation of Korea funded by the Ministry of Science,
ICT & Future Planning (MSIP) of Korea (NRF-
2013M3C1A3065522) and the National Research Foundation of
Korea (NRF) grant funded by the Korea government (MSIP;
NRF-2013R1A2A2A01068753).

Keywords: electrochemistry · iridium · phenylquinoline ·
PhOLEDs · solution processing

[1] a) C. Adachi, M. A. Baldo, M. E. Thompson, S. R. Forrest, J. Appl. Phys.
2001, 90, 5048 – 5051; b) W. Y. Wong, C. L. Ho, Coord. Chem. Rev. 2009,
253, 1709 – 1758; c) L. H. Fischer, M. I. J. Stich, O. S. Wolfbeis, N. Tian, E.
Holder, M. Schaferling, Chem. Eur. J. 2009, 15, 10857 – 10863; d) Y. H.
Niu, Y. L. Tung, Y. Chi, C. F. Shu, J. H. Kim, B. Q. Chen, J. D. Luo, A. J.
Carty, A. K. Y. Jen, Chem. Mater. 2005, 17, 3532 – 3536; e) N. Tian, D. Len-
keit, S. Pelz, L. H. Fischer, D. Escudero, R. Schiewek, D. Klink, O. J.
Schmitz, L. Gonzalez, M. Schaferling, E. Holder, Eur. J. Inorg. Chem. 2010,
4875 – 4885.

[2] a) M. A. Baldo, D. F. O’Brien, Y. You, A. Shoustikov, S. Sibley, M. E. Thomp-
son, S. R. Forrest, Nature 1998, 395, 151 – 154; b) C. Ulbricht, B. Beyer, C.
Friebe, A. Winter, U. S. Schubert, Adv. Mater. 2009, 21, 4418 – 4441.

[3] a) K. K. W. Lo, K. Y. Zhang, S. K. Leung, M. C. Tang, Angew. Chem. 2008,
120, 2245 – 2248; Angew. Chem. Int. Ed. 2008, 47, 2213 – 2216; b) K. K.-W.
Lo, C. K. Chung, T. K. M. Lee, L. H. Lui, K. H. K. Tsang, N. Zhu, Inorg. Chem.
2003, 42, 6886 – 6897; c) Y. You, S. Y. Park, Adv. Mater. 2008, 20, 3820 –
3826; d) C. S. K. Mak, D. Pentlehner, M. Stich, O. S. Wolfbeis, W. K. Chan,
H. Yersin, Chem. Mater. 2009, 21, 2173 – 2175; e) T. N. Singh-Rachford,
F. N. Castellano, Coord. Chem. Rev. 2010, 254, 2560 – 2573; f) B. F. DiSalle,
S. Bernhard, J. Am. Chem. Soc. 2011, 133, 11819 – 11821.

[4] a) C. Adachi, M. A. Baldo, S. R. Forrest, S. Lamansky, M. E. Thompson,
R. C. Kwong, Appl. Phys. Lett. 2001, 78, 1622 – 1624; b) P. Coppo, E. A.
Plummer, L. D. Cola, Chem. Commun. 2004, 1774 – 1775; c) S. D. Cum-
mings, R. Eisenberg, J. Am. Chem. Soc. 1996, 118, 1949 – 1960.

[5] a) J. Brooks, Y. Babayan, S. Lamansky, P. I. Djurovich, I. Tsyba, R. Bau,
M. E. Thompson, Inorg. Chem. 2002, 41, 3055 – 3066; b) Y. Chi, P. T. Chou,
Chem. Soc. Rev. 2010, 39, 638 – 655.

[6] a) J. P. Duan, P. P. Sun, C. H. Cheng, Adv. Mater. 2003, 15, 224 – 228;
b) I. R. Laskar, T. M. Chen, Chem. Mater. 2004, 16, 111 – 117; c) W. S.
Huang, J. T. Lin, C. H. Chien, Chem. Mater. 2004, 16, 2480 – 2488.

[7] a) H. C. Li, P. T. Chou, Y. H. Hu, Y. M. Cheng, R. S. Liu, Organometallics
2005, 24, 1329 – 1335; b) C. H. Yang, C. Tai, I. W. Sun, J. Mater. Chem.
2004, 14, 947 – 950.

[8] a) F. C. Chen, Y. Yang, M. E. Thompson, J. Kido, Appl. Phys. Lett. 2002, 80,
2308 – 2310; b) M. A. Baldo, C. Adachi, S. R. Forrest, Phys. Rev. B 2000,
62, 10967 – 10977.

[9] A. C. Arias, J. D. MacKenzie, I. McCulloch, J. Rivnay, A. Salleo, Chem. Rev.
2010, 110, 3 – 24.

[10] J. H. Burroughes, D. D. C. Bradley, A. R. Brown, A. N. Marks, K. Mackay,
R. H. Friend, P. L. Burn, A. B. Holmes, Nature 1990, 347, 539 – 541.

[11] a) M. C. Gather, A. Kçhnen, A. Falcou, H. Becker, K. Meerholz, Adv. Funct.
Mater. 2007, 17, 191 – 200; b) L. Xiao, Z. Chen, B. Qu, J. Luo, S. Kong, Q.
Gong, J. Kido, Adv. Mater. 2011, 23, 926 – 952; c) G. M. Farinola, R. Ragni,
Chem. Soc. Rev. 2011, 40, 3467 – 3482.

[12] a) T.-W. Lee, T. Noh, H. W. Shin, O. Kwon, J. J. Park, B. K. Choi, M. S. Kim,
D. W. Shin, Y. R. Kim, Adv. Funct. Mater. 2009, 19, 1625 – 1630; b) L. Duan,
L. Hou, T.-W. Lee, J. Qiao, D. Zhang, G. Dong, L. Wang, Y. Qiu, J. Mater.
Chem. 2010, 20, 6392 – 6407.

[13] M. Zhu, Y. Li, S. Hu, C. Li, C. Yang, H. Wu, J. Qina, Y. Cao, Chem.
Commun. 2012, 48, 2695 – 2697.

[14] Y. H. Park, Y. S. Kim, Thin Solid Films 2007, 515, 5084 – 5089.
[15] T.-W. Lee, Y. Chung, O. Kwon, J.-J. Park, Adv. Funct. Mater. 2007, 17,

390 – 396.
[16] T.-H. Han, Y. Lee, M.-R. Choi, S.-H. Woo, S.-H. Bae, B. H. Hong, J.-H. Ahn,

T.-W. Lee, Nat. Photonics 2012, 6, 105 – 110.
[17] T.-H. Han, M.-R. Choi, S.-H. Woo, S.-Y. Min, C.-L. Lee, T.-W. Lee, Adv. Mater.

2012, 24, 1487 – 1493.
[18] a) Y. Chen, J. Chen, Y. Zhao, D. Ma, Appl. Phys. Lett. 2012, 100, 213301;

b) Q. Fu, J. Chen, C. Shi, D. Ma, ACS Appl. Mater. Interfaces 2012, 4,
6579 – 6586; c) M. E. Kondakova, T. D. Pawlik, R. H. Young, D. J. Giesen,
D. Y. Kondakov, C. T. Brown, J. C. Deaton, J. R. Lenhard, K. P. Klubek, J.
Appl. Phys. 2008, 104, 094501.

[19] a) M. Nagai, J. Electrochem. Soc. 2007, 154, J387 – J392; b) M. Cai, T. Xiao,
E. Hellerich, Y. Chen, R. Shinar, J. Shinar, Adv. Mater. 2011, 23, 3590 –
3596.

Received: January 21, 2014

Figure 5. a) Electroluminescent spectrum, and b) CIE coordinates of the
[Ir(Th-PQ)3] solution processed PhOLEDs.

Chem. Eur. J. 2014, 20, 8260 – 8264 www.chemeurj.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim8264

Communication

http://dx.doi.org/10.1063/1.1409582
http://dx.doi.org/10.1063/1.1409582
http://dx.doi.org/10.1063/1.1409582
http://dx.doi.org/10.1063/1.1409582
http://dx.doi.org/10.1016/j.ccr.2009.01.013
http://dx.doi.org/10.1016/j.ccr.2009.01.013
http://dx.doi.org/10.1016/j.ccr.2009.01.013
http://dx.doi.org/10.1016/j.ccr.2009.01.013
http://dx.doi.org/10.1002/chem.200901511
http://dx.doi.org/10.1002/chem.200901511
http://dx.doi.org/10.1002/chem.200901511
http://dx.doi.org/10.1021/cm047709f
http://dx.doi.org/10.1021/cm047709f
http://dx.doi.org/10.1021/cm047709f
http://dx.doi.org/10.1002/ejic.201000610
http://dx.doi.org/10.1002/ejic.201000610
http://dx.doi.org/10.1002/ejic.201000610
http://dx.doi.org/10.1002/ejic.201000610
http://dx.doi.org/10.1002/adma.200803537
http://dx.doi.org/10.1002/adma.200803537
http://dx.doi.org/10.1002/adma.200803537
http://dx.doi.org/10.1002/ange.200705155
http://dx.doi.org/10.1002/ange.200705155
http://dx.doi.org/10.1002/ange.200705155
http://dx.doi.org/10.1002/ange.200705155
http://dx.doi.org/10.1002/anie.200705155
http://dx.doi.org/10.1002/anie.200705155
http://dx.doi.org/10.1002/anie.200705155
http://dx.doi.org/10.1021/ic0346984
http://dx.doi.org/10.1021/ic0346984
http://dx.doi.org/10.1021/ic0346984
http://dx.doi.org/10.1021/ic0346984
http://dx.doi.org/10.1002/adma.200702667
http://dx.doi.org/10.1002/adma.200702667
http://dx.doi.org/10.1002/adma.200702667
http://dx.doi.org/10.1021/cm9003678
http://dx.doi.org/10.1021/cm9003678
http://dx.doi.org/10.1021/cm9003678
http://dx.doi.org/10.1016/j.ccr.2010.01.003
http://dx.doi.org/10.1016/j.ccr.2010.01.003
http://dx.doi.org/10.1016/j.ccr.2010.01.003
http://dx.doi.org/10.1021/ja201514e
http://dx.doi.org/10.1021/ja201514e
http://dx.doi.org/10.1021/ja201514e
http://dx.doi.org/10.1063/1.1355007
http://dx.doi.org/10.1063/1.1355007
http://dx.doi.org/10.1063/1.1355007
http://dx.doi.org/10.1039/b406851c
http://dx.doi.org/10.1039/b406851c
http://dx.doi.org/10.1039/b406851c
http://dx.doi.org/10.1021/ja951345y
http://dx.doi.org/10.1021/ja951345y
http://dx.doi.org/10.1021/ja951345y
http://dx.doi.org/10.1021/ic0255508
http://dx.doi.org/10.1021/ic0255508
http://dx.doi.org/10.1021/ic0255508
http://dx.doi.org/10.1039/b916237b
http://dx.doi.org/10.1039/b916237b
http://dx.doi.org/10.1039/b916237b
http://dx.doi.org/10.1002/adma.200390051
http://dx.doi.org/10.1002/adma.200390051
http://dx.doi.org/10.1002/adma.200390051
http://dx.doi.org/10.1021/cm030410x
http://dx.doi.org/10.1021/cm030410x
http://dx.doi.org/10.1021/cm030410x
http://dx.doi.org/10.1021/cm0498943
http://dx.doi.org/10.1021/cm0498943
http://dx.doi.org/10.1021/cm0498943
http://dx.doi.org/10.1021/om049192n
http://dx.doi.org/10.1021/om049192n
http://dx.doi.org/10.1021/om049192n
http://dx.doi.org/10.1021/om049192n
http://dx.doi.org/10.1039/b313843g
http://dx.doi.org/10.1039/b313843g
http://dx.doi.org/10.1039/b313843g
http://dx.doi.org/10.1039/b313843g
http://dx.doi.org/10.1063/1.1462862
http://dx.doi.org/10.1063/1.1462862
http://dx.doi.org/10.1063/1.1462862
http://dx.doi.org/10.1063/1.1462862
http://dx.doi.org/10.1103/PhysRevB.62.10967
http://dx.doi.org/10.1103/PhysRevB.62.10967
http://dx.doi.org/10.1103/PhysRevB.62.10967
http://dx.doi.org/10.1103/PhysRevB.62.10967
http://dx.doi.org/10.1021/cr900150b
http://dx.doi.org/10.1021/cr900150b
http://dx.doi.org/10.1021/cr900150b
http://dx.doi.org/10.1021/cr900150b
http://dx.doi.org/10.1038/347539a0
http://dx.doi.org/10.1038/347539a0
http://dx.doi.org/10.1038/347539a0
http://dx.doi.org/10.1002/adfm.200600651
http://dx.doi.org/10.1002/adfm.200600651
http://dx.doi.org/10.1002/adfm.200600651
http://dx.doi.org/10.1002/adfm.200600651
http://dx.doi.org/10.1002/adma.201003128
http://dx.doi.org/10.1002/adma.201003128
http://dx.doi.org/10.1002/adma.201003128
http://dx.doi.org/10.1039/c0cs00204f
http://dx.doi.org/10.1039/c0cs00204f
http://dx.doi.org/10.1039/c0cs00204f
http://dx.doi.org/10.1002/adfm.200801045
http://dx.doi.org/10.1002/adfm.200801045
http://dx.doi.org/10.1002/adfm.200801045
http://dx.doi.org/10.1039/b926348a
http://dx.doi.org/10.1039/b926348a
http://dx.doi.org/10.1039/b926348a
http://dx.doi.org/10.1039/b926348a
http://dx.doi.org/10.1039/c2cc17515k
http://dx.doi.org/10.1039/c2cc17515k
http://dx.doi.org/10.1039/c2cc17515k
http://dx.doi.org/10.1039/c2cc17515k
http://dx.doi.org/10.1016/j.tsf.2006.10.019
http://dx.doi.org/10.1016/j.tsf.2006.10.019
http://dx.doi.org/10.1016/j.tsf.2006.10.019
http://dx.doi.org/10.1002/adfm.200600278
http://dx.doi.org/10.1002/adfm.200600278
http://dx.doi.org/10.1002/adfm.200600278
http://dx.doi.org/10.1002/adfm.200600278
http://dx.doi.org/10.1038/nphoton.2011.318
http://dx.doi.org/10.1038/nphoton.2011.318
http://dx.doi.org/10.1038/nphoton.2011.318
http://dx.doi.org/10.1002/adma.201104316
http://dx.doi.org/10.1002/adma.201104316
http://dx.doi.org/10.1002/adma.201104316
http://dx.doi.org/10.1002/adma.201104316
http://dx.doi.org/10.1063/1.4720512
http://dx.doi.org/10.1021/am301703a
http://dx.doi.org/10.1021/am301703a
http://dx.doi.org/10.1021/am301703a
http://dx.doi.org/10.1021/am301703a
http://dx.doi.org/10.1063/1.3000046
http://dx.doi.org/10.1063/1.3000046
http://dx.doi.org/10.1149/1.2784167
http://dx.doi.org/10.1149/1.2784167
http://dx.doi.org/10.1149/1.2784167
http://dx.doi.org/10.1002/adma.201101154
http://dx.doi.org/10.1002/adma.201101154
http://dx.doi.org/10.1002/adma.201101154
http://www.chemeurj.org

