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Piezochromic luminescent (PCL) behavior and aggregation-induced emission
(AIE) property of a new cationic iridium(III) complex†
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A new cationic Ir(III) complex based on a dendritic ancillary
ligand has been designed and synthesized, which simul-
taneously exhibits piezochromic luminescent (PCL) behavior
and aggregation-induced emission (AIE) property for the
first time.

The design and synthesis of solid-state organic luminescent
materials have been attracting increasing attention in both scien-
tific research and practical aspects, due to their potential appli-
cations in photonic and optoelectronic devices.1 In the solid
state, the intermolecular interactions control the molecular
packing motifs of organic luminophors. In this regard, the emis-
sion properties of organic luminophors are primarily governed
by the whole molecular aggregate rather than by the individual
molecule.2 Upon external stimulus such as pressure and mechan-
ical grinding, alternation of solid-state arrangement and/or phase
transition may occur, thus leading to a change in emission color.
This process is defined as “piezochromism”.3 Since lumines-
cence can be detected with high sensitivity, the materials with
piezochromic luminescent (PCL) behavior have a wide variety
of applications.2,3 Although compounds exhibiting PCL proper-
ties could be liquid-crystalline, polymer, organic and inorganic
molecules, PCL materials are rather sparse.4 Further design of
PCL materials and investigation of the relationship between the
molecular packing and the piezochromic behavior also remain a
considerable challenge.

Aggregation-induced emission (AIE),5 on the other hand, is
an unusual phenomenon, which has no emission in the dilute
solution but enhanced emission in the solid state. Since the first
report of AIE material by Tang and co-workers in 2001, great
efforts have been devoted to the design and synthesis of organic
fluorophores with AIE properties.6,7 Only recently, the phosphor-
escent AIE phenomenon based on transition metal complexes
has also been detected.8 Among the phosphorescent AIE com-
pounds, the Ir(III) phosphors have been synthesized through
chemical modification of the ligands by our group and others.8,9

We demonstrated from our density functional theory (DFT) cal-
culations that the weak emission of these complexes in the dilute
solution might arise from the intramolecular rotation of the den-
dritic ancillary ligands, which induces an efficient radiationless
decay pathway.9 A number of photoactive Ir(III) complexes have
been synthesized to date.10 Zhao and coworkers also presented
detailed studies on the photophysical properties of Ir(III) sys-
tems.10e,f They indicated that Ir(III) complexes characterized as
3ILCT excited-state usually show very weak emission or non-
emission in solution. Recently, a successful example of an Ir(III)
compound (Ir[(dfppz)2(Mptz)]PF6) exhibiting reversible piezo-
chromic behavior has been reported by us.4b It is natural to ques-
tion whether this Ir(III) complex could simultaneously show the
AIE behavior if a dendritic ligand, such as carbazole based den-
drons, is introduced into triazole-pyridine as the ancillary ligand
(See Scheme 1).

Inspired by this idea, herein, we designed and prepared
a novel cationic Ir(III) complex, Ir[(dfppz)2(L)]PF6 (1), with
1-(2,4-difluorophenyl)-1H-pyrazole (dfppz) as the cyclometalated
ligand and a dendritic ligand (L) as the ancillary ligand
(Scheme 1). The quantum chemical calculations reveal that the
T1 state of complex 1 shows a predominant 3ILCT character (see
Table S1 and Fig. S1, ESI†), which is different from that of our
previously reported Ir(III) complex Ir[(dfppz)2(Mptz)]PF6, a
piezochromic luminescent complex. Considering the presence of
3ILCT excited-state and dendritic ancillary ligand, we expect that
complex 1 might be non-emissive in solution, but show strong
emission in the solid state due to molecular stacking.8a,b,d The
photophysical properties of complex 1 have been investigated in
detail. As expected, it is non-emissive when dissolved in good
solvents, but displays enhanced emission in the solid state.

Scheme 1 Chemical structure of complex 1.

†Electronic supplementary information (ESI) available: 1H NMR
spectra, thermogravimetric analysis and detailed experimental procedure.
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Additionally, the as-prepared powder of 1 obtained through
recrystallization exhibits bright yellow emission and its emission
color can change to orange upon grinding. In other words,
complex 1 is both a PCL and AIE material. To the best of our
knowledge, it is the first example of an Ir(III) complex simul-
taneously displaying piezochromism and aggregation-induced
emission.

The ancillary ligand L was readily synthesized by C–N
coupling of corresponding bromide with 2-(5-phenyl-2H-1,2,4-
triazol-3-yl)pyridine catalyzed by copper(I) iodide. Complex 1
was prepared by reacting the dimeric iridium(III) intermediate
[Ir(dfppz)2Cl]2 with ligand L, followed by a counter-ion
exchange reaction (Schemes S1 and S2, ESI†). Detailed
procedures and characterization data are given in the ESI.† The
crystals of 1 were obtained by recrystallization from dichloro-
methane–petrol ether. Similar to reported cationic Ir(III) com-
plexes,4b,11 complex 1 exhibits a distorted octahedral geometry
around the Ir atom coordinated by two cyclometalated ligands
and one ancillary ligand. Here, the two dfppz ligands adopt
mutually an eclipsed configuration with two nitrogen atoms
residing at trans locations (Fig. S4, ESI†). Close investigation of
the molecular packing structure of 1 reveals that multiple inter-
molecular C–H⋯π interactions exist in the single crystal struc-
ture of 1 (Fig. S5, ESI†). Due to these weak interactions, the
crystal structure of 1 would be easily destroyed, which may be
triggered by packing rearrangement or phase transition under
external pressure. Thus, the emission color of complex 1
changed upon grinding, which can be considered as one of the
possible reasons for the present PCL behavior.2a,12 In addition,
the ancillary ligand possesses intrinsic intramolecular rotation
units. In solutions, the rotation is active and can serve as a relax-
ation channel, resulting in an efficient radiationless decay
pathway. As a result, complex 1 would be non-luminescent in
dilute solution due to the efficient radiationless decay as well as
the 3ILCT excited-state character. In contrast, the intramolecular
rotational motions should be effectively suppressed in the aggre-
gation state, thereby the radiation decay would be enhanced and
induce it to emit.5,7,13

Under UV light irradiation of the as-prepared powder 1 (for
clarity, hereafter abbreviated as the letter 1A), the sample 1A
shows strong yellow emission (537 nm), as shown in Fig. 1.
When the powder 1A is gently ground using a pestle in the
ceramic mortar, however, a significant bathochromic shift (λmax

= 564 nm) occurs in the orange-emitting ground sample 1G
(Fig. 1). This result indicates that complex 1 exhibits a pressure-

induced luminescence change. As a matter of fact, the ground
orange-emitting powder (1G) can be reverted to the original
yellow-emitting one through recrystallization in dichloro-
methane–petrol ether. Moreover, after heating the ground sample
1G at 325 °C for 5 min, the obtained powder (1H) also exhibits
similar emission color to sample 1A and the recrystallized
sample (1R) (Fig. S6, ESI†). Note that the changes in emission
color are visible to the naked eye. When the powder 1A was
spread on a filter paper and the letters “AIPE” were written on
that with a spatula, the marked “AIPE” can be observed clearly
on the yellow “paper” under the UV lamp (Fig. 1b), implying
that complex 1 has potential applications in optical recording
and pressure-sensing fields.

To elucidate the PCL behavior of complex 1A, NMR spec-
troscopy, differential scanning calorimetry (DSC) and powder
X-ray diffraction (PXRD) studies have been performed. As
shown in Fig. 2, the PXRD patterns show distinctly different
patterns for the samples 1A and 1G. In the case of 1A, it dis-
plays clear and sharp reflection peaks which are in good
agreement with the simulated XRD from the single crystal,
indicating that the 1A molecules are packed in a relatively well-
ordered structure (crystalline state). In contrast, the diffractogram
of the ground sample 1G does not show any noticeable
reflections. These results demonstrated that the crystalline
state 1Awas converted into an amorphous state (1G) after grind-
ing. Upon heating 1A and 1G to 350 °C, the DSC curve of 1A
exhibited a clear endothermic melting peak, while a broad
exothermic recrystallization peak at ca. 320 °C was detected in
the case of 1G (Fig. S7, ESI†). This exothermic peak in the
DSC curve of 1G is similar to the temperature at which thermal
recrystallization starts to take place. Furthermore, 1H NMR
spectra and 13C magic-angle spinning nuclear magnetic
resonance (13C CP/MAS-NMR) analysis have also been carried
out to further determine whether the chemical reaction
and isomer process happen. It is found that the 1H NMR spectra
for complex 1 in various states are almost identical (Fig. S8,
ESI†). Additionally, the sharp resonance lines are observed in
13C CP/MAS NMR of 1A (Fig. 2b), but the ground sample 1G
exhibits broader distribution compared with that of 1A, and
keeps its original conformation at the molecular level.14 Based
on our experimental results, we can confidently propose that the
ground sample, obtained by mechanical grinding, represents the
same compound in the state of a highly amorphous powder. No
chemical reaction and isomer process take place during the
grinding process.

Fig. 1 (a) Emission spectra of the samples 1A and 1G. (b) The powder
1Awas cast on the filter paper and the letters “AIPE” were written with
a spatula under UV light at room temperature.

Fig. 2 (a) XRD patterns and (b) 13C CP/MAS-NMR spectra of the
samples 1A and 1G.
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In our previous work,4b the cationic Ir(III) complex, Ir-
[(dfppz)2(Mptz)]PF6 also shows an intense emission in the solid
state as well as PCL behavior, which is similar to that of
complex 1. Generally, for cationic Ir(III) complexes, three excited
states contribute to the observation of light emission, namely,
LC 3π–π*, 3MLCT and 3LLCT. The emission spectra from
3MLCT and 3LLCT states are usually broad and featureless,
while the obvious vibronic emission bands are always attributed
to LC 3π–π* state. In addition, the emission spectra from
3MLCT and 3LLCT states depend on the polarity of solvents due
to the charge transfer character of the excited state. Strong and
broad emissions in CH2Cl2, CH3CN, THF and DMF solutions
are observed at room temperature for complex Ir[(dfppz)2(Mptz)]-
PF6 (Fig. S9, ESI†). Moreover, the emission spectrum of
complex Ir[(dfppz)2(Mptz)]PF6 has a dependence on the polarity
of solvents, suggesting that its luminescence mainly originates
from 3MLCT mixed with 3LLCT states.15 This conclusion is
consistent with our calculated results shown in Table S1 and
Fig. S1.† In sharp contrast, complex 1 can be easily dissolved in
common organic solvents, such as CH2Cl2, CHCl3, CH3CN and
DMF, it is not emissive in these solutions (Fig. S10, ESI†), but
become highly emissive in the solid state as mentioned above.
The absolute quantum yields of complex 1 in CH3CN solution
and in the solid state (as-prepared powder) using an integrating
sphere were estimated to be 0% and 20%, respectively. This
phenomenon is similar to the previously reported AIE mo-
lecules, indicating that 1 might feature the AIE property.

To probe the AIE property of complex 1, the photolumines-
cence (PL) spectra of 1 in CH3CN–H2O mixtures with various
water contents were investigated. Since 1 dissolves readily in
CH3CN solution but is insoluble in water, addition of large
amounts of water into the CH3CN solution of 1 will cause
complex 1 to aggregate. If complex 1 possesses AIE activity, the
PL intensity of 1 in CH3CN–H2O mixtures should increase due
to the aggregation of 1. As shown in Fig. 3, complex 1 in pure
CH3CN solvent exhibits faint emission, but the intensity of emis-
sion remarkably increases when the water content exceeds 60%.
Adding further water up to 90%, the PL intensity is significantly
enhanced, which is about 120-fold greater than that in pure
CH3CN solvent. This indicates that complex 1 has a significant
AIE effect. In addition, it is noteworthy that the emission spec-
trum of 1 in CH3CN–H2O (1 : 9) mixtures is nearly identical to

that of the ground sample 1G (Fig. S11, ESI†). This indicates
that there are some amorphous molecular aggregates formed in
the mixtures, which is confirmed by the results of transmission
electron microscopy (TEM) and confocal luminescence exper-
iments (Fig. 4b and Fig. S12, ESI†).16 Motivated by the existing
“on–off” luminescence behavior of complex 1, it is believed that
complex 1 might serve as a chemical sensor for volatile organic
vapors. As shown in Fig. S13,† the bar-like luminescence
pattern formed from the CH3CN solution of complex 1 can be
observed clearly on a TLC plate. After exposure of CH2Cl2
solvent, the luminescence was completely turned off, demon-
strating its ability to detect organic vapors.

In summary, a novel cationic Ir(III) complex has been designed
and successfully prepared by employing a dendritic ancillary
ligand, whose emission color of its as-prepared powder can
change obviously upon grinding, and revert to the original emis-
sion via heating and/or recrystallization. Interestingly, it exhibits
no emission in solution. This is the first example of a cationic Ir(III)
complex simultaneously exhibiting PCL and AIE properties. The
crystalline–amorphous phase transformation is responsible for
the altered emission of the ground samples by carefully analyz-
ing our experimental data. The design concept, the judicious
modification of dendritic ancillary ligand for tuning the character
of excited states, should provide valuable information for the
development of multifunctional materials based on Ir(III)
complexes.

The authors gratefully acknowledge the financial support from
NCET-10-0011, NSFC (20971020, 20903020 and 21131001),
973 Program (2009CB623605), the Science and Technology
Development Planning of Jilin Province (20100540 and
201101008) and NENU-STC0812.

Notes and references

1 (a) S. R. Forrest and M. E. Thompson, Chem. Rev., 2007, 107, 923;
(b) Z. M. Hudson and S. Wang, Acc. Chem. Res., 2009, 42, 1584;
(c) S. R. Forrest, Nature, 2004, 428, 911.

2 (a) Y. Sagara, T. Mutai, I. Yoshikawa and K. Araki, J. Am. Chem. Soc.,
2007, 129, 1520; (b) S. J. Yoon, J. W. Chung, J. Gierschner, K. S. Kim,
M. G. Choi, D. Kim and S. Y. Park, J. Am. Chem. Soc., 2010, 132,
13675.

3 (a) Y. Sagara and T. Kato, Nat. Chem., 2009, 1, 605; (b) A. L. Balch,
Angew. Chem., Int. Ed., 2009, 48, 2641; (c) J. Luo, L. Y. Li, Y. L. Song
and J. Pei, Chem.–Eur. J., 2011, 17, 10515; (d) G. Q. Zhang, J. W. Lu,
M. Sabat and C. L. Fraser, J. Am. Chem. Soc., 2010, 132, 2160;

Fig. 3 Emission spectra of complex 1 in CH3CN–H2O mixtures with
different water fractions (0–90%).

Fig. 4 (a) TEM image of nanoaggregates of complex 1 formed in
CH3CN–H2O mixtures with 90% water fraction. (b) Electron diffraction
pattern of the nanoaggregates.

9592 | Dalton Trans., 2012, 41, 9590–9593 This journal is © The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Su
ss

ex
 o

n 
03

 O
ct

ob
er

 2
01

2
Pu

bl
is

he
d 

on
 0

1 
Ju

ne
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2D

T
31

01
3A

View Online

http://dx.doi.org/10.1039/c2dt31013a


(e) D. P. Yan, J. Lu, J. Ma, S. H. Qin, M. Wei, D. G. Evans and X. Duan,
Angew. Chem., Int. Ed., 2011, 50, 7037; (f ) B. J. Xu, Z. G. Chi,
X. Q. Zhang, H. Y. Li, C. J. Chen, S. W. Liu, Y. Zhang and J. R. Xu,
Chem. Commun., 2011, 47, 11080.

4 (a) T. Tsukuda, M. Kawase, A. Dairiki, K. Matsumoto and T. Tsubomura,
Chem. Commun., 2010, 46, 1905; (b) G. G. Shan, H. B. Li, H. T. Cao,
D. X. Zhu, P. Li, Z. M. Su and Y. Liao, Chem. Commun., 2012, 48, 2000;
(c) X. Q. Zhang, Z. G. Chi, H. Y. Li, B. J. Xu, X. F. Li, W. Zhou,
S. W. Liu, Y. Zhang and J. R. Xu, Chem.–Asian. J., 2011, 6, 808;
(d) H. Ito, S. Tomihisa, O. Naoya, N. Kitamura, S. Ishizaka, Y. Hinatsu,
M. Wakeshima, M. Kato, K. Tsuge and M. Sawamura, J. Am. Chem.
Soc., 2008, 130, 10044; (e) Y. A. Lee and R. Eisenberg, J. Am. Chem. Soc.,
2003, 125, 7778; (f ) J. Kunzelman, M. Kinami, B. R. Crenshaw,
J. D. Protasiewicz and C. Weder, Adv. Mater., 2008, 20, 119; (g) Z. Assefa,
M. A. Omary, B. G. McBurnett, A. A. Mohamed, H. H. Patterson,
R. J. Staples and J. P. Fackler, Jr., Inorg. Chem., 2002, 41, 6274.

5 Y. N. Hong, J. W. Y. Lam and B. Z. Tang, Chem. Commun., 2009, 4332.
6 (a) J. D. Luo, Z. L. Xie, J. W. Y. Lam, L. Cheng, H. Y. Chen, C. F. Qiu,
H. S. Kwok, X. W. Zhan, Y. Q. Liu, D. B. Zhu and B. Z. Tang, Chem.
Commun., 2001, 1740; (b) S. C. Dong, Z. Li and J. G. Qin, J. Phys.
Chem. B, 2009, 113, 434; (c) B. Xu, J. T. He, Y. J. Dong, F. P. Chen,
W. L. Yu and W. J. Tian, Chem. Commun., 2011, 47, 6602.

7 (a) Z. J. Ning, Z. Chen, Q. Zhang, Y. L. Yan, S. X. Qian, Y. Cao and
H. Tian, Adv. Funct. Mater., 2007, 17, 3799; (b) Z. J. Zhao, S. M. Chen,
J. W. Y. Lam, P. Lu, Y. C. Zhong, K. S. Wong, H. S. Kwok and
B. Z. Tang, Chem. Commun., 2010, 46, 2221.

8 (a) Q. Zhao, L. Li, F. Y. Li, M. X. Yu, Z. P. Liu, T. Yi and C. H. Huang,
Chem. Commun., 2008, 685; (b) Y. You, H. S. Huh, K. S. Kim,
S. W. Lee, D. Kim and S. Y. Park, Chem. Commun., 2008, 3998;
(c) C. H. Shin, J. O. Huh, S. J. Baek, S. K. Kim, M. H. Lee and Y. Do,
Eur. J. Inorg. Chem., 2010, 3642; (d) H. Z. Wu, T. S. Yang, Q. Zhao,
J. Zhou, C. Y. Li and F. Y. Li, Dalton Trans., 2011, 40, 1969;
(e) K. W. Huang, H. Z. Wu, M. Shi, F. Y. Li, T. Yi and C. H. Huang,
Chem. Commun., 2009, 1243.

9 (a) G. G. Shan, D. X. Zhu, H. B. Li, P. Li, Z. M. Su and Y. Liao, Dalton
Trans., 2011, 40, 2947; (b) G. G. Shan, L. Y. Zhang, H. B. Li, S. Wang,
D. X. Zhu, P. Li, C. G. Wang, Z. M. Su and Y. Liao, Dalton Trans., 2012,
41, 523.

10 (a) C. Ulbricht, B. Beyer, C. Friebe, A. Winter and U. S. Schubert, Adv.
Mater., 2009, 21, 4418; (b) C. H. Yang, Y. M. Cheng, Y. Chi, C. J. Hsu,
F. C. Fang, K. T. Wong, P. T. Chou, C. H. Chang, M. H. Tsai and
C. C. Wu, Angew. Chem., Int. Ed., 2007, 46, 2418; (c) K. K. W. Lo,

C. K. Chung and N. Y. Zhu, Chem.–Eur. J., 2003, 9, 475;
(d) J. D. Slinker, A. A. Gorodetsky, M. S. Lowry, J. J. Wang, S. Parker,
R. Rohl, S. Bernhard and G. G. Malliaras, J. Am. Chem. Soc., 2004, 126,
2763; (e) N. Zhao, Y. H. Wu, L. X. Shi, Q. P. Lin and Z. N. Chen, Dalton
Trans., 2010, 39, 8288; (f ) N. Zhao, Y. H. Wu, H. M. Wen, X. Zhang and
Z. N. Chen, Organometallics, 2009, 28, 5603.

11 (a) M. Mydlak, C. Bizzarri, D. Hartmann, W. Sarfert, G. Schmid and
L. De Cola, Adv. Funct. Mater., 2010, 20, 1812; (b) R. D. Costa, E. Ortí,
H. J. Bolink, S. Graber, C. E. Housecroft and E. C. Constable, Chem.
Commun., 2011, 47, 3207; (c) G. G. Shan, H. B. Li, D. X. Zhu, Z. M. Su
and Y. Liao, J. Mater. Chem., 2012, 22, 12736; (d) L. He, L. Duan,
J. Qiao, D. Q. Zhang, L. D. Wang and Y. Qiu, Chem. Commun., 2011,
47, 6467.

12 (a) B. J. Xu, Z. G. Chi, J. Y. Zhang, X. Q. Zhang, H. Y. Li, X. F. Li,
S. W. Liu, Y. Zhang and J. R. Xu, Chem.–Asian. J., 2011, 6, 1470;
(b) W. E. Lee, C. L. Lee, T. Sakaguchi, M. Fujiki and G. Kwak, Chem.
Commun., 2011, 47, 3526; (c) Z. G. Chi, X. Q. Zhang, B. J. Xu,
X. Zhou, C. P. Ma, Y. Zhang, S. W. Liu and J. R. Xu, Chem. Soc. Rev.,
2012, 41, 3878.

13 (a) W. Z. Yuan, P. Lu, S. M. Chen, J. W. Y. Lam, Z. M. Wang, Y. Liu,
H. S. Kwok, Y. G. Ma and B. Z. Tang, Adv. Mater., 2010, 22, 2159;
(b) G. Yu, S. W. Yin, Y. Q. Liu, J. S. Chen, X. J. Xu, X. B. Sun,
D. G. Ma, X. W. Zhan, Q. Peng, Z. G. Shuai, B. Z. Tang, D. B. Zhu,
W. H. Fang and Y. Luo, J. Am. Chem. Soc., 2005, 127, 6335;
(c) S. W. Yin, Q. Peng, Z. G. Shuai, W. H. Fang, Y. H. Wang and Y. Luo,
Phys. Rev. B: Condens. Matter, 2006, 73, 205409.

14 (a) P. Gao, Pharm. Res., 1998, 15, 1425; (b) H. Bi, D. Chen, D. Li,
Y. Yuan, D. Xia, Z. Zhang, H. Zhang and Y. Wang, Chem. Commun.,
2011, 47, 4135.

15 (a) J. Li, P. I. Djurovich, B. D. Alleyne, M. Yousufuddin, N. N. Ho,
J. C. Thomas, J. C. Peters, R. Bau and M. E. Thompson, Inorg. Chem.,
2005, 44, 1713; (b) J. M. Fernández-Hernández, C. H. Yang,
J. I. Beltrán, V. Lemaur, F. Polo, R. Fröhlich, J. Cornil and L. De Cola,
J. Am. Chem. Soc., 2011, 133, 10543.

16 (a) Y. Liu, S. M. Chen, J. W. Y. Lam, P. Lu, R. T. K. Kwok, F. Mahtab,
H. S. Kwok and B. Z. Tang, Chem. Mater., 2011, 23, 2536;
(b) Z. J. Zhao, S. M. Chen, J. W. Y. Lam, Z. M. Wang, P. Lu, F. Mahtab,
H. H. Y. Sung, I. D. Williams, Y. G. Ma, H. S. Kwok and B. Z. Tang,
J. Mater. Chem., 2011, 21, 7210; (c) C. Y. K. Chan, Z. J. Zhao,
J. W. Y. Lam, J. Z. Liu, S. M. Chen, P. Lu, F. Mahtab, X. J. Chen,
H. H. Y. Sung, H. S. Kwok, Y. G. Ma, I. D. Williams, K. S. Wong and
B. Z. Tang, Adv. Funct. Mater., 2012, 22, 378.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 9590–9593 | 9593

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Su
ss

ex
 o

n 
03

 O
ct

ob
er

 2
01

2
Pu

bl
is

he
d 

on
 0

1 
Ju

ne
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2D

T
31

01
3A

View Online

http://dx.doi.org/10.1039/c2dt31013a

