
C
a

Z
C
N

a

A
R
R
A
A

K
C
P
C
H
S

1

i
t
i
p
a
t
o
m
s
[
i
t
T
r
i
c
c
s
a
a

h
1

Journal of Molecular Catalysis A: Chemical 395 (2014) 293–299

Contents lists available at ScienceDirect

Journal  of  Molecular  Catalysis A:  Chemical

jou rn al hom epage: www.elsev ier .com/ locate /molcata

yclopalladated  ferrocenylimine  functionalized  polymer  brushes  film
nd  its  mechanism  investigation  of  heterogeneous  catalysis

hihua  Fu,  Tiesheng  Li ∗,  Xiaohang  He,  Jie  Liu,  Wenjian  Xu,  Yangjie  Wu ∗

ollege of Chemistry and Molecular Engineering, The Key Lab of Biological Chemistry and Organic Chemistry of Henan Province, The Key Lab of Advanced
ano-information Materials of Zhengzhou, Zhengzhou University, Kexuedadao 100, Zhengzhou 450001, PR China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 25 June 2014
eceived in revised form 20 August 2014
ccepted 22 August 2014
vailable online 1 September 2014

a  b  s  t r  a  c  t

A highly  active,  reusable  and  stable  cyclopalladated  ferrocenylimine  functionalized  polymer  brushes  film
(Pd/PBs)  had  been  developed.  The  Pd/PBs  was  tested in  Suzuki  reaction  and  displayed  high  activity  for  the
preparation  of  various  biaryls  at elevated  temperatures  in neat  water  without  ligands.  Good  reusability
and  stability  were  presented  as  that  catalytic  film  could  be reused  at least  eight  times  with  little  Pd
leaching  into  the  crude  product.  The  reasonable  and  feasible  reaction  mechanism  of  the  heterogeneous
eywords:
yclopalladated ferrocenylimine
olymer brushes film
oupling reactions
eterogeneous mechanism
urface catalysis

Suzuki  reaction  was  deeply  explored,  in  which  a catalytic  cycle  of  PdII to  Pd0 and  Pd0 to  PdII on  the  surface
was  clearly  detected  and  illustrated.  In  this  approach,  the  coupling  reaction  catalyzed  by  active  Pd species
on the surface  of nano-films  had  proceeded  via  a mechanism  of surface-catalyzed  process.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Heterogeneous catalytic reactions play important roles not only
n the research laboratory but also in the chemical and pharmaceu-
ical industries [1]. They are classified according to the supports
nvolved, such as organic, hybrid organic–inorganic, inorganic sup-
orts [2]. Although numerous heterogeneous catalysts are known
nd used in industry, there are still some problems to solve, such as
he high loading of catalysts, high reaction temperature, addition
f organic solvents, and leakage of the catalyst into the reaction
edia [3]. The mechanistic study is certainly one of the most

triking weaknesses of current studies in heterogeneous catalysis
4]. In general, it can be anticipated that much help in improv-
ng the catalytic systems will come from a careful examination of
he intimate mechanisms on the solid through combined methods.
herefore, discovery of novel supports originating from renewable
esources will be a key point in the context of sustainable chem-
stry, and development of suitably sensitive analytical methods
onstitutes another research priority. Various analytical methods
an characterize, identify, and estimate the nature of the surface

pecies, enabling thin films [5] (Langmuir–Blodgett films, self-
ssemble film, etc.) to be an ideal model system to study the surface
nd interface behavior, with which we can investigate catalytic

∗ Corresponding author. Tel.: +86 371 67766667; fax: +86 371 67766667.
E-mail addresses: lts34@zzu.edu.cn (T. Li), wyj@zzu.edu.cn (Y. Wu).

ttp://dx.doi.org/10.1016/j.molcata.2014.08.038
381-1169/© 2014 Elsevier B.V. All rights reserved.
behavior and mechanisms at molecular level which is suitable to
study the heterogeneous catalysis.

Polymer brushes with versatile molecular constructions for
shaping surface properties are vital in areas such as nanotechnol-
ogy, biosensors, and biomedical sciences [6]. Polymer brushes on
nano-materials have been used for controlling colloidal stability,
improving matrix compatibility in nanocomposite fabrication and
controlling particle self-assembly, while brush-coated porous sub-
strates can be used as highly selective membranes [7]. Grafting of
polymer onto solid surfaces is an effective means to improve sur-
face properties as the surface grafted polymer chain can interfere
with the aggregation of these particles and increase their surface
affinity for organic solvents and polymer matrix, thereby lead-
ing to better dispersion [8]. The dynamic nature of the polymer
brushes together with the particularly high local concentrations
engendered with such frameworks offer unique opportunities in
supported catalysis, which can be used to achieve high catalyst
loadings while allowing good accessibility to the active sites [9].
Our idea is to immobilize solid catalysts on the surface of solid
substrates through polymer brushes and then to evaluate the activ-
ity and recyclability of the resulting composites. In this system,
efficient surface catalytic process can occur, because effective inter-
action of the reagents and surface is expected as the high interfacial

area and the short path required for molecular diffusion in the easy
identify surface [10].

To put this idea into practice, we  chose Suzuki reaction cat-
alyzed by palladium as a model reaction to evaluate and compare

dx.doi.org/10.1016/j.molcata.2014.08.038
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2014.08.038&domain=pdf
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294 Z. Fu et al. / Journal of Molecular Catalysi

S
m

t
i
M
h
d
r
c
R
p
a
t
a
s
o
a
fi
c
n

s
c
s
b
t
o
t
c
s
t
r
m

2

2
f

b
d
a
t
(
i
o
1
f
h

cheme 1. The structure of cyclopalladated ferrocenylimines functionalized poly-
er  brushes film (Pd/PBs).

he catalytic activity. The Suzuki reaction had been the most stud-
ed in neat water under heterogeneous palladium catalysis [11].

eanwhile, versatile transformations using Pd catalysts usually
ad been developed [12]. Our team had done a lot works in past
ecades about the synthesis and catalysis of cyclopalladated fer-
ocenylimines, which were efficient catalysts for carbon–carbon
oupling reactions in organic solvent or aqueous medium [13,14].
ecently, we prepared cyclopalladated arylimine functionalized
olymer brushes and preliminarily discussed the catalytic activity
nd recyclability in heterogeneous Suzuki reaction [15]. However,
he functionalized polymer brushes catalysts showed decreasing
ctivities (lengthened reaction times) with high yield in recycle
tudies because of the intertwining and aggregation of long-chain
ctadecyl in cyclopalladated arylimine, which hindered the inter-
ctions of reactants and the active center of Pd on polymer brushes
lm. Therefore, rational design of suitable catalysts should be
losely linked to deeper insights into mechanisms involved at a
anomolecular level.

As described above, catalytic polymer brushes film on solid sub-
trates is suitable to study heterogeneous catalysis because they
an characterize, identify, and estimate the nature of the surface
pecies by various experimental techniques. We  thus reasoned that
y using a catalyst with unified, controlled, and tunable charac-
eristics, one could detect the structural changes associated with
xidative addition more readily and more reliably to shed light on
he Pd surface reaction mechanism. Herein, we attempted to graft
yclopalladated ferrocenylimines catalyst onto polymer brushes
olid surfaces by covalent bond (Scheme 1). Then we evaluated
he activity and recyclability of the resulting composites in Suzuki
eaction and further explored the reasonable and feasible reaction
echanism of heterogeneous reaction.

. Experimental

.1. The synthesis of cyclopalladated ferrocenylimines
unctionalized polymer brushes film

The cyclopalladated ferrocenylimines functionalized polymer
rushes films were prepared according to the published proce-
ures [15]. The details about the major steps of the processing
re as follows: hydrophilic treatment wafers by pirhana solu-
ion were functionalized with 3-aminopropyl triethoxysilane
2.1 mmol). Then, amino-functionalized wafers were immersed
n a solution of 2-bromoisobutyryl bromide (3.3 mmol) in 25 mL

f dry dichloromethane containing TEA (7.0 mmol) to react
2 h and obtained initiator-functionalized wafers. Next, initiator
unctionalized wafer was placed into the flask which included N-
ydroxymethyl acrylamide (50 mmol), 2,2′-bipyridine (1.0 mmol),
s A: Chemical 395 (2014) 293–299

CuCl (0.5 mmol), and 15 mL  of the mixture (methanol/water: 4:1)
proceed for 4.5 h at room temperature under nitrogen atmosphere.
At last, the PHAM-grafted substrates were immersed in 40 mL  of
dried THF with N,N′-carbonyldiimidazole (12 mmol) and a solu-
tion of cyclopalladated ferrocenylimines (0.001 g) in THF 48 h to
get Pd/PBs.

2.2. General procedure for the Suzuki reaction of aryl halide with
phenylboronic acid

Aryl halide (0.125 mmol), phenylboronic acid (0.15 mmol),
K2CO3 (0.15 mmol) and n-Bu4NBr (0.15 mmol) were combined
with 3 mL  water in a small round-bottomed flask used for “homoge-
neous” and “heterogeneous” runs. The reaction mixture was  stirred
at 80 ◦C for 12 h, then, the mixture was  acidified, and the product
was extracted by ethyl ether for three times. The combined organic
phase was  dried with MgSO4, filtered, and solvent was removed
on a rotary evaporator. Crude product was transferred into a 10 mL
volumetric flask to fix its quantity in ethyl acetate. The yields were
determined by high performance liquid chromatography (HPLC),
based on the peak area ratio between the products. The HPLC con-
ditions were a Zorbax eclipse Xdb C18 column (150 × 4.6 mm 5 �m)
with methanol/acetonitrile as the mobile phase, and a flow rate of
1 mL/min.

2.3. Atomic absorption spectroscopy (AAS) analysis

The amounts of cyclopalladated ferrocenylimines immobilized
on solid substrates were measured by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) (ICAP 6000 Series, Thermo
Scientific). The sample treatments were as follows: Pd/PBs (quartz
plate or round-bottomed flask) was boiled in concentrated nitric
acid, and then, residual solid was dissolved with 2 M hydrochloric
acid and transferred into a 10 mL  volumetric flask to fix its quantity
in water.

3. Results and discussion

3.1. Preparation of cyclopalladated ferrocenylimine
functionalized polymer brushes film

The cyclopalladated ferrocenylimines functionalized polymer
brushes film (Pd/PBs) grafted on silicon, glass and quartz surfaces
had been synthesized as previous work [15]. The amounts of Pd
in Pd/PBs were measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES). The Pd content of the catalytic
film on the solid slide was found to be 1.2 × 10−6 mmol cm−2.
The composition and morphology of the surfaces obtained along
with the immobilization process at each step (showed in Sup-
porting Information) were characterized by water contact angle
(WCA), ultraviolet–visible spectroscopy (UV–vis), X-ray photoelec-
tron spectroscopy (XPS), atomic force microscope (AFM), low-angle
X-ray diffraction (LAXD) and cyclic voltammetry (CV). The ordered,
oriented structure and unobvious layered structure in Pd/PBs had
been demonstrated by the characterization methods. These results
indicated that mostly catalysts were grafted onto the surface of
polymer brushes on the solid substrates, which prompted us to
explore the surface chemical reactions in heterogeneous catalysis
system.

3.2. Heterogeneous catalytic properties of Pd/PBs
As mentioned above, Suzuki reaction usually served as a model
for characterization of new catalysts. Heterogeneous catalysts
based on different organic and inorganic supports have been
reported for this versatile and powerful method of C C bond
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Table  1
The Suzuki reaction of phenylboronic acid with 4-bromotoluene catalyzed by catalyst and blank quartz plate in solutiona

.

Entry Catalytic system Catalyst (10−6 mmol) Time (h) Product Yield (%)b

1 Pd/PBs 7.8 12 p-CH3-Ph-Ph 99
2  Homogeneous 1000 24 p-CH3-Ph-Ph 90
3c Homogeneous 500 24 p-CH3-Ph-Ph 73
4  Homogeneous 50 48 p-CH3-Ph-Ph Trace
5  Quartz plate – 48 – No reaction

a Reaction conditions: 4-bromotoluene 0.125 mmol, PhB(OH)2 0.15 mmol, K2CO3 0.15 mmol, TBAB(n-Bu4NBr) 0.15 mmol, H2O 3 mL, 80 ◦C, quartz plate
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after the eighth cycle). These results implied that a strong chemical
bond binding on the substrates of cyclopalladated ferrocenylim-
ines could prevent the Pd from leaching during the catalytic
process.
30  mm × 10 mm × 1 mm).
b Yields determined by HPLC, based on the products.
c PhB(OH)2 0.3 mmol.

ormation [1,11]. The catalytic activity and recyclability of the
yclopalladated ferrocenylimines functionalized polymer brushes
lm (Pd/PBs) were evaluated in Suzuki reaction of 4-bromotoluene
ith phenylboronic acid in neat water at 80 ◦C temperature

Table 1).
Under optimized reaction conditions [15], Pd/PBs displayed

uch higher catalytic activity even with few catalyst loading, to
ield 99% 4-methylbiphenyl as the only product (as analyzed by
PLC, yield based on 4-bromotoluene and the product) compared
ith their analog cyclopalladated ferrocenylimines in homoge-
eous, indicating that the well-ordered and higher density catalysts
ere more efficient for the catalytic system. These conditions were

ery competitive, especially compared to MNP-supported den-
ritic catalysts noncovalently grafted Pd complexes, which require
.4–5 mol% of metal [16]. The difference in catalytic activity was
ttributed to the easy accessibility to the active sites originating
rom the unique films architecture, which enhanced cooperation
f the active sites [8]. These conjectures would be proved by later
iscussions for the mechanism of the reaction process. Moreover,
he catalytic activity of cyclopalladated ferrocenylimines in homo-
eneous was unfavorable at the low catalyst concentration (Table 1,
ntry 4). The Suzuki reaction catalyzed by blank quartz plates can-
ot proceed under the same reaction conditions (Table 1, entry 5).
hen catalyst substrate was taken out from the reaction mixture

fter 3 h, 35% yields of product were detected. No more products
ould be obtained if the reaction continued to 24 h. However, when
he catalyst substrate was put back into a new reaction solution, a
ield of 95% products could be obtained after 12 h again. These con-
rolled trials clearly showed that the functional catalyst films for
atalyzing Suzuki reaction was in heterogeneous catalytic process.
hese cyclopalladated ferrocenylimines functionalized polymer
rushes film exhibited higher catalytic activity, comparing with
yclopalladated arylimine functioning polymer brushes reported
n our previous results [15]. The reason may  be that the sub-
trates were more accessible to the Pd active sites of the catalyst
n the polymer brushes surface. All the results obtained above
mplied that a heterogeneous process occurred on the catalyst
urfaces.

The coupling reactions of arylboronic acids with various aryl
romides were performed in the presence of Pd/PBs in neat
ater (Table 2). Good to excellent yields of products (75–99%)
ere obtained (Table 2, entries 1–6), even in the case of

lectron-rich (R = 4-OMe: entry 2, 4-NH2: entry 5) or bulky (entry
) substrates. A coupling reaction of 2-bromopyridine and 1-
romonaphthalene gave the products in lower yields (40–45%)
robably due to the electronic effect (entries 7 and 8). To the aryl-

oronic acid of different substituents (entries 9–12), the yields
ere also excellent (80–95%). All the results above indicated that

he Pd/PBs were efficient for Suzuki reaction in heterogeneous
ystem.
3.3. The recyclability and stability of Pd/PBs

Recycling experiments were carried out by using the round-
bottomed flasks in which Pd catalysts were grafted onto the internal
surface for the Suzuki reaction of 4-bromotoluene and phenyl-
boronic acid (Fig. 1). That was  to say that the flasks were not only the
reactors but also the catalysts, which simplified the reaction opera-
tions [14] as depicted in Scheme 2. Although a decrease of yield was
observed after eight reaction cycles, yields of 4-methylbiphenyl
maintained at 80% over 10 runs. These results confirmed that
Pd/PBs was  highly stable as the heterogeneous catalysts under
these reaction conditions. If higher 92–94% yield was obtained
after many cycles, for example, reaction time must be prolonged
to 18 h after six rates. These results echoed observations by other
researchers of retained high yield with decreasing activities (or
lengthened reaction times) upon recycle of catalysts [8,15].

This phenomenon might be caused by the overlay on the surface
of the catalyst films by reactants and products. And the inactivation
of Pd active center in catalytic cycle was  also one of the reasons.
These reasons were indirectly confirmed by results of little catalyst
decrease after eight recycles measured by ICP-AES (Fig. S8), and sta-
ble cyclic voltammograms of Pd/PBs modified ITO glass in recycling
experiments (Fig. S9). The amount of Pd measured by ICP-AES
showed that 7.17 × 10−6 mmol  of Pd was detected in round-
bottomed flask after two runs. With the increase of the cycle times,
the amount of Pd in round-bottomed flask remained unchanged
and maintained at an order of magnitude (4.87 × 10−6 mmol  even
Fig. 1. Recycling experiments of the Suzuki reaction catalyzed by Pd/PBs (round-
bottomed flask). Reaction conditions: 4-bromotoluene 0.125 mmol, PhB(OH)2

0.15 mmol, K2CO3 0.15 mmol, n-Bu4NBr 0.15 mmol, H2O 3 mL,  80 ◦C, 12 h. (a) Iso-
lated yield, (b) 18 h, and (c) 24 h.
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Table 2
Suzuki reaction of arylboronic acid with aryl halides catalyzed by Pd/PBs (round-bottomed flask)a

.

Entry Ar-Br Ar-B(OH)2 Product Yieldb (%)

1 p-NO2-Ph Ph p-NO2-Ph-Ph 99
2  p-CH3O-Ph Ph p-CH3O-Ph-Ph 98
3  p-NC-Ph Ph p-NC-Ph-Ph 88
4  p-F3C-Ph Ph p-F3C-Ph-Ph 99
5  p-H2N-Ph Ph p-H2N-Ph-Ph 93
6  1,3-dimethy-Ph Ph 1,3-dimethy-Ph-Ph 75
7  2-bromopyridine Ph 2-bromo-Py-Ph 40
8c 1-bromon-NP Ph 1-bromon-NP-Ph 45
9  p-Me-Ph p-OCH3-Ph p-OCH3-Ph-Ph-(p-Me) 84
10  p-Me-Ph 1,3-difluoro-Ph 1,3-difluoro-Ph-Ph-(p-)Me 91
11  p-Me-Ph Pyrimidine Pyrimidine-Ph-(p-)Me 80
12  p-Me-Ph 5-(methoxycar bonyl)-2-methyl-Ph 5-(methoxycarbonyl)-2-methyl-Ph-Ph-(p-)Me 95

a Reaction conditions: phenylboronic acid 0.15 mmol, aryl halides 0.125 mmol, catalyst 7.8 × 10−6 mmol, TBAB 0.15 mmol, K2CO3 0.15 mmol, H2O 3 mL, 80 ◦C, 12 h, round-
bottomed flask 5 mL.

b Yield by isolated.
c NP: naphthyl.
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showed well-defined surface waves consisting of symmetric oxida-
tion and reduction waves (Fc/Fc+). The height of the peak of Pd/PBs
decreased till 6 h, showing that the ferrocene moieties were lower
electroactivity due to the blocking of counterion permeation to the
Scheme 2. Illustrations of the reaction op

It was of particular note that significantly electrochemical signal
as observed in cyclic voltammograms at recycling experiments

Fig. S9). Cyclic voltammograms of the cycles showed well-defined
urface waves consisting of symmetric oxidation and reduction
aves except the 10th cycle. These peaks were ascribed to the redox

f the ferrocene moieties (Fc/Fc+), showing that the cyclopalladated
errocenylimines were still located on the electrode stably. How-
ver, the height of the peak weakened linearly as the cycle times
ncreased up to 8 and disappeared at 10th cycle. Meantime, the
eversibility of cyclic voltammetry curves also became worse along
ith the increase in cycle times, which indicated low electroactiv-

ty and the slow electron transfer in the catalyst films. This was
resumably because that the counterion movements through the
atalyst films were disturbed by the adsorption reactants, which
ehaved as an insulator and/or a barrier [17]. The potential sep-
ration (�Ep) increased after recycling experiments (Table S3). It
as because that the rate of electron transfer might become slower
ith increasing distance between the redox site and the electrode

urface [18].

.4. Plausible heterogeneous mechanism

Researcher’s explored processes in heterogeneous catalysis
llustrated the importance of the interfaces with surface active
enters. However, the investigations of mechanism were usually
onfined to the structural changes and morphology analysis before
nd after the catalysis [19]. The lack of detailed researches of het-
rogeneous catalytic process, left questions about the generality
nd validity of such mechanism studies. It was well known that

he changes of surface during catalytic process were the key fac-
or for elucidating catalytic mechanism. Thus, our aim was focus
n insight into how the nature of actives by utilizing more realistic
rocedures which could capture part of the complexity inherent to
ns used flask reactors linked with Pd/PBs.

heterogeneous catalysis. Plots of conversion versus different
reaction times for the Suzuki reaction of 4-bromotoluene with aryl-
boronic acid in the presence of Pd/PBs were shown in Fig. S10.

Cyclic voltammograms method could provide electrochemical
information which could evaluate the surface adsorption and the
effects of different surface potential on the ITO electrode and enable
us to reveal the surface catalytic process through investigating
the electrochemical properties of catalysts at different reaction
times. Fig. 2 showed cyclic voltammograms in 1 M HCl of the cat-
alyst films on an ITO electrode at different catalysis times. Their
electrochemical data were listed in Table S4. All voltammograms
Fig. 2. Cyclic voltammograms of Pd/PBs grafted on ITO glass in Suzuki reaction at
different reaction times in 1 M HCl solution at a scan rate of 10 mV/s.
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Fig. 3. AFM images of Pd/PBs in Suzuki–Miyaura rea

edox-active sites by the reactants. It can also be explained that fer-
ocenyl moieties in the electrode surface were directly covered by
he adsorption reactants and oxidative addition of substrates at the
atalysis process. Then the peak increased when reaction was over
12 h), in which there were the reasons of the blocking of coun-
erion permeation and the self-cleaning function of the polymer
rushes [20].

Chidsey et al. [21] had reported that the ferrocene moieties
n the highly ordered structure were oxidized at a more posi-
ive potential since the repulsion among the ferrocenium moieties
hould be larger in the well-ordered monolayer than in the less
rdered monolayer. The Epa of ferrocene derivatives on electrodes
bserved in the Pd/PBs increased along with the reaction until
25 mV  and reduced to 519 mV  till the end of reaction. That sug-
ested that the ferrocene moieties in the catalytic film were ordered
t the beginning of the catalysis process, which might be caused
y automatically agglomerated fascicles due to the flexible struc-
ure of polymer brushes. The less ordered electrodes surfaces were
bserved because of the absorption of the reactant, intermediates
r products in catalysis process. The potential separation (�Ep)
ncreased along with reaction time (Table S4), indicating that the
ate of interlayer electron transfer became slower due to increas-
ng distance between the redox site and the electrode surface
s the chains of polymer brushes. These results suggested that
he process of oxidative addition of bromobenzene and phenyl-
oronic acid, and even adsorption of base and products existed,
hich could influence the redox-active sites and the electrodes

urface.
The corresponding analysis of AFM images and water contact

ngles acquired at different reaction times were precisely investi-
ated trying to elucidate the processes proposed above (Fig. 3). As
he surface rms  of AFM images increased with the catalysis pro-
ess, the water contact angle decreased gradually, which vividly
evealed the reaction processes that occurred on the catalyst sur-
ace. It was noted that recognizable block aggregates were observed
n the AFM images of Pd/PBs, which might be due to the auto-

atically agglomerated fascicles caused by the flexible structure
f polymer brushes and the adsorption in catalytic process. This

gglomerated phenomenon affected the whole catalytic process,
hich could be observed in next step shown in Fig. 3c–e. Significant
orphology changes of silicon wafer grafted with catalysts were

bserved during catalytic processes, with which a detailed analysis
t (a) 0 h, (b) 0.5 h, (c) 1 h, (d) 3 h, (e) 6 h, and (f) 12 h.

of the catalytic processes was presented. It meant that a sequential
adsorption and chemical process occurred on the catalyst film.

The morphological changes of the catalyst films during their use
as catalysts were remarkable which could be illustrated by the sur-
face changes made by the catalytically active Pd on catalyst films
[22]. Studies of XPS spectra might provide more information about
the dynamics of catalytically active species under reaction condi-
tions, which could help in contributing to a better understanding
of catalysis pathways [23]. These pathways had also been demon-
strated by the high-resolution XPS analysis of the Pd/PBs catalysis
process (Fig. 4).

The XPS analysis of the Pd in Pd/PBs clearly illustrated the cycle
of PdII to Pd0 and Pd0 to PdII of the cyclopalladated ferrocenylimines
on the surface of catalyst films. That was examined by the changes
of palladium oxidation state during the catalysis process. As the cat-
alyst films without reaction, Pd was detected at 343.5 and 338.3 eV
BE, corresponding to the Pd 3d core level. Bromine related peaks in
Br 3d spectrum appeared at 69.1 eV BE (Fig. 4C-a), which was  very
close to that of terminated Br of the polymer brushes chains [24].
PdII reduced to catalytically active Pd0 could be seen clearly in the
process of the whole catalysis reaction (Fig. 4A) and oxidation of
Pd0 to PdII in reaction with PhBr was also confirmed by XPS spec-
tra, shown in Fig. 4C. The boron related peaks in the B 1s spectrum
(Fig. 4B) Pd/PBs film at the same time also showed that coupling
process occurred.

The Pd peak at 342.6 eV BE and 337.3 eV BE appeared at Pd/PBs
XPS spectrum (Fig. 4A-b) at 0.5 h catalysis, which suggested that dif-
ferent oxidized forms of Pd were presented. These were attributed
to the co-existence of species PdII and PdI on the surface in the
Suzuki reaction. The substrates sequential adsorption and surface
synergy interaction also occurred on the catalyst film, which was
suggested by the boron related peaks of [PhB(OH)2] (191.6 eV BE)
in the B 1s spectrum (Fig. 4B-b) and bromine related peaks of
[Pd(PhBr)Lx] in Br 3d spectrum (Fig. 4C-b) reduced to 68.3 eV BE
(0.8 eV smaller than Br 3d spectrum appeared at Pd/PBs without
reaction).

Pd0 species (BE 341.1, 335.1 eV) was detected at 1 h cataly-
sis (Fig. 4A-c) and palladium species in oxidation state (I) or (II)

(BE 336.5 eV) was  also found in the XPS spectrum. The bromine
observed (68.1 eV BE) was  compatible with that of oxidation addi-
tions (Ph-Pd-Br). Meanwhile, the intensity of boron related peaks
(191.2 eV BE) increased with right-shifting of binding energy about
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Fig. 4. High-resolution XPS spectra of Pd 3d (A), B 1s (B) and Br 3d (C) from the silicon wafer surfaces grafted Pd/PBs. (a) Before catalytic reaction, (b) after 0.5 h catalysis, (c)
a
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fter  1 h catalysis, (d) after 3 h catalysis, and (e) after 12 catalysis.

.4 eV (Fig. 4B-c), which was the evidence that coupling pro-
ess occurred. Considering the morphology of disordered closely
tacked surface in AFM image (9% products yield), we  thought that
ixture state of the occurrences of Pd0 oxidation additions.
Dominating Pd0 (BE 340.8, 335.0 eV) and additional PdII (BE

43.4, 337.1 eV) were shown in Fig. 4A-d at 3 h catalysis. The Pd0

emonstrated that the oxidative addition of aryl halide and the
eak at 337.1 eV was reasonably assigned to the presence of Pd-
r species. This species on the surface of the Pd/films could arise

rom residual bromide associated with the oxidative addition step
f the catalytic process remaining on the surface of the films, which
ere known to be catalytically active to form Br-Pd-aryl intermedi-

tes [25]. The boron related peaks (191.2 eV BE) in the B 1s spectrum
Fig. 4B-d) and bromine (68.1 eV BE) in Br 3d spectrum (Fig. 4C-d) of
d/PBs film at the same time also showed that oxidation additions
nd coupling process occurred.

As we expected, the shape of the Pd 3d core-level spectrum was
hanged back to its initial state after catalysis process (Fig. 4A-e).
he appearance of the Pd 3d5/2 showed a major peak at 338.1 eV
E with a minor peak at 335.6 eV BE, and the Pd 3d3/2 showed

 major peak at 343.4 eV BE with a minor peak at 340.8 eV BE,
hich were assigned as PdII (∼90%) as a major species and Pd0

s a minor species, respectively. The XPS analysis above indicated
hat the integrity of the catalyst was retained when supported on
olid wafers as PdII with tiny damage was suffered in the catalysis
rocess.

A cycle of PdII to Pd0 and Pd0 to PdII on Pd/PBs could be clearly
llustrated with respect to the results of CV, WAC, AFM and XPS
nalysis. The speculation of surface changes of Pd/PBs in differ-
nt catalysis times was shown in Scheme 3. In this approach, Pd0

cted as an active surface in these heterogeneous system, suggest-
ng that the Pd/PBs catalyzed coupling of aromatic halides and
orophenylic acid proceeded via a mechanism of surface-catalyzed
eaction as follows: first, PdII was reduced by activation of ArB(OH)2
n situ to Pd0 which remained on the surface of catalyst film.
ext, activated ArX reacted with Pd0 via oxidative addition to yield

ArPd(II)X] (still on the surface of substrates) which interacted with

rB(OH)2 and formed intermediates. Finally, coupling product was

ransferred to the solution and Pd0 was deposited back on the sup-
ort as a PdII after the catalytic process. Because of the complexity
f interactions occurring simultaneously on the surface, we thought
Scheme 3. The speculation of Pd/PBs in Suzuki reaction at (A) 0 h, (B) 0.5 h, (C) 1 h,
(D)  3 h, (E) 6 h, and (F) 12 h.

that the whole catalytic process was a synergy interaction between
the catalyst and the substrates to give the molecular target.

4. Conclusion

In this article, a novel highly active, reusable and stable Pd/PBs
was developed, in which cyclopalladated ferrocenylimines were
grafted onto silicon, glass and quartz surfaces by covalent bond.
The catalytic films were tested in Suzuki reaction and displayed
high activity for the preparation of various biaryls at elevated tem-
peratures in neat water without ligands, which was  satisfied with
the requirement of green, sustainable and economical chemistry.
Moreover, Pd catalysts attached onto surface of polymer brush
allows up to the same quantitative yields with lower loading than
previously reported. The catalysts films presented good reusability
and stability which reused at least eight times without loss in activ-
ity and only had little Pd leaching into the crude product, which
could meet the specification limits in the pharmaceutical industry
without requiring tedious chromatographic purification.

We also examined existing and emerging approaches to gain
insights into the catalyst active phase and catalytic mechanism

using water contact angle, CV, AFM and XPS methods, which offered
certain opportunities to investigate working catalyst films and to
identify new details about catalytic properties that were unavail-
able when the novel catalyst films were used. The reasonable
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nd feasible reaction heterogeneous mechanism in our catalysis
ystem was proposed, in which a cycle of PdII to Pd0 and Pd0

o PdII on catalyst nano-films could be clearly illustrated with
espect to the experimental results. In this approach, Pd0 as an
ctive surface acted as heterogeneous catalyst, suggesting that the
eterogeneous Pd/PBs catalyzed Suzuki reaction proceeded via

 mechanism of surface-catalyzed reaction. The whole catalytic
rocess was a synergy interaction between the catalyst and the
ubstrates to give the molecular target. Such a system, in addition,
ffers opportunities for characterizing surface catalysis with sim-
le and convenient way, which is crucial for detecting dynamic
hanges on catalytically active species and understanding catal-
sis pathways. Following this approach, it is possible to identify
ew catalyst and reaction mechanism which is very important
ince that it often provides a rational way to improve catalytic
ctivity and selectivity and to be applicable to systems as an
dvanced functional material with applications in heterogeneous
atalysis.

cknowledgment

We  are grateful to the National Natural Science Foundation of
hina (No. 20973157), Research and Development Foundation of
hengzhou (094SGZG23056); Prof. Minghua Liu, Penglei Chen for
PS measurements; and Prof. Luyuan Mao  for AFM analysis.

ppendix A. Supplementary data

Supplementary data associated with this article can be
ound, in the online version, at http://dx.doi.org/10.1016/
.molcata.2014.08.038.

eferences

[1] (a) N. Mizuno, M.  Misono, Chem. Rev. 98 (1998) 199–218;
(b) G. Zeni, R.C. Larock, Chem. Rev. 106 (2006) 4644–4680;
(c) C. Torborg, M.  Beller, Adv. Synth. Catal. 351 (2009) 3027–3043;
(d)  A. Corma, H. García, F.X. Llabrés i Xamena, Chem. Rev. 110 (2010)
4606–4655.

[2] (a) A.P. Wight, M.E. Davis, Chem. Rev. 102 (2002) 3589–3614;
(b) C. Baleizão, A. Corma, H. García, A. Leyva, J. Org. Chem. 69 (2004) 439–446;
(c)  M.  Lamblin, L. Nassar-Hardy, J.-C. Hierso, E. Fouquet, F.-X. Felpin, Adv. Synth.
Catal. 352 (2010) 33–79;
(d) Á. Molnár, Chem. Rev. 111 (2011) 2251–2320;

(e) J. Shi, Chem. Rev. 113 (2013) 2139–2181.

[3] L. Jin, J. Liebscher, Chem. Rev. 107 (2007) 133–173.
[4] N.T.S. Phan, M.V.D. Sluys, C.W. Jones, Adv. Synth. Catal. 348 (2006) 609–679.
[5] A.K. Kakkar, Chem. Rev. 102 (2002) 3579–3588.
[6] (a) S. Morsch, W.C. Schofield, J.P. Badyal, Langmuir 26 (2010) 12342–12350;

[
[

s A: Chemical 395 (2014) 293–299 299

(b) Y. Roiter, I. Minko, D. Nykypanchuk, I. Tokarev, S. Minko, Nanoscale 4 (2012)
284–292;
(c) L. Li, W.  Hu, L. Chi, H. Fuchs, J. Phys. Chem. B 114 (2010) 5315–5319;
(d) W.  Senaratne, L. Andruzzi, C.K. Ober, Biomacromolecules 6 (2005)
2427–2448.

[7] (a) A.M. Shanmugharaj, W.S. Choi, S.H. Ryu, J. Polym. Sci. A: Polym. Chem. 48
(2010) 5092–5099;
(b) D.G. Castner, B.D. Ratner, Surf. Sci. 500 (2002) 28–60;
(c) B.S. Lee, J.K. Lee, W.J. Kim, Y.H. Jung, S.J. Sim, J. Lee, I.S. Choi, Biomacro-
molecules 8 (2007) 744–749.

[8] C.S. Gill, K. Venkatasubbaiah, N.T.S. Phan, M.  Weck, C.W. Jones, Chem. Eur. J. 14
(2008) 7306–7313.

[9] B. Zhao, X.M. Jiang, D.J. Li, X.G. Jiang, T.G. O’Lenick, B. Li, C.Y. Li, J. Polym. Sci. A:
Polym. Chem. 46 (2008) 3438–3446.

10] J. Kobayashi, Y. Mori, K. Okamoto, R. Akiyama, M.  Ueno, T. Kitamori, S.
Kobayashi, Science 304 (2004) 1305–1308.

11] (a) K.H. Shaughnessy, R.B. DeVasher, Curr. Org. Chem. 9 (2005) 585–604;
(b)  B. Yuan, Y. Pan, Y. Li, B. Yin, H. Jiang, Angew. Chem. Int. Ed. 49 (2010)
4054–4058, Angewandte Chemie 122 (2010) 4148–4152;
(c) S. Ogasawara, S. Kato, J. Am. Chem. Soc. 132 (2010) 4608-4069;
(d) J. Wei, J. Jiao, J. Feng, J. Lv, X. Zhang, X. Shi, Z. Chen, J. Org. Chem. 74 (2009)
6283–6286;
(e) R. Franzén, Y.J. Xu, Can. J. Chem. 83 (2005) 266–272.

12] J.-C. Hierso, M.  Beaupérin, P. Meunier, Eur. J. Inorg. Chem. 24 (2007) 3767–3780.
13] (a) Y.J. Wu,  F. Yang, J.L. Zhang, X.L. Cui, M.J. Gong, F.P. Song, T.S. Li, Chin. Sci.

Bull. 55 (2010) 2784–2793;
(b) K. Xu, F. Yang, G. Zhang, Y. Wu,  Green Chem. 15 (2013) 1055–1060;
(c) L. Wang,.J. Li, X. Cui, Y. Wu,  Z. Zhu, Y. Wu,  Adv. Synth. Catal. 352 (2010)
2002–2010;
(d)  X. Li, F. Yang, Y. Wu,  J. Org. Chem. 78 (2013) 4543–4550.

14] N. Zhao, T. Li, Z. Zhai, J. Qiu, W.  Xu, H. Liu, Y. Wu,  ChemCatChem 5 (2013)
1481–1489.

15] Z. Fu, N. Zhang, J. Liu, T. Li, W.  Xu, F. Wang, T. Wang, Z. Zhai, L. Liu, L. Mao, Y.
Wu,  J. Colloid Interface Sci. 394 (2013) 409–418.

16] M.  Keller, V. Colliere, O. Reiser, A.-M. Caminade, J.-P. Majoral, A. Ouali,
Angew. Chem. Int. Ed. 52 (2013) 3626–3629, Angewandte Chemie 125 (2013)
3714–3717.

17] H. Sato, J. Anzai, Biomacromolecules 7 (2006) 2072–2076.
18] A. Aoki, T. Miyashita, Macromolecules 29 (1996) 4662–4667.
19] P.J. Ellis, I.J.S. Fairlamb, S.F.J. Hackett, K. Wilson, A.F. Lee, Angew. Chem. Int. Ed.

49  (2010) 1820–1824, Angewandte Chemie 122 (2010) 1864–1868.
20] (a) F. Wan, X. Pei, B. Yu, Q. Ye, F. Zhou, Q. Xue, ACS Appl. Mater. Interfaces 4

(2012) 4557–4565;
(b) D. Julthongpiput, Y.-H. Lin, J. Teng, E.R. Zubarev, V.V. Tsukruk, J. Am.  Chem.
Soc. 125 (2003) 15912–15921;
(c) X. Liu, Q. Ye, B. Yu, Y. Liang, W.  Liu, F. Zhou, Langmuir 26 (2010)
12377–12382.

21] C.E.D. Chidsey, C.R. Bertozzi, T.M. Putvinski, A.M. Mujsce, J. Am.  Chem. Soc. 112
(1990) 4301–4306.

22] (a) K. Köhler, W.  Kleist, S.S. Pröckl, Inorg. Chem. 46 (2007) 1876–1883;
(b) F.Y. Zhao, M.  Shirai, Y. Ikushima, M.  Arai, J. Mol. Catal. A: Chem. 180 (2002)
211–219.

23] (a) J.J. Davis, K.S. Coleman, K.L. Busuttil, C.B. Bagshaw, J. Am.  Chem. Soc. 127
(2005) 13082–13083;

(b) J.J. Davis, C.B. Bagshaw, K.L. Busuttil, Y. Hanyu, K.S. Coleman, J. Am. Chem.
Soc. 128 (2006) 14135–14141.

24] P.G. Gassman, C.H. Winter, Organometallics 10 (1991) 1592–1598.
25] J. Zou, S.G. Stewart, C.L. Raston, K.S. Iyera, Chem. Commun. 47 (2011)

1803–1805.

http://dx.doi.org/10.1016/j.molcata.2014.08.038
http://dx.doi.org/10.1016/j.molcata.2014.08.038
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0005d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0010e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0015
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0020
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0025
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0030d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0035c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0040
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0045
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0050
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0055e
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0060
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0065d
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0070
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0075
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0080
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0085
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0090
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0095
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0100c
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0105
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0110b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0115b
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0120
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125
http://refhub.elsevier.com/S1381-1169(14)00395-1/sbref0125

	Cyclopalladated ferrocenylimine functionalized polymer brushes film and its mechanism investigation of heterogeneous catal...
	1 Introduction
	2 Experimental
	2.1 The synthesis of cyclopalladated ferrocenylimines functionalized polymer brushes film
	2.2 General procedure for the Suzuki reaction of aryl halide with phenylboronic acid
	2.3 Atomic absorption spectroscopy (AAS) analysis

	3 Results and discussion
	3.1 Preparation of cyclopalladated ferrocenylimine functionalized polymer brushes film
	3.2 Heterogeneous catalytic properties of Pd/PBs
	3.3 The recyclability and stability of Pd/PBs
	3.4 Plausible heterogeneous mechanism

	4 Conclusion
	Acknowledgment
	Appendix A Supplementary data
	Appendix A Supplementary data


