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The construction and design of nanomaterials are important for improving their performance. Here we
present a simple one-pot wet-chemical method for the preparation of alloyed Pd-Cu nanowires using
octylphenoxypolyethoxyethanol (NP-40) as structure-directing and stabilizing agents. The obtained
nanocrystals display outstanding catalytic activity for ligand-free Suzuki cross coupling reaction under
mild conditions, and can be easily recovered and reused for at least 5 consecutive cycles without showing
significant loss of catalytic activity.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Catalysis based on transition metal nanomaterials has emerged
as a tremendously powerful synthetic tool in the development of
industrial processes, especially in the production of fine chemi-
cals [1,2]. Palladium (Pd) as an active transition metal has been
extensively employed in organic catalysis [3]. In particular, the help
of Pd-based catalyst, Suzuki cross-coupling reactions for the con-
struction of C—C bonds successfully proceed under mild conditions
[4]. However, common Pd catalysts suffer from high cost [5], hard
to reuse due to difficulty in separation from the reaction mixture
[6], as well as low effective atom utilization [7]. Pioneering stud-
ies revealed that a catalyst can boost its performance through the
tuning of size, feature, and composition [8-11]. Transition metal
nanoparticles (NPs) attracted considerable attention due to their
enlarged surface-to-volume and multiple functionalities [12-14].
During the past decade, a number of nanocatalysts with various
structures were prepared, such as cube [15], plate [16], star[17], rod
[18], wire [19], chain [20], and other nanostructures [10]. Among
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them, one-dimensional (1D) nanowires have attracted significant
attention, owing to their unique architecture and pronounced cat-
alytic performance [21-23].

Bimetallic catalysts show obvious advantages as compared to
the monometal counterparts, such as enhanced catalytic activity,
improved stability and selectivity derived from synergistic effects
[24]. In recent years, great advances have been achieved in their
preparation and practical catalytic applications [25,26]. Particu-
larly, a larger amount of bimetallic Pd-based catalysts (PdM) were
constructed, where M represents another transition metal such as
Pt [27], Au [28], Ag [29], Ni [30], Co [31], and Cu [32]. Of the tran-
sition metals, Cu is well accepted as one of the most prominent,
important, and promising catalysts because of its versatility, low
cost and abundant reserve [33,34]. Thus, it is envisaged that a com-
bined use of Pd and Cu can reduce the cost of Pd-based catalysts,
and the combination of Pd with Cu can enhance the stability in the
field of catalysis.

In this article, we report an efficient one-pot wet chemical strat-
egy to fabricate the generation of Pd-Cu nanowires (denoted as
Pd-Cu NWs) by using substitute octylphenoxypolyethoxyethanol
(NP-40) as the structure-directing and stabilizing agent. The cat-
alytic activity of the as-obtained Pd-Cu NWs was investigated by
choosing the classical Suzuki cross-coupling reaction as model
reaction.
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Fig. 1. Low (A), medium (B), and high magnification (C-D) TEM images of Pd-Cu NWs, along with the associated HAADF-STEM-EDS mapping images (E-G). Inset in (E) shows

the corresponding line scanning profiles.

2. Experimental
2.1. Materials

The reagents employed in the experiments were of analytical
grade and used as received: Palladium chloride (PdCl,), cupric chlo-
ride (CuCly), substitute octylphenoxypolyethoxyethanol (NP-40,
10% in H,0), sodium borohydride (NaBH,4) (98 wt%), penylboronic
Acid (97 wt%), and commercial Pd black (99.9wt%) were from
Shanghai Aladdin Chemical Reagent Company (Shanghai, China).
The H,PdCl4 (100 mM) solution was prepared by adding 0.4 mL
concentrated hydrochloric acid to dissolve the PdCl,. And twice dis-
tilled water was used for the preparation of the aqueous solutions
throughout the entire study.

2.2. Instrumentations

Transmission electron microscopy (TEM), high-resolution TEM
(HR-TEM), X-ray energy dispersive spectroscopy (EDS), and
high angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM) were employed to characterize the
morphology, composition, and metal distribution of the obtained
nanocrystals, which were all performed over a JEM-2100F trans-
mission electron microscope coupled with an energy dispersive

X-ray spectrometer with an accelerating voltage of 200kV and
applied Mo grid as the substrate. The crystal structures were
determined by X-ray diffraction (XRD) spectroscopy (Bruker-D8-
AXS diffractometer system, Cu Ka radiation). X-ray photoelectron
spectroscopy (XPS) measurements were conducted by using a
thermofisher-ESCALab 250 (ThermoFisher, Al Ka X-ray radiation
with1486.6 eV for excitation).

TH NMR and '3C NMR spectra were employed to characterize the
as-prepared organic compounds. 'H NMR spectra were recorded on
Bruker Avance 400 MHz spectrometer in CDCl3 [Internal standard:
CDCl3 (for 13C, §=77.00)]. 13C NMR spectra were recorded on a
Bruker Avance 400 MHz spectrometer in CDCl3 [Internal standard:
CDCl; (for 13C, 8 =77.00)]. The relevant physical properties, '"HNMR
and 13C NMR spectra and mass analysis data (obtained over USA
Thermo Finnigan Corporation, MAT 95 XP) of the products were
provided in the Electronic Supplementary Information (ESI).

2.3. Synthesis of Pd-Cu nanowires

To fabricate the Pd-Cu NWs, 1 mL of H,PdCl4 (100 mM) and 1 mL
of CuCl, (100 mM) were dropped into a beaker containing 48 mL
of NP-40 solution (0.2%, w/v) in the ice water bath under stirring.
Then, 3 mL of freshly-prepared 0.1 M NaBH,4 solution was poured
into the mixture all at once under stirring, making the color change
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promptly into black. After 5min, the black mixture was allowed
to stand overnight without stirring. The resulting black precipi-
tates were collected by centrifugation and washed with water and
ethanol. The final products were dried in an oven (50°C).

2.4. Catalytic performance for suzuki cross coupling reactions

In the Suzuki cross coupling reactions, a mixture of phenyl-
boronic acid (0.6 mmol, 1.2 equiv), aryl halide (0.5 mmol, 1 equiv),
K;,CO3 (1 mmol, 2equiv), and Pd-Cu NWs (4mg) were placed
in a Schlenk tube (10mL), which contained 2mL of N,N-
dimethylformamide (DMF) and water (H;0) (v/v=1/1). The
mixture was then stirred for a desired period of time at a selected
temperature, and the reaction was monitored by thin layer chro-
matography (TLC). Afterward, the reaction mixture was cooled
down to room temperature. And the catalyst was recovered by
filtration, followed by washing thoroughly with ethyl acetate and
water. The combined organic layer was dried by Na,;SOy4, and the
filtered residue was purified by flash column chromatography on
silica gel. As for the recycling experiments, we conducted several
parallel experiments under identical conditions and recycled the
catalyst for next run test. The target reactions would get supple-
ment of catalysts from the other parallel experiments to make sure
the scale of catalyst with 4 mg.

3. Results and discussion
3.1. Characterization

As shown in Fig. 1, we have successfully developed a facile and
efficient synthetic procedure to fabricate Pd-Cu NWs. Fig. 1A-D are
the typical TEM images of the product. From the low-magnification
TEM image (Fig. 1A), one can see high-quality intertwining
nanowires with average width of about 4 nm (Fig. 1B), and there
is no detection of any nanoparticles throughout the entire image.
As illustrated in the HR-TEM images (Fig. 1C-D), there is the con-
firmation of crystalline nature and display of well-resolved lattice
fringes with adjacent spacings 0f0.224 and 0.191 nm (marked), cor-
responding to the (111) and (200) planes of face-centered cubic
(fcc) metal [32,35], respectively. Furthermore, the lattice spacing
distances are between that of Pd (0.225nm, 0.195nm) and Cu
(0.209 nm, 0.181 nm) single crystals, indicating the formation of
Pd-Cu alloy [36].

In order to determine the distribution of Pd and Cu in Pd-Cu
NWs, we collected the HAADF-STEM-EDS mapping images and EDS
line scanning profiles (Fig. 1E-G). Noticeably, Pd and Cu are homo-
geneously distributed across the whole nanowires (Fig. 1E-G).
Furthermore, the compositional line scanning profiles confirm their
homogeneous distribution once again (Inset in Fig. 1E), providing
another piece of evidence for the successful formation of Pd-Cu
alloy.

The EDS spectrum in Fig. 2A further confirms the coexistence
of Pd and Cu elements. And the atomic ratio of Pd to Cu in Pd-Cu
NWs is roughly 1:1. The observations match well with the results
of line scanning profiles (Inset in Fig. 1E), indicating the effective
reduction of the Pd and Cu precursors. The XRD spectra of the as-
prepared nanocrystals provide information related to composition
and crystal structure (Fig. 2B). The (111) peak of Pd-Cu NWs shows
up at 20 (d-values) of 41.15°, which is between that of pure Pd
(40.12°) and Cu (43.29°), further showing the formation of Pd-Cu
alloy.

The XPS measurements were used to probe into the surface
states of Pd-Cu NWs. It is observed that the Pd® 3d5/2 and 3d3/2
peaks are predominant in the high-resolution Pd 3d spectrum
(Fig. 2C), revealing the efficient reduction of H,PdCl, during syn-

Table 1
Optimization of the reaction conditions.?
B(OH), B pd-cuNws
Jek
—_—
Temp. Time

Entry Solvents Bases Temp. Time (°C)  Time(h)  Yield (%)"
1 EtOH K,CO3 80 2 40
2 CH3CN K,COs 80 2 24
3 DMSO K>CO3 80 2 62
4 DMF K,CO3 80 2 76
5 H,0 K,COs 80 2 37
6 Ethanol/H,0¢  K,CO3 80 2 77
7 DMF/H,0¢ Cs,COs 80 2 86
8 DMF/H,0 Na,CO3 80 2 79
9 DMF/H,0 EtsN 80 2 56
10 DMF/H,0 NaOAc 80 2 69
11 DMF/H20 NaOH 80 2 73
12 DMF/H,0 K,COs3 80 0.5 21
13 DMF/H,0 K>CO3 80 1 44
14 DMF/H,0 K,CO3 80 1.5 83
15 DMF/H,0 K,CO3 20 2 trace
16 DMF/H,0 K>CO3 40 2 36
17 DMF/H,0 K,CO3 60 2 57
18 DMF/H20¢ K,COs3 80 2 38
19 DMEF/H,0" K,CO3 80 2 67
20 DMF/H,0 K>CO3 80 2 99

@ Reaction conditions: bromobenzene (0.5 mmol), phenylboronic acid (0.6 mmol),
catalyst (Pd-Cu NWs, 4 mg).

b Solated yields.

¢ EtOH/H,0=1:1.

4 DMF/H,0=1:1.

¢ Catalyst (Pd-Cu NWs, 1 mg).

f Catalyst (Pd-Cu NWs, 2 mg).

thesis [37]. The Cu 2p XPS spectra (Fig. 2D) reveal the co-existence
of CuY and Cu?* species in Pd-Cu NWs [38], while the content of the
former is much higher than that of the latter [39].

To elucidate the role of NP-40 in the formation of Pd-Cu NWs,
we investigated the effects of NP-40 in the synthetic system. The
absence of NP-40 yields agglomerated nanoparticles (Supporting
Information, Fig. S1A). Increasing the amount of NP-40 (Supporting
Information, Fig. S1B,C) improves the dispersity of the result-
ing products, along with the emergence of wire-like structures
at 0.15% NP-40 (Supporting information, Fig. S1C). At NP-40 of
0.2%, the products contain mainly well-defined nanowires with
high dispersity (Fig. 1). It indicates the pivotal role of NP-40 as a
structure-directing and stabilizing agent to induce the formation of
nanowires and prevent the nanoparticles agglomeration [25,40].

3.2. Catalytic activities in suzuki cross-coupling reactions

We tested the catalytic performance of Pd-Cu NWs in the Suzuki
cross coupling reaction, which is a powerful strategy for the syn-
thesis of C—C bonds in the production of medicine, agrochemicals,
fragrances, and engineering materials [4,41,42]. As well known,
there are various influencing factors in a Suzuki cross coupling reac-
tion, such as base, solvent, temperature, and reaction time [43].
Accordingly, we tested the catalytic activity of Pd-Cu NWs and
compared the results with those of Pd NPs commonly used for the
Suzuki cross coupling reaction [43]. The specific procedure for the
Suzuki cross coupling reactions, the relevant physical properties
and the copies of 'H and 3C NMR spectra for the products are
provided in ESIL

Phenylboronic acid and bromobenzene were employed for
screening the reaction parameters (Table 1). First, various solvents
were tested (Table 1, entries 1-7). Since water is safe, readily avail-
able, and environment-benign [44,45], we used water to reduce
the amount of organic solvent used in the reaction. It is observed
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Table 2
The scope of substrates?.

Entry  Aryl halide  Arylboronic acid Products Time ( h) Yield (%)°
T O e —
O Oaon S
2
o O Orvom ;.
2a
. @Br ¢ H-son, ) 2b 2 %
o D s, s B
2c
- =0
6 Br QB(OH)z O 2d 2 98
. HQCO—Q—Br {;ys(om2 Haco 2 99
2e
EtO@—CI B(OH), 90
s Croon =) -
0 QC' s 4 8
H,N H,N 29
10 OHC—@—Br QB(OH)Z OHC 4 85
11 OZNOBr <:>7B(OH)2 02N 4 83
”
12 NC@CI @—B(OH)z NC 4 81
15 on—{ Ha @B(OH)Z OzN s 79
2
14 er FOB(OH)Z F 2 91
%
15 @—Br Cl—@—B(OH)Z Cl 2 90
16 QBr |-|3¢:o%;y|3(0|—|)2 OCHs 2 9%
2e
5 Do - . =
2m
19
er F—@—B(OH)Z F 2 91
20 er c1—<;>—|3(01-|)2 CI 2 90
2
o1 QBr H3CO—©—B(OH)2 0CH3 2 %
2e
2z On —{Orsom 2 o
2d
s Os Do OLD : ow
24 @Br @B(OH)Z 2 88
25 @Br /_\ B(OH), Zb\i/ 4 78
on TN
o e @B(OH)Z @_ﬂ(@ 6 82

N
o

aReaction conditions: bromobenzene (0.5 mmol), phenylboronic acid (0.6 mmol), catalyst (Pd-Cu NWs, 4 mg).
bSolated yields.
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Element ~ Weight%  Atomic %
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Fig. 2. EDS (A), XRD (B), high-resolution Pd 3d (C) and Cu 2p (D) XPS spectra of Pd-Cu NWs.

that the reaction in DMF/H,0 (1:1) gives biphenyl in excellent yield
(Table 1, entry 1) as a result of high dispersion of reactants in
DMF and good solubility of the bases in water [46]. Meanwhile,
the impact of different bases on the efficiency of this process was
studied (Table 1, entries 8-12) [47]. It is found that K,CO3 exerts
most effectively for the Suzuki cross coupling reaction, superior
to Na,COs, Et3N, Cs,C03 and other bases. Therefore, we adopted
K,COj3 as base for the Suzuki cross coupling reaction.

As for the effects of reaction time, there is gradual increase of
the product yield with prolonged reaction time (Table 1, entries
13-15), and highest yield was obtained after 2 h. Next, the effects of
temperature were investigated. [t was noticed that (Table 1, entries
16-18) there is significant decrease of product yield when the reac-
tion temperature is below 25°C (Table 1, entry 16). Furthermore,
the results of dosage variation (Table 1, entries 19-20) reflect the
essential role of the Pd-Cu NWs catalyst for product yield.

According to the data acquired so far, the optimized reaction
conditions are determined as: stirring a mixture of aryl halide
(0.5 mmol, 1 equiv), phenylboronic acid (0.6 mmol, 1.2 equiv),
K,CO3 (1 mmol, 2 equiv), Pd-Cu NWs (4 mg), and 2 mL of DMF/H,0
(v/v=1/1)in a Schlenk tube (10 mL) at 80°C for 2 h.

We observed that phenyl iodide, chloride, and fluoride react
efficiently with phenylboronic acid under the optimized experi-
mental conditions (Table 2, entries 1-3), but there is considerable
difference in product yield. The activation of C—X bonds follows the
sequence of [ >Br>Cl>F [48,49]. As for the influence of steric hin-
drance, the results obtained based on the mono-substituents on the
aryl bromide show a sequence of para>meta > ortho. Specifically,
productivity is better for para-bromotoluene in comparison with
those of meta-bromotoluene and ortho-bromotoluene (Table 2,
entries 4-6), owing to the steric hindrance effects of the reactants
[50].

Then, several functionalized aryl bromides and phenyl boronic
acids containing electron-donating and electron-withdrawing
groups such as—OCH3, —0Et,—NH,,—CN, —NO,,—CHO, —F, and —Cl
were examined to demonstrate the versatility of Pd-Cu NWs for the
Suzuki cross coupling reaction. The results show moderate to excel-
lent yields of the corresponding products (Table 2, entries 7-24).

—_
o
o

o @
o o

40

Yield (%)

N
o o

Catalyst run

Fig. 3. The recycling test of Pd-Cu NWs for the Suzuki cross coupling reaction.

Encouraged by the efficiency of the protocol, the reaction of aryl-
substituted pyridine was examined, which is the most common
N-heteroaryl units in pharmaceutically active compounds (Table 2,
entry 25-26). The results reflect lower reaction activity and reac-
tion rates. This is presumably due to the partial carbonization of
substrates [51].

The recyclability of Pd-Cu NWs in the Suzuki cross—coupling
reaction between bromobenzene and phenylboronic acid was
tested. The catalyst was separated by sample filtration, and despite
small there was certain loss of catalyst in the recycling process. To
ensure the same amount of catalyst in each run of the recycling
experiment, we conducted in parallel several sets of the experi-
ment under identical conditions. The reaction of the target set was
supplemented with catalyst from the other parallel sets to make
sure the scale of catalyst is 4mg in each run. It was found that
Pd-Cu NWs still display high product yield of 93% at the fifth run
(Fig. 3). According to the TEM images, the morphology of the Pd-Cu
NWs observed after the reaction is similar to that of the freshly
prepared one (SI, Fig. S2). The remarkable catalytic activity and
stability of Pd-Cu NWs can be ascribed to the unique and stable
wire-like nanostructures [52], along with the felicitous synergistic
effects between Pd and Cu [53].
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4. Conclusions

We synthesized Pd-Cu NWs by a facile and efficient one-pot wet-
chemical method. The unique structure of Pd-Cu alloy is essential
for its high catalytic activity in the Suzuki cross coupling reaction
under mild conditions. And the Pd-Cu NWs catalyst is stable and
can be reused, showing 93% conversion at the fifth run. The Pd-Cu
NWs system shows the efficiency and reusability of a heteroge-
neous catalyst, providing a promising platform for broadening the
application of Pd-based catalysts.

Acknowledgement

This work was financially supported by National Natural Science
Foundation of China (21475118, 21175118, 21275130, 21273068,
21373003).

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.apcata.2016.02.
015.

References

[1] A. Balanta, C. Godard, C. Claver, Chem. Soc. Rev. 40 (2011) 4973-4985.
[2] R.]Jana, T.P. Pathak, M.S. Sigman, Chem. Rev. 111 (2011) 1417-1492.
[3] O. Metin, S. Ho, C. Alp, H. Can, M. Mankin, M. Giiltekin, M. Chi, S. Sun, Nano
Res. 6(2013) 10-18.
[4] N. Miyaura, A. Suzuki, Chem. Rev. 95 (1995) 2457-2483.
[5] M. Plourde, K. Belkacemi, J. Arul, Ind. Eng. Chem. Res. 43 (2011) 2382-2390.
[6] S.H. Cho, J.Y. Kim, ]J. Kwak, S. Chang, Chem. Soc. Rev. 40 (2011) 5068-5083.
[7] R.P. Eischens, Science 146 (1964) 486-493.
[8] J.W. Hong, D. Kim, Y.W. Lee, M. Kim, S.W. Kang, S.W. Han, Angew. Chem. Int.
Ed. 50 (2011) 8876-8880.
[9] H.Zhang, M. Jin, ]. Wang, W. Li, P.H.C. Camargo, M J. Kim, D. Yang, Z. Xie, Y.
Xia, J. Am. Chem. Soc. 133 (2011) 6078-6089.
[10] H.Zhang, M. Jin, Y. Xiong, B. Lim, Y. Xia, Acc. Chem. Res. 46 (2013) 1783-1794.
[11] N.Tian, Z.-Y. Zhou, S.-G. Sun, Y. Ding, Z.L. Wang, Science 316 (2007) 732-735.
[12] A.Roucoux, J. Schulz, H. Patin, Chem. Rev. 102 (2002) 3757-3778.
[13] C. Deraedt, L. Salmon, J. Ruiz, D. Astruc, Adv. Synth. Catal. 355 (2013)
2992-3001.
[14] D. Astruc, F. Lu, ].R. Aranzaes, Angew. Chem. Int. Ed. 44 (2005) 7852-7872.
[15] Y. Xiong, J. Chen, B. Wiley, Y. Xia, Y. Yin, Z.-Y. Li, Nano Lett. 5 (2005)
1237-1242.
[16] K.A. Homan, M. Souza, R. Truby, G.P. Luke, C. Green, E. Vreeland, S. Emelianov,
ACS Nano 6 (2012) 641-650.

[17] R. He, Y.-C. Wang, X. Wang, Z. Wang, G. Liu, W. Zhou, L. Wen, Q. Li, X. Wang, X.
Chen, J. Zeng, ].G. Hou, Nat. Commun. 5 (2014) 1-10.

[18] J.E. Millstone, W. Wei, M.R. Jones, H. Yoo, C.A. Mirkin, Nano Lett. 8 (2008)
2526-2529.

[19] Y.-F. He, J.-T. Feng, Y.-Y. Du, D.-Q. Li, ACS Catal. 2 (2012) 1703-1710.

[20] J.-N. Zheng, M. Zhang, F.-F. Li, S.-S. Li, A.-]. Wang, ].-]. Feng, Electrochim. Acta
130(2014) 446-452.

[21] C. Wang, Y. Hu, C.M. Lieber, S. Sun, ]J. Am. Chem. Soc. 30 (2008) 8902-8903.

[22] F. Kim, K. Sohn, J. Wu, J. Huang, J. Am. Chem. Soc. 130 (2008) 14442-14443.

[23] J. Shui, J.C.M. Li, Nano Lett. 9 (2009) 1307-1314.

[24] AK.Singh, Q. Xu, ChemCatChem 5 (2013) 652-676.

[25] M. Xiao, S. Li, X. Zhao, J. Zhu, M. Yin, C. Liu, W. Xing, ChemCatChem 6 (2014)
2825-2831.

[26] W. Yu, M.D. Porosoff, ].G. Chen, Chem. Rev. 112 (2012) 5780-5817.

[27] Z.-]. Wang, ].-]. Lv, ].-]. Feng, N. Li, X. Xu, A.-]. Wang, R. Qiu, RSC Adv. 5 (2015)
28467-28473.

[28] X.W. Teng, Q. Wang, P. Liu, W.Q. Han, A.L Frenkel, W. Wen, N. Marinkovic, J.C.
Hanson, J.A. Rodriguez, J. Am. Chem. Soc. 130 (2008) 1093-1101.

[29] M. Moreno, L.N. Kissell, J.B. Jasinski, F.P. Zamborini, ACS Catal. 2 (2012)
2602-2613.

[30] L. Feng, H. Chong, P. Li, J. Xiang, F. Fu, S. Yang, H. Yu, H. Sheng, M. Zhu, J. Phys.
Chem.C119(2015) 11511-11515.

[31] Y.-Z. Chen, Q. Xu, S.-H. Yu, H.-L. Jiang, Small 11 (2015) 71-76.

[32] D. Sengupta, J. Saha, G. De, B. Basu, J. Mater. Chem. A. 2 (2014) 3986-3992.

[33] C.L. Bracey, P.R. Ellis, G.J. Hutchings, Chem. Soc. Rev. 38 (2009) 2231-2243.

[34] F.Yu, F. Li, B. Zhang, H. Li, L. Sun, ACS Catal. 5 (2015) 627-630.

[35] M. Nasrollahzadeh, B. Jaleh, A. Ehsani, New ]. Chem. 39 (2015) 1148-1153.

[36] J.-J. Lv, S.-S. Li, A.-J. Wang, L.-P. Mei, ].-]. Feng, J.-R. Chen, Z. Chen, ]. Power
Sources 269 (2014) 104-110.

[37] S.-S.Li,]J. Yu, Y.-Y. Hu, A-J. Wang, ].-R. Chen, ].-]. Feng, ]. Power Sources 254
(2014) 119-125.

[38] M. Grouchko, A. Kamyshny, S. Magdassi, J. Mater. Chem. 19 (2009) 3057-3062.

[39] T. Cochell, A. Manthiram, Langmuir 28 (2012) 1579-1587.

[40] W. Hong, J. Wang, E. Wang, ACS Appl. Mater. Interfaces 6 (2014) 9481-9487.

[41] R. Rossi, F. Bellina, M. Lessi, Adv. Synth. Catal. 354 (2012) 1181-1255.

[42] M. Su, N. Hoshiya, S.L. Buchwald, Org. Lett. 16 (2014) 832-835.

[43] AFF. Littke, C. Dai, G.C. Fu, J. Am. Chem. Soc. 122 (2000) 4020-4028.

[44] J.-H. Kim, J.-W. Kim, M. Shokouhimehr, Y.-S. Lee, J. Org. Chem. 70 (2005)
6714-6720.

[45] Y. Uozumi, K. Shibatomi, ]. Am. Chem. Soc. 123 (2001) 2919-2920.

[46] M. Mondal, U. Bora, Green Chem. 14 (2012) 1873-1876.

[47] B.Yuan, Y. Pan, Y. Li, B. Yin, H. Jiang, Angew. Chem. Int. Ed. 49 (2010)
4054-4058.

[48] V.V. Grushin, Organometallics 19 (2000) 1888-1900.

[49] X.Jiang, S. Sakthivel, K. Kulbitski, G. Nisnevich, M. Gandelman, J. Am. Chem.
Soc. 136 (2014) 9548-9551.

[50] S.M. Islam, N. Salam, P. Mondal, A.S. Roy, J. Mol. Catal. A: Chem. 366 (2013)
321-332.

[51] D. Wang, J. Li, N. Li, T. Gao, S. Hou, B. Chen, Green Chem. 12 (2010) 45-48.

[52] Y.-Y. Shen, Y. Sun, L.-N. Zhou, Y.-]. Li, E.S. Yeung, ]. Mater. Chem A 2 (2014)
2977-2984.

[53] B.Y. Xia, H.B. Wu, N. Li, Y. Yan, X.W. Lou, X. Wang, Angew. Chem. Int. Ed. 54
(2015) 3797-3801.


http://dx.doi.org/10.1016/j.apcata.2016.02.015
http://dx.doi.org/10.1016/j.apcata.2016.02.015
http://dx.doi.org/10.1016/j.apcata.2016.02.015
http://dx.doi.org/10.1016/j.apcata.2016.02.015
http://dx.doi.org/10.1016/j.apcata.2016.02.015
http://dx.doi.org/10.1016/j.apcata.2016.02.015
http://dx.doi.org/10.1016/j.apcata.2016.02.015
http://dx.doi.org/10.1016/j.apcata.2016.02.015
http://dx.doi.org/10.1016/j.apcata.2016.02.015
http://dx.doi.org/10.1016/j.apcata.2016.02.015
http://dx.doi.org/10.1016/j.apcata.2016.02.015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0005
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0005
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0005
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0005
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0005
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0005
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0005
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0005
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0005
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0005
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0005
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0005
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0005
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0005
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0010
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0010
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0010
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0010
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0010
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0010
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0010
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0010
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0010
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0010
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0010
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0010
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0010
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0015
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0020
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0020
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0020
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0020
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0020
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0020
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0020
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0020
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0020
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0020
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0020
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0025
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0030
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0035
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0035
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0035
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0035
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0035
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0035
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0035
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0035
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0040
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0045
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0050
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0055
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0060
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0060
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0060
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0060
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0060
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0060
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0060
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0060
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0060
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0060
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0060
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0060
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0060
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0065
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0070
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0075
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0080
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0085
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0090
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0095
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0100
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0105
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0110
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0115
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0115
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0115
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0115
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0115
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0115
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0115
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0115
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0115
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0115
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0115
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0120
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0120
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0120
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0120
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0120
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0120
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0120
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0120
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0120
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0120
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0125
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0130
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0130
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0130
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0130
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0130
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0130
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0130
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0130
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0130
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0130
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0130
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0130
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0130
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0135
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0140
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0145
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0150
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0155
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0155
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0155
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0155
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0155
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0155
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0155
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0155
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0155
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0155
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0155
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0155
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0155
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0155
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0160
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0165
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0165
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0165
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0165
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0165
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0165
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0165
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0165
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0165
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0165
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0165
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0165
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0165
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0165
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0170
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0175
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0175
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0175
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0175
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0175
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0175
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0175
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0175
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0175
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0175
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0175
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0175
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0175
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0175
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0180
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0185
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0190
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0190
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0190
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0190
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0190
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0190
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0190
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0190
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0190
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0190
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0190
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0190
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0190
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0190
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0195
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0195
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0195
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0195
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0195
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0195
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0195
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0195
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0195
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0195
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0200
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0205
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0205
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0205
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0205
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0205
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0205
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0205
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0205
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0205
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0205
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0205
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0205
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0205
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0205
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0210
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0210
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0210
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0210
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0210
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0210
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0210
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0210
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0210
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0210
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0210
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0210
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0210
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0215
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0220
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0225
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0225
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0225
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0225
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0225
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0225
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0225
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0225
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0225
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0225
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0225
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0225
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0225
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0230
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0230
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0230
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0230
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0230
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0230
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0230
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0230
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0230
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0230
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0230
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0235
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0240
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0240
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0240
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0240
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0240
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0240
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0240
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0240
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0245
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0250
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0255
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0260
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265
http://refhub.elsevier.com/S0926-860X(16)30081-3/sbref0265

	Facile synthesis of highly active Pd-Cu nanowires catalyst through a simple wet-chemical strategy for ligand-free Suzuki c...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Instrumentations
	2.3 Synthesis of Pd-Cu nanowires
	2.4 Catalytic performance for suzuki cross coupling reactions

	3 Results and discussion
	3.1 Characterization
	3.2 Catalytic activities in suzuki cross-coupling reactions

	4 Conclusions
	Acknowledgement
	Appendix A Supplementary data
	References


