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Good  silica  particles  APTES  modifica-
tion is  obtained  by  adjusting  solvent
polarity.
Coupling  time  between  RBITC  and
particle amino  groups  is  extremely
important.
RBITC  is  stable  for  a few  days  but  may
tear  off  the  particle  at  long  reaction
times.
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a  b  s  t r  a  c  t

Optimization  of reaction  conditions  between  surface  silanols  of  silica  particles  and  3-
aminopropyltriethoxysilane  is performed.  A reasonably  good  surface  coverage  by  amino  groups  is
achieved  by  adjustment  of  solvent  polarity,  temperature  and  reaction  time.  The  best  results  are obtained
for  the  ratio  of  toluene/ethanol  9:1 (v/v)  and  5 h  of  reaction  time  at  50 ◦C,  which  can  be  further  improved
increasing  the  surface  amine  density  from  0.62  to  0.87  groups/nm2 under  dry  silanization  conditions.
eywords:
ilica particles
urface modification
luorescence
hodamine B isothiocyanate

The  availability  of surface  amino  groups  for further  coupling  is  verified  by decoration  of  anisotropically
modified  (Janus)  particles  with gold  nanoparticles  and by reaction  with  a fluorescent  dye  Rhodamine
B  isothiocyanate.  The  duration  of coupling  with  the  dye  is  crucial  for efficient  dye  incorporation  and
particle  fluorescence.  The  emission  intensity  of  the  dyed  particles  declines  if  the  reaction  is  conducted
for  more  than  24 h because  of the degradation  of  the  particle-dye  adduct.
anus particles

. Introduction

Colloidal silica is widely used in a large number of areas such
s ceramics and paper production, catalysis, electronics, metal-
urgy, optics, food and personal care products and chromatography
1]. Besides the creation of functional materials, in basic research

early monodisperse silica particles serve as models for atomic
nd molecular systems, since their size allows their study by opti-
al methods. Different phenomena of condensed matter physics
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ttp://dx.doi.org/10.1016/j.colsurfa.2016.04.002
927-7757/© 2016 Elsevier B.V. All rights reserved.
© 2016  Elsevier  B.V.  All  rights  reserved.

such as crystallization, aggregation, glass transition as well as the
connection between micro and macroscopic properties have been
significantly addressed with help of model colloids [2–7]. One of the
advantages of silica particles is the possibility of their surface mod-
ification that provides the ‘tuning’ of inter-particle interactions via
surface coating with desirable functional groups. The coating may
be homogeneous or patterned resulting in isotropic or anisotropic
interactions, respectively [8].

Some of the functional groups widely used to cover silica are

the amino groups, since they permit further particle conjugation
with a chemical or biological entity. To coat the silica surface with
amino groups, amino silanes are usually used as coupling agents,
among which 3-aminopropyltriethoxysilane (APTES) is the most

dx.doi.org/10.1016/j.colsurfa.2016.04.002
http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
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ommonly used due to wider exploration of its reaction with sil-
ca and its lower cost. Although the APTES-silica reaction seems
traightforward, the resulting surface coverage is extremely sen-
itive to the synthesis conditions such as the silane concentration,
eaction time, temperature, solvent polarity, and amount of water
resent. As it was  shown previously, only a certain percent of sur-
ace silanols can be coupled to silanes and only a certain number
f amino groups is available for further reactions [9]. Basically, the
ncrease of reaction time and temperature leads to better surface
overage as well as the usage of apolar anhydrous solvents [10–13].
evertheless, a small amount of water is necessary to start silane
ydrolysis, although the water excess may  result in a poor surface
odification because of the silane self-condensation in the reac-

ion volume [14]. One difficulty to conduct the reaction in apolar
olvents is that bare silica is highly hydrophilic and the particles
annot be well dispersed in a hydrophobic solvent. Another draw-
ack to use apolar solvents is the synthesis of patterned particles,
or example Janus particles in the simplest case [15]. Many times
he synthesis includes the protection of a certain particle part while

odifying the unprotected one [16,17]. However, the protection
aterial may  be apolar (e. g. wax) and, therefore, easily soluble in

n affine solvent loosing its function of particle protection. Thus,
he usage of an apolar solvent or high temperature is desirable
ut limited or inappropriate in some cases. These limitations put

 demand to look for mild but efficient synthesis conditions that
ould still provide the desirable surface modification.

The reaction of conjugation of amino groups with fluorescent
yes have maintained an increased interest because it is com-
only used to label proteins, antibodies and DNA for studies of

heir transport, specific interactions or folding as well as for flu-
rescent detection and imaging of certain constituents of living
ells [18]. In the case of colloidal particles, optical fluorescent or
onfocal microscopy techniques demand labeling of particles with
uorescent dyes. Among many dyes, isothiocyanate derivatives of
anthene dyes such as Fluorescein (FITC) and Rhodamine B isoth-
ocyanates (RBITC) are widely used. Although the quantum yield of
BITC is lower than that for FITC in aqueous solutions at neutral pH
19,20], the main advantage of RBITC is its better stability to photo-
leaching [18,21]. Another advantage is that the isothiocyanate
ye derivatives covalently attach to primary amino groups form-

ng relatively stable substrate-dye complexes. The resulting particle
uorescence increases as more RBITC molecules are attached to the
urface up to a certain level. Over-labeling leads to a fluorescence
uenching due to interactions between the dye molecules [22]. The
eaction is usually carried out in the dark and under inert atmo-
phere to avoid fluorochrome decomposition. Although there are
any suggestions for particle labeling protocol, there is still a lack

f agreement for application of certain reaction conditions such as
he reaction time, temperature or dye concentration. Moreover, it
as mentioned previously that the reaction between APTES amino

roups and RBITC is not complete even in excess of APTES [23]. The
ncrease of the reaction time might help to improve the reaction
fficiency and resulting particle fluorescence. Nevertheless, we  are

ot aware of any studies of optimization of RBITC incorporation as

 function of reaction time. Thus, we performed these experiments.
In the present work we  optimized two steps in the surface mod-

fication of silica particles. We  report the best conditions to achieve

able 1
onditions for particle silanization with APTES (particle diameter 320 nm). Here mP is th
ample area, T is the temperature and tr is the reaction time.

Sample mP , mg  mS , g mS/AP , mg/nm

SA1 150 0.600 0.44 

SA2  150 0.600 0.44 

SA3  200 0.097 0.10 

SA4  150 0.600 0.39 
icochem. Eng. Aspects 500 (2016) 79–87

a significant surface coverage with amino groups using APTES. We
show how this improved coverage helps to visualize selectively
modified Janus particles by stereo selective attachment of affine
gold nanoparticles. After optimization of particle reaction time with
fluorescent dye RBITC we  demonstrate that one can obtain the most
intensive emission only in a certain reaction time interval.

2. Experimental

2.1. Materials

Silica particles with diameters of 320 nm,  500 nm, 1 and 3 �m
and polydispersity indices of about 3% were used. The small and
medium-size particles were synthesized by modified method of
Stöber [24]. The largest particles were purchased from Bangs Lab-
oratories (Fishers, USA), 3-aminopropyltriethoxysilane (APTES),
Rhodamine B isothiocyanate (RBITC), didodecyldimethylammo-
nium bromide (DDAB), paraffin wax, dichlorodimethylsilane
(DCDMS), gold hydrochloride, sodium citrate, ethanol and toluene
were purchased from Sigma–Aldrich (St. Louis, USA) and used as
received. Glacial acetic acid and methanol were purchased from J.
T. Baker Chemicals (Center Valley, USA). All the used water was
purified according to HPLC standards.

2.2. Surface modification

Before the modification silica particles were cleaned with
chromic acid and then surface activated by piranha solution
(H2SO4/H2O2 7:3, v/v). The silanization with APTES was carried out
in the four ways summarized in Table 1. For each sample a certain
amount (adjusted to have equal total surface area) of clean silica
particles was reacted with a certain amount of APTES in a given
solvent. The synthesis conditions from Ref. [25] were chosen as the
reference, since it was reported to result in a good surface cover-
age. Thus, the reaction temperature and time were kept at 50 ◦C
and 5 h for all the samples except SA3, where they were changed
to 25 ◦C and 24 h as explained later. After reaction time was com-
plete, the particles were washed with the corresponding reaction
solvent at least 5 times by sedimentation-redispersion procedure.
To reproduce the reaction conditions from Ref. [25], the washings
with toluene were followed by rinsing with the mixture of glacial
acetic acid and methanol. For SA4 sample modification the mixture
of toluene/ethanol was prepared as 9:1 by volume. In the case of dry
reaction conditions, the sample was  thermally pretreated at 140 ◦C
for 2 h. Ethanol was  dried by addition of KOH in reflux overnight
followed by distillation under nitrogen atmosphere. Toluene was
dried with sodium and left in reflux until the indicator (benzophe-
none) changed color to blue.

The synthesis of Janus particles followed the recipes from Refs.
[26,27]. To be specific, 50 mg  of the particles with diameter of
500 nm and 3 �m were cleaned as mentioned above for silanization
and dispersed in 15 ml  (for d = 500 nm)  or 5 ml  (for d = 3 �m) of the
aqueous solution of DDAB with C = 0.044 and C = 0.011 g/l, respec-

tively. The DDAB concentration was chosen so that the particles
were to immerse at about a half of their volume. This dispersion was
added to 1.5 or 0.5 g of molten paraffin wax  at 75 ◦C and stirred for
20 min  with a magnetic stirring bar to form a stable wax-in-water

e weight of particles, mS is the weight of APTES, mS/AP is the weight of APTES per

2 Solvent T, ◦C tr ,  h

Toluene 50 5
Ethanol 50 5
Ethanol 25 24
Toluene/ethanol 50 5
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mulsion. Then, the droplets were cooled to form solid colloido-
omes and washed with deionized water to remove DDAB and
nattached particles. The exposed particle surface was  silanized
ith DCDMS in vapor according to Ref. [26] for 10 min, then the
ax was dissolved in chloroform and the other particle side was
odified by attaching APTES under the best previously established

onditions.
Gold nanoparticles with diameter of 30 nm were synthesized by

 standard method [28] using equal volumes and concentrations of
queous solutions of gold hydrochloride as a precursor and sodium
itrate as a reducing agent. First, the gold hydrochloride solution
as heated until started to boil and then preheated citrate solution
as added at vigorous stirring. The heating and stirring was  kept
ntil the reaction mixture was mauve colored and had not changed
olor during 5 min.

To attach the fluorescent dye RBITC, 100 mg  of the APTES modi-
ed particles (d = 1 �m)  were reacted with 5 mg of RBITC in 20 ml  of
thanol. The samples were thermostatted at 25 ◦C under nitrogen
tmosphere and completely covered with aluminum foil to avoid
BITC photo decomposition. The reactions were started at the same
ime and stopped after certain time intervals by separation of parti-
les from the reaction mixture. Then, the particles were thoroughly
ashed with clean ethanol by sedimentation-redispersion cycles.

o assure the complete dye removal, each supernatant was checked
y fluorescence spectroscopy and the washings were stopped when
o peak attributed to RBITC emission was observed (about 30
imes).

.3. Surface characterization

Solid-state 13C and 29Si nuclear magnetic resonance (NMR)
pectra were obtained in natural abundance at frequencies of 75.4
nd 59.5 MHz, respectively, on a Bruker ASX300 spectrometer using

 4 mm CPMAS probe. Magic-angle spinning was carried out at 8
Hz (13C) and 5 kHz (29Si) for the removal of spinning sidebands.
3C CPMAS spectra were obtained with a 2 ms  contact time and

 recycle of 5 s. 29Si spectra were acquired using single-pulse or
ross-polarization MAS  techniques with a 5 ms  contact time and a
ecycle time of 18 s. A total of 11,200 (13C) and 10,400 (29Si) accu-
ulations were obtained for each spectrum. All chemical shifts are

eported in parts per million. Solution-state 1H and 13C NMR  spec-
ra of RBITC were recorded with a Bruker Advance spectrometer at
00 MHz  (1H) and 75.4 MHz  (13C) in EtOD-d6 as a solvent.

The RBITC-labeled particles were imaged under the confo-
al laser-scanning microscope equipped with � = 555 nm laser
ounted on a Zeiss Axioscope A1 (Carl Zeiss, Germany). The max-

mum pinhole aperture (13.55 AU) was used. The excitation was
erformed with the laser and the emission was  collected with a
lter at � = 605 ± 30 nm.  Oil immersion objectives (Fluar 40×/NA
.30 and alpha Plan-apochromate 100×/NA 1.46) were used for
ll the samples prepared by dropping a well-dispersed particles in
oluene/ethanol mixture (9:1, v/v) on a microscopy slide followed
y covering it with a cover-slide and sealing. The imaging condi-
ions were maintained equal for all the samples: exposure time
as fixed to 15.49 s, frame size to 2048 × 2048 pixels, laser inten-

ity to 2% and camera gain to 600. The images were saved in a
6-bit gray scale TIFF format and the intensity of the image area
orresponding to each particle was analyzed in Image J software.
t least 100 single particles (avoiding aggregates) were analyzed
nd their intensities were averaged to obtain good statistics. The
xperiment was repeated three times starting from the APTES par-
icle modification to the image analysis. The reported results are

he average of those, while the error bars represent the standard
eviation from the average.

UV–vis absorption and fluorescence emission spectra were
ecorded with a Varian Cary Bio UV–vis and Cary Eclipse
icochem. Eng. Aspects 500 (2016) 79–87 81

fluorescence spectrophotometers. First, the maximum of
absorbance was identified at � = 550 nm,  which corresponds
to the main RBITC band. Then, to record the emission spectra the
dye was  excited at � = 550 nm.  To estimate the dye concentration
present on the particle surface, the procedure reported by Giesche
et al. [29] was  used. To record the dye spectra, 10 mg  of dyed par-
ticles were dissolved in 5 ml  of 1 M NaOH solution. The fluorescent
specie left after the particle dissolution was  measured by UV–vis
and fluorescent spectroscopy. To estimate RBITC concentration
the calibration curves in 1 M NaOH and 1 M NaOH with previously
dissolved 10 mg of silica particles were obtained.

3. Results and discussion

3.1. Modification with APTES

The surface of clean bare silica particles is covered with hydroxyl
groups bound to silicon atoms. There can be one (single or vicinal) or
two (geminal) hydroxyl groups bound to one silicon atom. The bulk
of the particle consists of Si O Si network. Fig. 1 shows different
types of silicon atoms present at the surface or in the bulk of silica
particles on APTES modification. Since APTES molecule has three
ethoxy groups, it has three potential reaction sites with surface
silanols. In order to confirm that the bare particles are clean and
evaluate available silanols, first, 29Si NMR  spectrum was obtained
for clean bare particles as shown in Fig. 2.

There are two  main peaks in the spectrum of the bare parti-
cles. The peak at −112 ppm corresponds to Q4  type of silicon atom
that is the bulk silica, the peak at −103 ppm is Q3 and the shoulder
at −93 is Q2 silicon atoms bound to one or two hydroxyl groups,
respectively. Since the peak intensities in the SPMAS NMR  spec-
tra are proportional to the amount of the present species, we can
conclude that the majority of the silanols are single (vicinal) with
a small fraction of geminal ones. APTES molecule has three sites
that potentially can bind with the surface silanols. However, in the
case of reduced amount of water, there is a certain probability that
not all the ethoxy groups of APTES molecules are hydrolyzed. Thus,
one can expect that there may  be some residual non-hydrolyzed
ethoxy groups found on the particle surface after silanization.

Although SPMAS NMR  technique has an advantage to allow the
quantitative analysis of signals, the main disadvantage is a rather
long spectrum acquisition time resulting in its high cost. Cross
polarization 1H→ 29Si or 1H→ 13C NMR  (CPMAS) overcomes this
disadvantage enhancing the sensitivity of low natural abundance
nuclei (such as 29Si and 13C), however, the signals cannot be eas-
ily quantified. Thus, to intensify the signals, the CP MAS technique
was used for comparison of different particle surface modifications.
Fig. 3 shows 29Si and 13C CPMAS NMR  spectra for the modified sil-
ica samples including the bare silica particles as the reference. It is
worth to mention that the bare silica in Fig. 3 presents the same
peaks in 29Si as those in Fig. 2 and does not show any peaks in 13C
spectrum. This is an indication of a clean surface of our particles
before modification. The intensity of Q3 peak is now larger than
that of Q4 due to better polarization of (SiO)3 Si OH moiety as
compared to SiO4. It also applies for all the other studied samples.
The first sample SA1 was modified in pure toluene according to
Ref. [25]. In order to disperse the hydrophilic particles in toluene
we used Triton X100. As it is seen from Fig. 3, we have not observed
any peaks besides the ones of the bare silica in 29Si spectrum. There
are two  peaks in the 13C spectrum at 17 and 63 ppm that correspond
to the carbon atoms of APTES ethoxy groups. The presence of these

groups is the indication of a very poor APTES hydrolysis. Appar-
ently, the water adsorbed to the particle surface was not enough
to start the silane hydrolysis, which resulted in a scant chemical
modification. Most probably, the silane is just physically adsorbed
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Fig. 1. Schematic representation of different types of silicon atoms bound to one, two  or
the  particle surface (T).

-40 -6 0 -8 0 -10 0 -12 0 -140

Q2

Q3

ppm

Q4

Fig. 2. 29Si SPMAS spectrum of clean bare silica particles. Peaks at −112, −103 and
−93  ppm correspond to Q4, Q3 and Q2 silicon atoms, respectively.

Fig. 3. CPMAS spectra of silica particles modified under different conditions, (a) 29Si and
bound to silica surface, the inset in (b) represents carbon atoms assignment in ethoxy gro
 non of the surface hydroxyl groups (Q) and bonding types of APTES molecules to

on the silica surface interacting with hydroxyl groups via hydrogen
bonds. This interaction together with signals from methanol used
for particle washing is also reflected in the small peak at 52 ppm
[30]. There are some indications of the appearance of the peaks cor-
responding to C1–C3 atoms of APTES, however, they are too close
to noise to draw any solid conclusion. Another observation that we
made during the synthesis is that the particles, because of their high
hydrophilicity, could not be dispersed completely in toluene even
after addition of a good amount of Triton X100. Thus, even if all
APTES was  hydrolysed, it would be extremely difficult to obtain a
homogeneous surface modification because of rather severe parti-
cle aggregation. Moreover, even after several washing cycles, there
was still a small amount of the surfactant left on the particle surface,
which is reflected in a small peak at 72 ppm. Thus, we can conclude
that this method did not work well for our particles.

To avoid particle aggregation, it was  decided to change the sol-
vent to a more polar one. For this reason ethanol was used for the
sample SA2 keeping the rest of the synthesis conditions the same as
for SA1. However, the resulted modification was even worse than

SA1 because 13C CPMAS spectrum showed only the peaks corre-
sponding to carbons of ethoxy groups. These peaks result from
ethanol chemically or physically adsorbed to the particle surface

 (b) 13C. The peak assignment follows Fig. 1. The inset in (a) shows APTES structure
ups.
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30]. Although ethanol is a good solvent for APTES, it is known
hat the rate of the silane hydrolysis is accelerated in ethanol as
ompared to toluene. The faster hydrolysis also promotes APTES
elf-condensation in the bulk reducing its content at the surface.
nother reason for poor modification is the ability of ethanol to

nteract strongly with the hydroxyl groups of the silica surface
creening the APTES-silica interactions and hindering their surface
ondensation [10,30].

In order to slow down the APTES bulk polycondensation we
ecreased its amount per particle as well as the synthesis tem-
erature (from 50 to 25 ◦C, sample SA3). To compensate for the
xpected decrease of the surface modification, we increased the
eaction time from 5 to 24 h. The 13C NMR  spectrum in Fig. 3b
hows that the modification was improved as compared with the
reviously in-ethanol modified sample SA2. Besides the two peaks
f ethoxy species, the small peaks corresponding to C1–C3 APTES
arbons appear at 10, 20 and 42 ppm. However, 29Si spectrum does
ot present any peaks other than those of the bare silica. This fact
ogether with the small peaks in the 13C spectrum allow us to con-
lude that the modification of the particles proceeded well but the
mount of the surface APTES is rather low. Nevertheless, these con-
itions may  be useful in some cases when it is not possible to use
n apolar solvent, for example, in the modification of the particles
mmersed in wax, including with or without stirring [31].

To combine the advantages that are provided by both polar and
polar solvents, sample SA4 was modified under the same condi-
ions as SA1 and SA2 but in the mixture of toluene/ethanol (9:1,
/v). As it can be seen from Fig. 3b, the 13C spectrum presents
ll the peaks corresponding to APTES and they are pronounced.
he ethoxy species are still present, which may  be the result of
he exchange reaction between silica hydroxyls and ethanol or
ncomplete APTES hydrolysis because of lack of water. Despite the
resence of ethoxy groups, the 29Si spectrum also confirms the
fficient modification with a new peak at −69 ppm and a barely
ppreciable peak at −60 ppm corresponding to T3 and T2 silicon
toms, respectively [33]. There are various reasons for the success-
ul APTES reaction with silica in SA4 case. First, since the majority
f the solvent is apolar, the hydrolysis of APTES is slowed down
nd its polycondensation in bulk is hindered. This allows the major
art of the silane to be located close to the surface of silica, where
he concentration of ethanol is the highest (ethanol has more affin-
ty to hydroxyl groups than to toluene molecules). This increases
he probability that APTES molecules attach to the particle sur-
ace. Second, high temperature improves the mobility of the surface
thanol layer as well as the APTES molecules, therefore, giving bet-
er opportunity to the silane to react with the surface. Finally, a
mall amount of ethanol helps significantly to disperse the bare,
xtremely hydrophilic silica particles improving the availability of
he whole particle surface for modification.

It is known that the presence of water in the reaction mix-
ure often leads to the formation of multilayers of APTES, where
he molecules in the second and higher order layers interact via
ydrogen bonds with the first layer. Thus, we performed additional
xperiments to eliminate water influence as well as the possibil-
ty of multilayer formation. First, we dried the particles prior the
eaction by heating them for 2 h at 140 ◦C and used dry ethanol
nd toluene to prepare the solvent reaction mixture. Second, the
otal amount of amino groups was characterized by the method of
itter et al. [32] (6.6 mg  of d = 320 nm particles were dissolved). The
alibration curve for fluorescamine and the corresponding sample
pectra are shown in the supporting info. The calculated amount
f the amino groups is 987.5 and 1399.3 nmol/m2 for non-dry and

ry conditions, respectively, which corresponds to 0.62 and 0.87
PTES molecules per nm2 of silica surface. If we  consider that one
PTES molecule occupies maximum 3 hydroxyl groups of the silica
urface, theoretically, the maximum surface coverage would yield
icochem. Eng. Aspects 500 (2016) 79–87 83

1.25–2.0 APTES molecules/nm2 (taking into account the OH-group
surface density of 4–6 OH/nm2). The comparison of the experimen-
tal values with the estimated maximum eliminates the possibility
of multilayer formation. The higher APTES load in the case of dry
reaction conditions may  be caused by the self-catalysis of APTES
molecules. APTES amino groups can be either hydrogen bound or
protonated by acidic silanols at the silica surface [33]. However,
the condensation of the silane with the surface may occur with
the further covalent bond formation. Such a process is known as
flip-mechanism [34,35]. In the presence of adsorbed water at sil-
ica surface, this mechanism is hindered, while at the dry surface
it is more favorable. Therefore, the measured surface coverage is
higher after the dry synthesis conditions, although one disadvan-
tage of such synthesis is its laboriousness and cost. One should
mention that the amino group loading obtained in the present work
compares very well with the one previously reported [32] but for
vapor APTES deposition. It is worth to say that the vapor deposition
method cannot be applied for our particles, since it will result in a
non-homogeneous surface coverage because of particle aggrega-
tion. Thus, our method has an obvious advantage, since it provides
the comparable amino group coverage in solution. The 100% cover-
age is hardly possible as discussed earlier [35]. The problem is that
only some APTES amino groups that form hydrogen bonds with the
surface silanols may  self-catalyze the condensation with the further
covalent bond formation. However, another fraction of molecules
(about 32%) does not flip and stays only physically adsorbed to the
surface. These molecules are easily detached from the surface on
washing resulting in only about 68% of covalently bound amines
[34,35]. Taking into account this fact, our surface modification may
be considered as successful, since we  obtain 49.6 and 69.6% of the
total amino group coverage in the case of non-dry and dry silaniza-
tion conditions, respectively.

3.2. Synthesis of Janus particles

To further explore the success of the amino group attach-
ment, anisotropically modified Janus particles were synthesized.
The silanization with APTES was performed under the same condi-
tions as for SA4 sample. As it is well-known, citrate-stabilized gold
nanoparticles have affinity to amino groups because of the strong
electrostatic interactions between negatively charged carboxyl and
positively charged amino groups in water. Thus, the attachment of
gold nanoparticles to silica surface can help to visualize the part of
the surface covered with amino groups. Thus, gold nanoparticles
were attached selectively to amino modified particle surface. Fig. 4
shows the SEM images of Janus silica particles regio-selectively dec-
orated by gold nanoparticles. As it is seen from the images, only
one side of the particles is covered with gold. This indicates that
the whole procedure of the Janus synthesis works well and the
silanization with APTES is very successful independently from the
particle size. The density of the attached gold NPs is rather high,
which allows us to conclude that the density of the attached amino
groups is also sufficient to assure any further conjugation.

3.3. RBITC labeling

In order to explore further the availability of the amino groups,
their coupling with RBITC was  studied as a function of the reac-
tion time. Before the reaction with the dye, particles with diameter
of 1 �m were modified in the same way as sample SA4 keeping
APTES/particle area ratio equal to 0.44 mg/nm2. Fig. 5 shows the

fluorescence of the resulting particles as seen by optical microscopy
and UV–vis and fluorescence spectroscopy. The particle optical
micrographs and UV–vis absorption and fluorescence spectra may
be found in supporting info. The fluorescence intensity as seen by
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ptical microscopy (Fig. 5a) first increases with reaction time up to
4 h and then gradually decreases with a small peak at 75 h. This
endency is remarkable and unexpected because one would think
hat the increase of the reaction time should result in the attach-

ent of more molecules of RBITC to the particle surface and, as a

esult, in stronger fluorescence. There are two possible reasons that
ay  explain the opposite effect that we observe: (i) the dye fluo-

escence quenches because there are too many molecules attached
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ig. 5. (a) Fluorescence intensity of the particles as seen by optical microscopy as
 function of reaction time with RBITC. (b) Concentration of RBITC in 5 ml  of 1 M
aOH after dissolution of 10 mg of particles calculated from UV–vis (filled circles)
nd  fluorescence (open squares) spectroscopy. Thin dashed lines are guides for the
ye.
old nanoparticles. (a) and (b) correspond to 500 nm and (c) and (d) correspond to
n with amino groups.

to the surface and (ii) the dye surface concentration decreases with
long reaction time and so does its fluorescence. To check these ideas
we dissolved 10 mg  of each sample in 1 M solution of NaOH and
measured the concentration of the remained specie, which in this
case would be RBITC attached to the modified APTES, which prob-
ably will have the hydroxyl group instead of the silicon atom. The
extinction coefficient of RBITC in 1 M NaOH is found to be 5.9 × 106

(M m)−1. To check that the formation of Na2SiO3 does not modify
the RBITC solubility and fluorescence, the calibration curve of the
dye in 1 M NaOH previously reacted with 2 mg/ml  dispersion of sil-
ica particles was  also measured. The extinction coefficient in this
case is found to be 6.3 × 106 (M m)−1, rather close to that in a pure
sodium hydroxide solution. The two emission calibration curves are
very close to each other (see supporting info). Fig. 5b shows that
both UV–vis absorption and fluorescence emission measurements
are in a very good agreement in estimation of the dye concentra-
tion (the fluorescence signal was  saturated for 24 and 32 h). The
concentration follows well the tendency obtained by miscroscopy,
it increases up to 24 h and then gradually decreases. These results
eliminate the possibility of the fluorescence quenching due to high
dye surface concentration. Also, the calculation of the amount
of attached RBITC yields 846 molecules/particle or about 3 × 10−4

molecules/nm2, so that the dye molecules are rather separated and
it is unlikely that they quench each other fluorescence. The only
possible explanation for such a decrease in fluorescence is a drop of
the dye concentration on the particle surface with time. To explore
this possibility let us first look at Fig. 6 that shows the structure of

RBITC molecule.

Strong absorption and fluorescence in the visible wavelength
range is due to xanthene ring conjugation. Therefore, a significant
decrease of absorption and fluorescence signals may  result from
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Fig. 8. 1H NMR  spectra of RBITC in EtOD-d6: (a) time evolution of freshly prepared
ig. 6. Rhodamine B isothiocyanate, NCS-group may  be located in position 5 or 6 of
he benzene ring forming the mixture of isomers.

wo possible reasons: (i) the fluorophore is degraded with time in
uch a way that the conjugation of xanthene ring is lost and (ii)
he molecule is intact in the xanthene ring but it detaches from the
article surface with time and is eliminated on particle washing.

It is known that many fluorophores tend to decompose under
ertain conditions such as extreme pH and temperatures, light and
xygen exposure, etc. Thus, we first measured the RBITC stability
n pure ethanol, in 1 M solution of NaOH and in ethanol with addi-
ion of a small amount of 1 M aqueous solution of hydrochloric acid.
ig. 7 shows the spectra for only one selected concentration of the
ye, although three concentrations were actually measured and
howed no difference in the tendency. The spectra have the main
bsorption band at 540 nm in ethanol and 550 nm under basic or
cid conditions. The small shift in the main peak position is nor-
al  on the change of medium polarity, which indicates changes in

lectron transitions. What is impressive is that the peaks are com-
letely reproduced with time and no other bands appear. Therefore,
he fluorophore is very stable in all the mentioned mediums at least
p to 1 week.

To further confirm xanthene structure stability, NMR  spectra
n deuterated ethanol-d6 were also recorded. Besides the freshly
repared dye, RBITC that was in the reaction mixture with the par-
icles for 75 h was also measured. Fig. 8 shows the corresponding
pectra. To monitor a possible change of the main species concen-
ration, pyrene was used as an internal standard inside a capillary in

ll the experiments except the one for 75 h. The peaks of the refer-
nce appear between 7.7 and 8.0 ppm interfering with the signals
rom the benzene ring of RBITC. The signals from the hydrogens
f xanthene ring appear between 6.5 and 7.5 ppm, while aliphatic

400 45 0 50 0 55 0 60 0 650
λλ, nm

0.00

0.01

0.02

0.03

0.04

0.05

0.06

3

2
0 h

 72  h
 7 days

0 h
 7days

9 days

1

3

2A
bs

or
ba

nc
e,

 a
.u

.

1

ig. 7. UV–vis absorption spectra of RBITC at C = 5 ×10−4 mM as a function of time
n  (1) ethanol, (2) 1 M solution of NaOH and (3) ethanol/HCl 500/1, v/v.
RBITC and (b) comparison of RBITC after 75 h of evolution without particles (black)
and in the presence of particles (red). (For interpretation of the references to color
in  this figure legend, the reader is referred to the web version of the article.)

hydrogens contribute to the peaks a, b and c below 4 ppm as labeled
in the inset of Fig. 8b. As it is clearly seen from the time evolu-
tion, the structure of the dye is intact up to 75 h in ethanol. The
comparison of the intensities of the signals from the sample and
the standard resulted in the same proportion for all the waiting
times indicating constant dye concentration. Apparently, the con-
tact with the particles also does not affect the RBITC structure as
it is seen from Fig. 8b. The region of the signals corresponding to
xanthene ring is not affected, which implies that the ring conjuga-
tion and as a result its UV–vis absorption and fluorescence should
be intact. We  also recorded 13C NMR  spectra of the dye (see sup-
porting info), however, it was not possible to obtain very intense
signals even after a few days of measuring because of the low sol-
ubility (about 5 mg/ml) of RBITC in ethanol. Nevertheless, there is
a small indication that after the contact with particles a small part
of the dye converts to N,N,N′-triethylrhodamine, where one ethyl
group (b and d atoms) is eliminated. It is known that this may hap-
pen with RBITC during the oxidation process as a result of light and
oxygen exposure [36,37]. Such a N-dealkylation should result in a
10 nm hypsochromic shift of the absorption maximum. We  have
not observed the mentioned change probably because only a small
part of the dye was N-dealkylated and the overall absorption and
fluorescence spectra were not affected.

The experiments on the RBITC stability allow us to conclude
that the xanthene ring, the part responsible for absorption and flu-
orescence, does not degrade in time even in the presence of the
particles. Therefore, the only possible reason for the loss of the

fluorescence is that the dye starts to tear off the particles and is
washed away during the particle washing, thus, the total dye con-
centration drops. The part of the dye that chemically reacts with the
particles is the isothiocyanate group. It forms thiourea linkage with
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he APTES amino group. There are some reports that the isothiocy-
nate group is not stable over time and the efficiency of the dye
oupling decreases if an old dye solution is used [18]. For exam-
le, there are indications of the hydrolysis of the isothiocyanate
roup before the reaction, although, it was shown that its degree
s not significant to compete with the amine conjugation [18,38].

hat was shown to be important is the significant hydrolysis of the
hiourea bond linkage between the dye and the amine substrate
38]. The authors showed that the dye-substrate bond rupture is
ot an immediate process but starts being significant after 48 h
nd it reaches its prominence by 75 h of the incubation of a dye-
ubstrate in a buffer solution. Indeed, thiourea and its derivatives
an be hydrolized in water, acidic or basic media mainly according
o the following scheme [39–41]:

NH2)2CS + 2H2O → 2NH3 + CO2 + H2S. (1)

hus, the RBITC-APTES adduct also may  suffer the hydrolysis reac-
ion, which might result in the formation of the two  amines:
B-NH2 and amino-modified silica particles besides CO2 and H2S.
lthough, a closer look into this process is necessary to draw a valid
onclusion about the exact final products. Taking into account the
ossibility of mentioned hydrolysis and excluding the other poten-
ial reasons, the present experiments allow us to conclude that the
ye-particle conjugate is indeed deteriorated with time very likely
ecause of the rupture of the thiourea linkage. Since the process

s more pronounced after 24 h of reaction time, it is not recom-
ended to exceed this reaction time for efficient particle labeling.

otentially, this should also apply to isothiocyanate derivatives of
ther dyes.

. Conclusions

We  showed that a good surface modification of silica parti-
les may  be achieved by optimization of the synthesis conditions
nd mainly by adjustment of the solvent polarity. The ratio of
oluene/ethanol 9:1 by volume results in a significant coverage of
he particle surface with amino groups. The availability of the amino
roups for further reaction is confirmed by their conjugation with
ffine gold nanoparticles as well as with a fluorescent dye RBITC.
he reaction time with the dye is shown to be crucial to obtain
he best fluorescence intensity. After reaching a maximum at 24 h
f reaction time, the particle fluorescence declines most probably
ecause of the rupture of the dye-particle linkage.
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29] H. Giesche, E. Matijević, Well-defined pigments: I. Monodispersed silica-acid
dyes systems, Dyes Pigments 17 (1991) 323–340.

30] M.  Szekeres, O. Kamalin, P.G. Grobet, R.A. Schoonheydt, K. Wostyn, K. Clays,
A.  Persoons, I. Dékány, Two-dimensional ordering of Stöber silica particles at
the air/water interface, Colloids Surf. A: Physicochem. Eng. Aspects 227 (2003)
77–83.

31] S. Jiang, Q. Chen, M.  Tripathy, E. Luijten, K.S. Schweizer, S. Granick, Janus particle
synthesis and assembly, Adv. Mater. 22 (2010) 1060–1071.

32] H. Ritter, M. Nieminen, M.  Karppinen, D. Brühwiler, A comparative study
of the functionalization of mesoporous silica MCM-41 by deposition of
3-aminopropyltrimethoxysilane from toluene and from the vapor phase,
Microporous Mesoporous Mater. 121 (2009) 79–83.

33] G.S. Caravajal, D.E. Leyden, G.R. Quinting, G.E. Maciel, Structural character-
ization of (3-aminopropyl)triethoxysilane-modified silicas by silicon-29 and
carbon-13 nuclear magnetic resonance, Anal. Chem. 60 (1988) 1776–1786.

34] K.C. Vrancken, P. van der Voort, K. Possemiers, E.F. Vansant, Surface

and structural properties of silica gel in the modification with �-
aminopropyltriethoxysilane, J. Colloid Interface Sci. 174 (1995) 86–91.

35] N.R.E.N. Impens, P. van der Voort, E.F. Vansant, Silylation of micro-, meso-
and non-porous oxides: a review, Microporous Mesoporous Mater. 28 (1999)
217–232.

http://dx.doi.org/10.1016/j.colsurfa.2016.04.002
http://dx.doi.org/10.1016/j.colsurfa.2016.04.002
http://dx.doi.org/10.1016/j.colsurfa.2016.04.002
http://dx.doi.org/10.1016/j.colsurfa.2016.04.002
http://dx.doi.org/10.1016/j.colsurfa.2016.04.002
http://dx.doi.org/10.1016/j.colsurfa.2016.04.002
http://dx.doi.org/10.1016/j.colsurfa.2016.04.002
http://dx.doi.org/10.1016/j.colsurfa.2016.04.002
http://dx.doi.org/10.1016/j.colsurfa.2016.04.002
http://dx.doi.org/10.1016/j.colsurfa.2016.04.002
http://dx.doi.org/10.1016/j.colsurfa.2016.04.002
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0005
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0005
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0005
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0005
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0005
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0005
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0005
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0005
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0005
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0005
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0005
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0005
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0010
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0015
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0020
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0025
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0030
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0035
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0040
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0045
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0050
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0055
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0060
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0065
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0070
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0075
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0080
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0085
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0090
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0090
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0090
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0090
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0090
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0090
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0090
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0095
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0100
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0105
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0110
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0115
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0120
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0125
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0130
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0135
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0140
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0145
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0150
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0155
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0160
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0165
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0170
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0175


: Phys

[

[

[

[

[
sion of Carbon Steel in Acid Chloride Media. Problems of Contemporary Science
L.C. Mugica et al. / Colloids and Surfaces A

36] T. Watanabe, T. Takirawa, K. Honda, Photocatalysis through excitation of adsor-
bates. 1. Highly efficient N-deethylation of rhodamine B adsorbed to CdS, J. Phys.
Chem. 81 (1977) 1845–1851.

37] T. Wu,  G. Liu, J. Zhao, Photoassisted degradation of dye pollutants. V. Self-

photosensitized oxidative transformation of rhodamine B under visible light
irradiation in aqueous TiO2 dispersions, J. Phys. Chem. 102 (1998) 5845–5851.

38] P.R. Banks, D.M. Paquette, Comparison of three common amine reactive
fluorescent probes used for conjugation to biomolecules by capillary zone elec-
trophoresis, Bioconj. Chem. 6 (1995) 447–458.

[

icochem. Eng. Aspects 500 (2016) 79–87 87

39] W.R. Shaw, D.G. Walker, Kinetic studies of thiourea derivatives. IV. The meth-
ylated thioureas. Conclusions, J. Am.  Chem. Soc. 80 (1958) 5337–5342.

40] E.A. Shitikova, T.P. Dyachkova, The Effects of Calurea and Thiourea on the Corro-
and Practice, vol. 3, Vernadsky University, 2006, pp. 209–216.
41] T.V. Vinogradova, V.F. Markov, L.N. Maskaeva, Temperature dependence of

constants of thiourea hydrolytic decomposition and cyanamide. Stepwise ion-
ization, Russ. J. Gen. Chem. 80 (2010) 2341–2346.

http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0180
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0185
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0190
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0195
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0200
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205
http://refhub.elsevier.com/S0927-7757(16)30227-8/sbref0205

	Surface functionalization of silica particles for their efficient fluorescence and stereo selective modification
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Surface modification
	2.3 Surface characterization

	3 Results and discussion
	3.1 Modification with APTES
	3.2 Synthesis of Janus particles
	3.3 RBITC labeling

	4 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	References


