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To study the influence of structural features of phthalocyanine (Pc) derivatives on their physico-chemical
properties in bulk and thin films, 23 new phthalocyanines with different quantity and ratio of donor
(alkyloxy-groups, in fragment “A”) and acceptor (Cl-, in fragment “B”) substituents in one molecule of the
AsB, ABAB and AABB types with varied length of alkyloxy-substituents and their metal complexes were
designed and synthesized. A comparative analysis of spectral, mesomorphic and photoelectric properties
of these mix-substituted phthalocyanines of a “push-pull” type was performed. It was shown that non-
peripheral substitution by alkyloxy-fragments in hetero-substituted Pcs (similar to homo-substituted Pc)
leads to red-shifting of the Q-band into near-IR region. The intensity of photoluminescence, position of
peaks and their splitting are strongly connected with chemical structure of Pcs and the type of solvent.
In contrast to non-mesogenic octyloxy-Pc (A4) having alkyloxy-substituents in non-peripheral positions,
22 of 23 synthesized compounds possess columnar mesomorphism. The change of donor-acceptor ratio
can influence the type of mesophase. A new approach to the creation of materials for optoelectron-
ics is proposed and implemented, which includes design of compounds possessing vitrification from
mesophase with maintenance of a columnar order, absorption in the near IR-region of the spectrum and
good performance electrophysical characteristics simultaneously.
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1. Introduction The relationship between a molecular structure of Pcs and their

chemical and physical properties was widely investigated. Intro-

In the development of pioneering works of R.P. Linstead
(1902-1966) concerning synthesis and application of phthalocya-
nine (29H,31H-tetrabenzo[b,g,,q]-5,10,15,20-tetraazaporphine)
and its derivatives (Pcs) as dyes and pigments [ 1], since the turn of
the century these compounds have been attracting considerable
interest as prospective nanostructured materials.

This interest was promoted by S. Chandrasekhar’s discovery of a
new type of mesogens with a disk-like molecular shape [2], because
Pcs with appropriate peripheral substituents around their molec-
ular core obtain the opportunity to reveal unique liquid crystalline
properties with a columnar arrangement of their aromatic cores,
which gives rise to a one-dimensional conductivity pathway [3,4].

* Corresponding author.

http://dx.doi.org/10.1016/j.0pelre.2017.03.003

duction of substituents increases solubility of phthalocyanines in
organic and aqueous solvents and can induce liquid crystalline
properties (thermotropic and lyotropic mesophase formation). At
first, the most commonly used substituents were alkyl [5], alkyloxy
[6], alkyloxymethyl [7] along with carboxy [8,9] and sulfo groups
[10]. Then, the diversity of substituents was broadened by alkylthio
[11], perfluoroalkyl[12], alkylsulfonyl [ 13], oligo(ethyleneoxy) [14]
and aryloxy substituents [15], as well as by introduction of aromatic
[16] or heteroaromatic groups [17], and even bulky substituents
without aliphatic chains [18].

Moreover, phthalocyanine molecule can be substituted not
only uniformly with the groups of one type, but heterosub-
stituted with substituents of different types (donor/acceptor,
hydrophilic/hydrophobic etc.) [19]. In recent decades newly syn-
thesized Pcs found more special interest due to excellent properties

1896-3757/© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.
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Fig. 1. Peripherally (a) and non-peripherally (b) substituted alkyloxy-phthalocyanines.

such as high thermal and chemical stability, lipophilicity and solu-
bility in different solvents.

High solubility of Pcs is important for many reasons: e.g. for opti-
cal properties investigation and application, for film fabrication by
spin-coating or Langmuir-Blodgett techniques. It is known that the
number and type of the substituents, as well as their position in the
molecule have a profound influence on optical and mesomorphic
properties of Pcs [20].

The position of substitution (peripheral/non-peripheral) plays
a very important role. Non-peripherally substituted phthalocya-
nines are important as they shift optical absorption spectra
into infrared region. For example, optical spectra of peripher-
ally substituted Pcs are characterized by two intense bands:
Q-band centered at around 670nm and the B-band located in
the near-UV region, both correlated to m-m* transitions [21].
Amax Values of non-peripherally substituted Pcs are red-shifted
at about 50-70nm, since the alkyloxy-groups take part in the
macro T-conjugation system of the Pc moiety. The increase in
the numbers of alkyloxy-groups leads to a decrease of the m*-
orbital energy; and the absorbance therefore shifts to a longer
wavelength [22]. Besides, it was shown that peripherally substi-
tuted 2,3,9,10,16,17,23,24-octaalkyloxyphthalocyanines (Fig. 1a)
exhibit liquid crystalline properties, while non-peripherally substi-
tuted 1,4,8,11,15,18,22,25-octaalkyloxyphthalocyanines (Fig. 1b)
are non-mesogenic [23].

All abovementioned properties in combination with high ther-
mal and chemical stability, relative easiness of synthesis, possibility
of metal introduction, ability to be deposited in thin films give rise
to intense interest to Pcs as attractive materials for many technolo-
gies: semiconductors, sensors, organic photovoltaics and others
[24].

The organic photovoltaics is a promising alternative for high cost
crystalline silicon cells in the renewable energy technology thanks
to their low cost, light weight and large area fabrication of flexi-
ble substrates. The composition of key compounds is usually used
in organic photovoltaic cells. Each component of such composi-
tion has its own responsibility: as a light absorber, a hole transport
agent and an acceptor phase. For example, “small” molecule solar
cells can contain Pcs or porphyrins as dyes, poly[2-methoxy-5-
(3,7’ -dimetyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) or
poly(hexylthiophene) (P3HT) as the p-type donor phase and glassy
materials, simultaneously, and fullerene or perylene derivatives as
electron acceptors [25].

Low bandgap polymers and fullerene derivatives have enabled
fabrication of very high power conversion efficiencies (~7%) in the
bulk heterojunction organic solar cells [26].

But the current research concentrates on obtaining higher
efficiency by designing and synthesizing new organic small
molecules for organic solar cells: dendrimers, star-shaped com-

pounds, phthalocyanine or porphin derivatives. The advantages
of “small” molecule solar cells are the following: well defined
molecular structure, definite molecular weight, easy purification,
easy mass-scale production, better understanding of molecular
structure — properties relationship, more predictable fabrication
protocol [27].

We have chosen Pc-derivatives bearing alkoxy-substituents in
non-peripheral positions because this type of substitution leads to
red-shifting of Q-band of Pc-absorption spectrum in comparison
with peripherally substituted analogues. In its return, it leads to the
increase of light-harvesting ability of phtotovoltaic devices [28].

Mix-substituted Pcs of a “push-pull” type are the most promis-
ing compounds of the Pc-series and are very prospective material
for “small” molecule organic cells. Since they contain both electron
donating and electron withdrawing substituents in one molecule
they have a polarized structure. Besides, as we have proved, the
presence of donor and acceptor groups in other Pc-derivatives leads
to formation of a columnar mesophase with vitrification without
any crystallization on cooling [29,30].

2. Experimental

Due to the ability of “push-pull” Pcs to reveal all the neces-
sary properties required for key compounds of organic photovoltaic
solar cells, we have designed and synthesized 23 new mix-
substituted phthalocyanine derivatives (Fig. 2): ligands and metal
complexes of A3B, ABAB and AABB types bearing donor sub-
stituents (alkyloxy-groups of different length) attached to the
phthalonitrile fragment “A” in non-peripheral positions and accep-
tor substituents (two or four chlorines, —Cl) introduced into the
phthalonitrile fragment “B”.

For convenience we introduce the following abbreviation of
the studied phthalocyanines (Fig. 2), which we are going to use
throughout the text: (A3B, ABAB or AABB) M-Pc—(OCHzp+1)yClin,
where we note the type of phthalocyanine on the first place in
brackets; M=2H*, HoOH, InCl, Cu?*, Zn?*; Pc is phthalocyanine;
n is the number of carbon atoms in the alkyloxy-substituent (n=8,
16); y is the number of alkyloxy-substituents in molecule; m is the
number of chlorine atoms introduced into molecule (m=2, 4).

Synthesis of the studied 23 mix-substituted phthalocyanine
derivatives: ligands and metal complexes composed of donor frag-
ments “A” (bearing alkyloxy-groups in non-peripheral positions)
and acceptor fragments “B” (bearing chloro-substituents) of A3B,
ABAB and AABB types was performed by statistical condensation
and described elsewhere [31-33].

Mesomorphic behaviour of the compounds under study was
investigated by polarizing optical microscopy (Leitz LaborLux 12
Pol microscope equipped with a Mettler FP 82 hot stage) and differ-
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Fig. 2. Molecular structure of the studied mix-substituted phthalocyanine derivatives.

ential scanning calorimetry (calorimeter DSC 200 PC/1/M/H Phox
of Netzsch company).

Electronic absorption spectra of chloroform solutions and thin
films of the studied compounds were recorded at room tempera-
ture on the spectrophotometers HITACHI U-2001, Ava Spec-2048
Avantes and Cary 5000 (Varian) in the wavelength range of
200-1000 nm, with the spectral band width of 2 nm. Solutions con-
centrations were 1.3-1.6 x 1076 M.

Fluorescence spectra of bulk samples were registered at room
temperature on the spectrophotometer SOLAR CM 2203 (Belarus)
in the Institute of Solution Chemistry of the Russian Academy of
Science (Ivanovo, Russia). The fluorescence spectra of films were
recorded on Cary Eclipse (Varian) spectrofluorimeter in the wave-
length range of 220-850 nm with the spectral band width of 5 nm.

Langmuir layers were formed from solutions of com-
pounds (A3B) Hy-Pc—(0CygH33)6Cly (C=0.014wt.%) and (A3B)
H,-Pc-(0Cy6H33)6Cly (C=0.0113wt.%) in chloroform, where C
is the mass fraction of the solute. The layer compression speed
was 55 cm?/min. The Langmuir-Schaefer films were obtained by
transferring floating layers from water surface (horizontal lift, the
number of transfers is n=>50 layers, the thickness of the produced
thin films was 110 nm) onto oriented glass substrates with indium-
tin oxide (ITO) electrodes at room temperature (293-295K) and
surface pressure of 7=0.15-0.6 mN/m. The glass substrates were
oriented by rubbing with an abrasive material (crocus).

Semiconducting structures were obtained by a vacuum deposi-
tion from a quartz cuvette onto a glass substrate with ITO electrodes
at room temperature and the residual pressure of 5 x 10> mm Hg.
The sputtered Pc samples were spaced 20 cm from the substrates.
Then, a system of aluminum contacts was sputtered onto the semi-
conductor film through a mask at room temperature and the same
pressure. The absence of the effect of Al on the degradation of thin
films was studied in Ref. [34]. The electrode geometry allowed one
to determine both optical and photoelectric properties of the films.

Photoelectric measurements. To study the photocurrent of
organic structures the light sources based on GaAs semicon-
ducting light emitting diodes (LED) with two fixed wavelengths
(A1=660nm and A, =940 nm) were used. The film samples were
illuminated by light square pulses of a different length. The
photoelectric signals were registered by the broadband storage
oscilloscope. The current pulse was measured through a calibrated
resistance R=91 k€2 sequentially connected to the photovoltaic cell.
The bias voltage (U} ) varied a in wide diapason (up to 9V).

Calculation details. Geometry optimization, energies of fron-
tier orbitals (HOMO/LUMO) and bandgaps of the molecules were
obtained using a density functional theory method (DFT/B3LYP/6-
311++G**) with the help of Gaussian 09 package.

3. Results and discussion
3.1. Mesomorphic properties

All the synthesized phthalocyanines were studied in regards of
mesomorphic properties by polarizing microscopy and differential
scanning calorimetry (DSC). Transition to isotropic liquid was not
reached as compounds start to decompose around 250 °C, while
mesomorphic textures were still preserved.

Octyloxy-substituted Pcs of A3B, ABAB and AABB type
H,-Pc-(0CgH17)yCl; 4 regardless of the number of chlorine atoms
in the molecule (di- or tetra-chloro-substituted) - ligands, as well
as their corresponding holmium complexes Ho-Pc—(0CgH17),Cl 4
(A3B-Ho, ABAB-Ho and AABB-Ho) possess mesomorphism enan-
tiotropically [28,31,35]. The observed typical textures prove the
formation of a two-dimensionally ordered columnar mesophase
(Fig. 3). On cooling below 100 °C all the above mentioned octyloxy-
substituted Pcs vitrify with the preservation of the mesophase
texture. Glass transitions were also detected by DSC. For example,
for ligand (AABB) H,-Pc-(0CgH17)6—Cly Tg=98°C, and complex-
ation with holmium did not influenced temperature of glass

Fig. 3. Texture microphotographs of two-dimensionally ordered mesophase at heating T=250°C, x100: (a) ligand (A3B) Hy-Pc-(0CgH;7)s-Cly; (b) holmium complex

(A3B-HO) HO—PC—(OCan)e—ClZ [31 ]
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Fig. 4. Schlieren texture of ligand (A3 B) Hy-Pc—(0C;sH33)s-Cls: (a) at heating, T=145°C, x100; (b) on cooling, T=45°C, x100 [33].

transition: (AABB-Ho) Ho-Pc-(0CgH;7)s-Cl; Tg=98°C. For lig-
ands (A3B) Hz—PC—(OC8H17)G—Cl4, (ABAB) Hz—PC—(OC8H17)6—Cl4
and (AABB) H,-Pc-(0CgH17)g—Cly, glass transitions were detected
at 92, 132 and 151 °C, correspondingly.

It was shown that the phase transition temperatures and
the diapason of mesophase existence for tetra-chloro-substituted
ligands H,-Pc-(OCgH;7),-Cly depend on the donor/acceptor
ratio in the molecule and position of substitution [35]. If
we designate the corresponding non-mesogenic non-peripheral
homo-substituted Pc as A4, the above characteristics are increasing
in the following sequence: Aq (Atm =0°) <AsB(Aty =92.4°) <ABAB
(Atm=135°)<AABB (Aty > 150°) [28,35].

As octyloxy-substituted Pcs have low solubility in organic
solvents we have synthesized higher homologues (hexadecyloxy-
substituted), and since Pcs of A3;B type possessed the maximal
solubility we have continued to work with this type of compounds.
The presence of six aliphatic chains (this is the highest amount
of chains in comparison with ABAB and AABB types) in these
“push-pull” compounds enhances solubility in organic solvents.
Therefore, in our further research we focused on the A3B type
compounds.

Mesomorphism investigation of hexadecyloxy-substituted lig-
ands Hz—PC—(OC16H33 )ﬁ—Clz and Hz—PC—(OC16H33 )G—C14, aswell as
their metal complexes with copper, zinc or indium showed that
all the studied compounds are mesomorphic, except the indium
complex - In-Pc-(0CqgH33)—-Cl,. The absence of mesomorphic
properties in the last case can be connected with the presence
of extra-ligand at indium atom that violates the self-assembly
of molecules into columns which are basic structural units of a
columnar mesophase. The mesomorphic properties (texture char-
acteristics, temperature diapason of mesophase existance) for
hexadexyloxy-substituted Pcs depend on the number of chlorine
atoms, as well as the metal introduced into molecule.

Pcs with tetra-chloronitrile fragment (A3B)
M-Pc—(0CygH33)6-Cly (M=2H*, Cu?*, Zn?*) formed a mesophase
with thread-like defects (Fig. 4) which is typical for the nematic
mesophase. Mesomorphic Pcs with di-chloronitrile fragment
(A3B) M-Pc—(0C;gHs33)6-Cl, (M=2H*, Cu?*, Zn2*) showed a non-
geometrical or herring-bone texture (Fig. 5) which is typical for
the two-dimensional ordered columnar mesophase analogous to
the one previously observed for octyloxy-substituted Pcs.

Structural organization in mesophases needs further investi-
gation, however, the preliminary SAXS experiments showed that
the mesophase with a thread-like texture is a nematic columnar
mesophase.

On cooling copper complexes Cu-Pc-(0CygH33)6-Cly, regard-
less of the ratio of donor and acceptor groups in the molecule,
retain in mesomorphic state even at room temperature while zinc
complexes Zn-Pc—(0CygHs3)s-Cly, vitrify. Phase state of ligands
also depends on the number of chlorine atoms in molecule:
di-chloro-substituted compound H;-Pc-(0CqgH33)6-Cl, pre-
serves mesophase with the herring-bone texture even at room
temperature, while the analogue with four chlorine atoms
H,-Pc-(0CygH33)g-Cly vitrifies keeping Schlieren-texture of the
previous mesophase.

Therefore, in contrast to the studied octyloxy-substituted Pcs,
the increase of the number of acceptor substituents significantly
influences the type of formed mesophase of hexadecyloxy-
substituted analogues. Thus, if octyloxy-substituted Pcs displayed
only one two-dimensionally ordered columnar mesophase,
hexadecyloxy-substituted Pcs formed two types of mesophases
depending on the number of chlorine atoms in molecule.

3.2. Spectral properties

Since spectral properties of Pcs determine their light absorbing
properties which are important for the light harvesting efficiency,

Fig. 5. Texture microphotographs of a two-dimensionally ordered columnar mesophase of ligand (A3 B) Hy-Pc-(0Cy6Hs3 )s—Cly: (a) at heating T=140°C, x100; (b) on cooling,

atT=110°C, x100 [33].
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Fig. 7. Electronic absorption spectra of Langmuir-Blodgett films for

Hy-Pc—(0CgH17)y—Cls. Designations of curves: 1 - A; B, 2 - ABAB, 3 - AABB [36].

we studied the effect of structural features of the compounds syn-
thesized on the absorption spectra in solutions and thin films.

3.2.1. Absorption properties of bulk and film samples

It was established that, likewise for symmetrical non-
peripherally homo-substituted Pcs (of A4 type), the mix-
substituted Pcs M-Pc-(0CyHzp+1)y—Clim of a “push-pull” type also
show bathochromic shifts of Q-band of their absorption spectra.
The comparison of electronic absorption spectra of octyloxy-
substituted Pcs Hy-Pc—-(OCgHy7)y—Clyy of different types (AsB,
ABAB and AABB) showed that the increase of the number of
chlorine atoms from two to four leads to batochromic shift in
a Q-band position. Moreover, the value of this shift significantly

667

emission -~

Normalized absorbance (a.u.)

870
N o M
AR o s’ i g "
300 400 500 600 700 800 900
, NM

Fig.9. Normalized spectra of compound (ABAB) H,-Pc-(0CgH17)4—Cl4: 1 - absorp-
tion in chloroform, 2 — photoluminescence in chloroform, 3 — photoluminescence
in toluene [35,36].

depends on the donor/acceptor ratio. As it can be seen from Fig. 6,
the maximum shift was observed for tetra-chloro-substituted Pcs
H,-Pc-(0CgH17)y—Cl4 of A3B and AABB types, i.e. when the donor
and acceptor groups are located at the opposite sides of the
molecule and the donor/acceptor ratio is 3:2 (Fig. 6b) [31]. For
example, for di- and tetrachloro-substituted Pcs of AzB type this
shiftis 641 and 773 nm, correspondingly. Film samples of the same
compounds are characterized by fewer bands and hypsochromic
shift of Q-band maximum in comparison with solutions (Fig. 7)
[36]. Such changes can be explained by the amplification of the
associative process in the plane to plane type films.

In contrast, the elongation of aliphatic chains (hexadecyloxy-
substituted Pcs) decreases the manifestation of this effect (Fig. 8a).
At the same time, the introduction of metal significantly influences

1.2+

5 2 _ 10

S 1.0 3 = |

8 < 08 I 3 0s

= 2 @

s 0.8 / £ 3

‘5’ 2 06 § 2
2 2 0.4

2 06 2 g

© © 2

2 04 3 ™ o

2 0.4-

. ,-E % 0.2

E 0.2 £ 0.2+ g

] < 2

e

0.0 ; ; ; ; . 0.0 : i ‘ . ; 0.0 ; , , . .
400 500 600 700 800 400 500 600 700 800 400 500 N 600 700 800
,nm
A, NM A, nm
a b c

Fig. 8. Absorption spectra of (A3B) M-Pc—(0OCy6H33)6-Clpn in chloroform
Designations of curves: 1 -m=2,2 - m=4[33].

solutions: (u) Hz—PC—(OCngg )G—Clm: (b) CU—PC—(OC16H33)5—Clm; (C) ZH—PC—(OC16H33)5—Clm.
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the absorption maxima position (Fig. 8b, c¢) while the number of
chlorine atoms (or donor/acceptor ratio) does not have such pro-
nounces.

3.2.2. Photoluminescent properties
Knowing that photoluminescent properties are important for

practical applications of the synthesized compounds we studied
emission spectra of these compounds in solvents and thin films.

During laser illumination of octyloxy-substituted compounds
in chloroform or toluene the photoluminescence of samples takes
place (Fig. 9). But the intensity of photoluminescence and position
of peaks are strongly connected with the chemical structure of Pc
derivatives and with the solvent used.

Thus, for the studied compounds M-Pc-(OCgH7)y-Cl4 maxi-
mum positions in toluene solutions are observed around 770 nm,
while in chloroform - at 470 nm (Fig. 9). On example of all three
types (A3B, ABAB and AABB) - ligands and their Ho-complexes it
was shown that in toluene solutions the intensity of photolumi-
nescence maxima depends on the structure of Pc-derivatives. The
highest intensity of the long-wave maxima was observed for AABB-
Ho complex, while the lowest — for ABAB ligand. Generally, the
highest intensity of photoluminescence in longwave region was
found for Ho-complexes.

Addition of fullerene Cgp to the Pc solutions leads to a photo-
luminescence quenching (Fig. 10b). This significant reduction of
photoluminescence intensity can be attributed to the efficient pho-
toinduced charge generation between “push-pull” Pc and fullerene
[35,36].

Compound M-Pc—(0OCgHj7)y-Cl; in chloroform solution has the
maxima of emission at 770 nm. Unfortunately, at the first step
of our work, the films obtained by Langmuir-Schaefer method

did not show any emission under laser irradiation. Nevertheless,
by selection of conditions of floating layers formation and their
transfer onto the solid substrate under the constant control of the
supramolecular organization in the films has allowed us to achieve
photoluminescence in the films of the holmium complex (A3B)
HO—PC—(OCgH-n)G—Clz [37]

In hexadecyloxy-substituted Pcs the change in donor-acceptor
ratio, as well as the introduction of metals into the molecule, have
a great influence on the photoluminescence properties. The metal-
free Pc of AsB type substituted with two chlorine atoms shows
emission peaking at 754 nm; no emission has been observed for
the Pc with four chlorines (Fig. 11). While Zn-complexes show
photoluminescence, copper and indium complexes barely reveal
it [28,33].

3.3. Photoelectric properties

To the best of our knowledge, there are practically no data con-
cerning the effect of the phthalocyanine derivatives structure on
the efficiency of solar cells. One of the few works in this direc-
tion reports on phthalocyanine metal complexes [38]. Analyzing
photovoltaic parameters of solar cells based on different metal non-
substituted phthalocyanines, G. Shaposhnikov and coauthors in Ref.
[39] found that the efficiency of light transformation into electri-
cal energy decreases in the series: ZnPc — MgPc — H,Pc — OVPc,
PbPc, CuPc > MnPc. In the same article it was shown that at the opti-
mum thickness of the phthalocyanine layers is equal to 850 A, the
efficiency of solar cells varies between 0.1 and 0.066% for ZnPc and
MgPc, respectively [39].

We studied photoelectric properties (photovoltaic effect and
photoconductivity effect) in thin films obtained on the basis
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Fig. 12. (a) Pulses of photoelectric current for the film of the compound (As;B) H,-Pc-(0C;6H33 )s—Cl, when exposed to light of a rectangular pulse of 100 ms duration. The
numbers next to the curves correspond to different bias voltages (U, ). The light source is based on GaAs LED. The wavelength of the light pulses is of 660 nm. The power of the
incident radiation is W=24 mW/cm?. (b) The photocurrent in the photoconductivity effect for the film of the individual compound (A3B) Hy-Pc—(0C;6H33)s-Cly according

to the bias voltage Uy,. The voltage was applied in the opposite direction [33].
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Fig. 13. (a) Pulses of photoelectric current for the structure ITO/H,-Pc—(0Cy6H33)s—Cl2/Ceo/Al illuminated by the rectangular light pulses (dashed curve); (b) voltage U, for
the photovoltaic cell: ITO/H,-Pc-(0C;6H33)s—Cl2/Ceo/Al The voltage was applied in the opposite direction [33].

of individual semiconducting material Hy-Pc-(0CqgHs33)s-Cly
and its mixture with fullerene Cgg. The results of photocon-
ductivity investigation of ITO/H,-Pc—(0Ci6H33)6-Clo/Al and
ITO/H;-Pc—(0Cy6H33)5—Cly/Cgo/Al  structures are shown in
Figs. 12 and 13, respectively.

The pulse form of photoelectric current looks like the pulse form
of pyroelectrics. Conversion efficiency s is equal to 10-100 mA/W.
However, the upper limit is higher than in PZT-ceramics.

It is worth noting that the dependence of photoelectric current
on the bias voltage in both cases (ITO/H,-Pc-(0CqgHs33)s-Cly /Al
and ITO/H;-Pc-(0CqgHs3)s—Cly/Cgo/Al) is described by a quadratic
current dependence of the bias voltage: Figs. 12a and 133, respec-

tively. The quadratic dependence corresponds to the transient
current model limited by the space charge [40]. However, the calcu-
lation of the charge mobility using the shape of impulse response
curves according to [40] gives unusually low values of the order
of 10~7 cm?2/V's, which is three orders of magnitude smaller than
the conventional mobilities for organic materials. It seems that in
this case the transient currents can be explained by discharge and
charge of bulk charge traps inhomogeneously distributed in thin
conducting layer [41,42]. The half-width of the transient current of
the 20 ms order (Fig. 12b and 13b) reflects the photocurrent inertia
typical for photoconduction effects in organic photoconductors.
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Fig. 14. Pulses of photovoltaic current (U, =0) in the cells illuminated by the rectangular pulse of light. The light source is based on GaAs LED. The wavelength of the light
]JUISES is of 660 nm. (a) ITO/Hz—PC—(OC15H33 )6—C12/C50/Al CE“, (b) ITO/Hz—PC—(0C16H33 )G—Cl4/C50/Al cell.
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The photoelectric current of the semiconducting heterophase
systems composed by mix-substituted Pcs: Hy—Pc—(0CygH33 )g-Clo
or Hy-Pc-(0CqgHs33)6—-Cly and fullerene Cgg is shown in Fig. 14. In
the experiment we measured photocurrentin film cells illuminated
by the rectangular pulses of light and studied kinetics of the optical
response of these semiconducting structures (Schottky diode) [43]
and donor-acceptor transition [44].

The specific feature of obtained photodiode structures is the
presence of a sufficiently intense transient current as compared to
photovoltaic. This may be explained by the shallow discharge and
charge traps at the interface between amorphous polycrystalline
Cgo and phthalocyanine.

Probably it is possible to control the number of charge traps in
the films obtained (which are associated with the formed aggre-
gates) and, accordingly, the photoelectric properties of these films
by varying Pcs structure.

3.4. Computational methods

As it has been shown [45], the cascaded type of organic photo-
voltaic cells is quite promising for increasing the efficiency of light
harvesting and conversion of light to electric current. To use the
cascade type of cells with “push-pull” type Pcs synthesized by us,
it was necessary to minimize the barriers to the hole injection from
one Pc derivative to another.

In connection with it, we performed geometry optimization and
density functional theory (DFT) calculations of phthalocyanines
(A3B) Hy-Pc-(0CyHzp+1)6-Clm (m=2, 4) and fullerene Cgp using

the B3LYP method with the G-311++G** basis set. The calculations
were performed with the help of Gaussian 09 package. The val-
ues of the frontier orbitals (HOMO/LUMO) and bandgap energies
for “pull-push” Pcs of AzB type containing two or four chlorine
atoms in the molecule depending on the length of alkoxy-groups
(from methoxy- to butyloxy-) were obtained and extrapolated for
octyloxy- and hexadecyloxy-substituents [46]. Since the electrons
from the frontier orbitals are located only within Pc macrocycle and
do not spread into the aliphatic chains (Fig. 15) the elongation of
the chains do not affect the HOMO/LUMO values significantly. Elec-
tron distribution of the frontier orbitals for fullerene Cgg is shown
in Fig. 16.

All the abovementioned let us to elaborate a cascade
type of a solar cell with the following sequence of compo-
nents: ITO/H,-Pc-(0C;6H33)g—Cly/Hy-Pc-(0Cq6H33)6—Clyg/Ceo/Al
(Fig. 17). As we found out the photoelectric current has increased
tenfold in this cascade cell in comparison with the single phthalo-
cyanine Hy-Pc-(0Cq6H33)g-Cl4/Cgo System.

The next step of our work will be to determine the efficiency of
this photovoltaic cell and to obtain such data as Vi, Isc and FF.

4. Conclusion

A new approach to the creation of materials for optoelectron-
ics is proposed and implemented. It includes design of compounds
possessing vitrification from mesophase with maintenance of
columnar order, absorption in the visible region of the spectrum

Fig. 16. Electron distribution of the frontier orbitals for fullerene Cgo: (a) HOMO orbitals, (b) LUMO orbitals [46].
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and good performance electrophysical characteristics simultane-
ously.

Using this approach 23 new phthalocyanine (Pc) derivatives of
a “push-pull” type and their metal complexes were designed and
synthesized.

In contrast to non-mesogenic octyloxy-Pc (A4) having alkyloxy-
substituents in non-peripheral positions, 22 of 23 synthesized
compounds possess columnar mesomorphism.

The ratio of donor (-OC,H3;,+7) and acceptor (-Cl) groups, their
position in the molecule and the length of alkyloxy-substituents
substantially influence thermotropic mesomorphic behavior.

On the example of hexadecyloxysubstituted metal-free Pc we
showed that the change of the donor-acceptor ratio can influence
the type of mesophase (from nematic columnar to two dimensional
ordered columnar).

Non-peripheral substitution by alkyloxy-fragments in hetero-
substituted Pcs (as it was found in the case of homo-substituted
Pc) leads to red-shifting of the Q-band into near-IR region.

Introduction of four Cl-acceptors leads to bathochromic shift of
absorption spectra in comparison to the analogues substituted with
two Cl-acceptors. This phenomena is particularly evident for Pcs of
a A3B type.

During laser illumination of Pc-derivatives in chloroform or
toluene the photoluminescence of samples takes place, but the
intensity of photoluminescence, position of peaks and their
splitting are strongly connected with the chemical structure of Pc-
derivatives and the type of solvent.

The use of the synthesized Pcs in the experimental cascade
cell increases the photoelectric current more than tenfold, and the
conversion efficiency of individual compounds is comparable with
silicon converters.

Acknowledgements

The work was supported by the program of the Ministry
of Education and Science of the Russian Federation (Grant No.
16.1037.2017/PP), the Russian Foundation for Basic Research
(Grant No. 16-03-00883a, Grant No. 16-37-50026 and Grant No.
16-37-50026) and the Russian Science Foundation (Grant No. 14-
12-00553).

References

[1] P. Gregory, Steamrollers, sports cars and security; phthalocyanine progress
through the ages, ]. Porphyrins Phthalocyanines 3 (1999) 468-476.

[2] S.Chandrasekhar, B.K. Sadashiva, K.A. Suresh, Liquid crystals of disk-like
molecules, Pramana 9 (1977) 471-480.

[3] S.Sergeev, E. Pouzet, O. Debever, ]. Levin, J. Gierschner, J. Cornil, R.G. Aspe,
Y.H. Geerts, Liquid crystalline octaalkoxycarbonyl phthalocyanines: design,
synthesis, electronic structure, self-aggregation and mesomorphism, J. Mater.
Chem. 17 (2007) 1777-1784.

www.czasopisma.pan.pl P N www.journals.pan.pl

MIA NaL

onics Review 25 (2017) 127-136 135

[4] C. Piechocki, J. Simon, A. Scoulios, D. Guillon, P. Weber, Annelides. 7. Discotic
mesophases obtained from substituted metallophthalocyanines. Toward
liquid crystalline one-dimensional conductors, J. Am. Chem. Soc. 104 (19)
(1982) 5245-5247.

[5] (a) M.K. Engel, P. Bassoul, L. Bosio, H. Lehmann, M. Hanack, J. Simon, Influence
of chain length on the structural properties of octa-alkyl substituted
phthalocyanines, Liq. Cryst. 15 (1993) 709-722;

(b) M.J. Cook, Properties of some alkyl substituted phthalocyanines and
related macrocycles, Chem. Rec. 2 (2002) 225-236.

[6] (a) E. Venuti, R.G.D. Valle, 1. Bilotti, A. Brillante, M. Cavallini, A. Calo, Y.H.
Geerts, Absorption, photoluminescence, and polarized raman spectra of a
fourfold alkoxy-substituted phthalocyanine liquid crystal, J. Phys. Chem. C
115 (24) (2011) 12150-12157;

(b) A.L. Smirnova, N.V. Usol'tseva, Lyotropic mesomorphism of
2,3,9,10,16,17,23,24-octa(octyloxy)phthalocyanine and its metal complexes
in organic solvents, Liq. Cryst. and their Appl. 2 (2002) 96-107.

[7] ANN. Cammidge, M.]. Cook, S.D. Haslam, R.M. Richardson, K.J. Harrison,
Mesomorphic properties of some
1,4,8,11,15,18,22,25-octa-alkoxymethylphthalocyanines, Liq. Cryst. 14 (6)
(1993) 1847-1862.

[8] (a) N.V. Usol'tseva, V.V. Bykova, N.M. Kormilitsyn, G.A. Ananieva, V.E.

Maizlish, The dependence of lyotropic mesomorphism and intermolecular

interactions of the carboxyphthalocyaninene derivatives on the metal nature

11, Nuovo Cimento 12D (1990) 1237-1242;

(b) N. Usol'tseva, V. Bykova, G. Ananjeva, A. Smirnova, G. Shaposhnikov, V.

Maizlish, E. Kudrik, A. Shirokov, Lyomesomorphism of carboxyl- and

alkoxycarbonyl substituted phthalocyanine copper complexes, Mol. Cryst. Liq.

Cryst. 352 (2000) 45-57;

(c) AlL. Smirnova, V.E. Maizlish, N.V. Usol'tseva, V.V. Bykova, G.A. Anan’eva,

E.V. Kudrik, A.V. Shirokov, G.P. Shaposhnikov, Synthesis and liquid crystalline

properties of copper tetra-4-(n-alkoxycarbonyl)phthalocyanines, Russ. Chem.

Bull. 49 (1) (2000) 132-139.

S. Gaspard, A. Hochaptel, R. Viovy, A lyotropic phase from tetracarboxylated

copper phthalocyanines, in: Proc. of the Conference on Liquid Crystals of One

and Two Dimension Order and their Applications, Garmish Partenkirchen

298, 1980.

[10] N. Usol'tseva, Lyotropic behavior of sheet-like chemical compounds:
amphotropy of phthalocyanine and porphyrin derivatives, Mol. Cryst. Liq.
Cryst. 288 (1996) 201-210.

[11] N. Usol'tseva, V. Bykova, A. Semeikin, G. Ananjeva, A. Smirnova, V.
Negrimovski, Lyotropic phase behaviour of phthalocyanine derivatives in
apolar organic solvents, Mol. Cryst. Liq. Cryst. 304 (1997) 201-206.

[12] L. Sosa-Vargas, F. Nekelson, D. Okuda, M. Takahashi, Y. Matsuda, Q.-D. Dao, Y.
Hiroyuki, A. Fujii, M. Ozaki, Y. Shimizu, Liquid crystalline and charge transport
properties of novel non-peripherally octasubstituted perfluoroalkylated
phthalocyanines, J. Mater. Chem. C 3 (2015) 1757-1765.

[13] Y. Zang, P. Ma, P. Zhu, X. Zhang, Y. Gao, D. Qi, Y. Bian, N. Kobayashi, J. Jiang,
2,3,9,10,16,17,23,24-Octakis(hexylsulfonyl)phthalocyanines with good
n-type semiconducting properties. Synthesis, spectroscopic, and
electrochemical characteristics, J. Mater. Chem. 21 (2011) 6515-6524.

[14] E.K. Treacher, G.J. Clarkson, N.B. McKeown, Stable glass formation by a
hexagonal ordered columnar mesophase of a low molar mass phthalocyanine
derivative, Liq. Cryst. 19 (6) (1995) 887-889.

[15] M. Yoshioka, K. Ohta, M. Yasutake, Flying-seed-like liquid crystals. Part 4:
novel series of bulky substituents inducing mesomorphism instead of using
long alkyl chains, RSC Adv. 5 (2015) 13828-13839.

[16] A.L Smirnova, N.V. Usol'tseva, X-ray diffraction investigation of two
mesomorphic copper(Il) complexes of
tetra-4-[(4-alkoxycarbonyl)phenyleneoxy)phthalocyanine, Crystallogr. Rep.
51 (2006) 258-264.

[17] S.A.Znoiko, V.E. Maizlish, G.P. Shaposhnikov, I.G. Abramov, G.A. Ananieva,
V.V. Bykova, N.V. Usol'tseva, Synthesis and properties of
benzotriazolyl-substituted phthalocyanines with bulky substituents, Liq.
Cryst. and their Appl. 1 (2009) 24-32.

[18] (a) N. Usol'tseva, V. Bykova, G. Ananjeva, N. Zharnikova, Mesomorphism and
glass formation of phthalocyanine metal complexes with bulky substituents,
Mol. Cryst. Liq. Cryst. 411 (2004), 329[1371]-336[1378];

(b) Y. Takagi, K. Ohta, S. Shimosugi, T. Fujiia, E. Itoh, Flying-seed-like liquid
crystals 2: unprecedented guidelines to obtain liquid crystalline compounds,
J. Mater. Chem. 22 (2012) 14418-14425.

[19] (a) M. Ahmida, R. Larocque, M.S. Ahmed, A. Vacaru, B. Donnio, D. Guillon, S.H.
Eichhorn, Halide effect in electron rich and deficient discotic phthalocyanines,
J. Mater. Chem. 20 (7) (2010) 1292-1303;

(b) S.A. Znoiko, V.E. Maizlish, G.P. Shaposhnikov, V.V. Bykova, N.V. Usol'tseva,
Mesomorphism of octasubstituted phthalocyanines, combined benzotryazolyl
and aryloxy-groups on periphery, Liq. Cryst. and their Appl. 4 (2011) 69-79.

[20] (a) A.N. Cammidge, R.J. Bushby, Synthesis and structural features, in: D.
Demus, J. Goodby, G.W. Gray, H.-W. Spiess, V. Vill (Eds.), Handbook of Liquid
Crystals, 2B, Wiley-VCH, New York, Chichester, Brisbane, Singapore, Toronto,
1998, pp. 693-748;

(b) N.V. Usol'tseva, V.V. Bykova, N.V. Zharnikova, New glassing mesogens, in:
Achievements of Liquid Crystals Research, Ivanovo State University
Publishing House, 2007, pp. 4-26.

[21] G. de la Torre, P. Vazques, F. Agull6-Lépez, T. Torres, Phthalocyanines and
related compounds: organic targets for nonlinear optical application, J. Mater.
Chem. 8 (1998) 1671-1683.

[9


http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0005
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0010
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0015
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0020
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0025b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0030b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0035
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0040c
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0050
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0055
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0060
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0065
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0070
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0075
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0080
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0085
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0090b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0095b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0100b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0105

www.czasopisma.pan.pl P N www.journals.pan.pl

SKAAKADEMIA

136 N.V. Usol'tseva et al. / Opto-Electronics Review 25 (2017) 127-136

[22] Y. Wu, H. Tian, K. Chen, Y. Liu, D. Zhu, Synthesis and properties of soluble
phthalocyanines containing tetra- or octa-alkyloxy substituents, Dyes
Pigments 37 (4) (1998) 317-325.

[23] M.J. Cook, MLF. Daniel, K.J. Harrison, N.B. McKeown, A.J. Thomson,
1,4,8,11,15,18,22,25-Octa-alkyl phthalocyanines: new discotic liquid crystal
materials, J. Chem. Soc., Chem. Commun. (1987) 1086-1088.

[24] D. Wohrle, G. Schnurpfeil, S.G. Makarov, A. Kazarin, O.N. Suvorova, Practical
application of phthalocyanines - from dyes and pigments to materials for
optical, electronic and photo-electronic devices, Macroheterocycles 5 (3)
(2012) 191-202.

[25] B. Kippelen, ].-L. Bredas, Organic photovoltaics, Energy Environ. Sci. 2 (2009)
251-261.

[26] E. Moulin, E. Busseron, N. Giuseppone, Self-assembled supramolecular
materials in organic electronics, in: N. Koch (Ed.), RSC Smart Materials No. 12.
Supramolecular Materials for Opto-Electronics, The Royal Society of
Chemistry, 2015, pp. 1-52.

[27] Yu.N. Luponosov, J. Min, A.N. Solodukhin, O.V. Kozlov, M.A. Obrezkova, S.M.
Peregudova, T. Ameri, S.N. Chvalun, M.S. Pshenichnikov, C.J. Brabec, S.A.
Ponomarenko, Effects of electron-withdrawing group and electron-donating
core combinations on physical properties and photovoltaic performance in
D-m-A star-shaped small molecules, Organ. Electron. 32 (2016) 157-168.

[28] M.G. Walter, A.B. Rudine, C.C. Wamser, Porphyrins and phthalocyanines in
solar photovoltaic cells, ]. Porphyrins Phthalocyanines 14 (2010) 759-792.

[29] N.V. Usol'tseva, A.l. Smirnova, A.V. Kazak, V.V. Sotsky , L.Yu. Luk’janov, N.E.
Galanin, G.P. Shaposhnikov , Nanostructured materials based on mesogenic
mix-substituted phthalocyanines V.F. Razumov , M.V. Klyuev , Organic and
Hybrid Nanomaterials: Preparation and Prospectives of Applications Ivanovo
State University Publishing House Ivanovo 2015; 557-623.

[30] (a) N. Zharnikova, N. Usol'tseva, E. Kudric, M. Thelakkat, Synthesis,
mesomorphism and electrochemical properties of tetrasubstituted zinc and
copper phthalocyanines, J. Mater. Chem. 19 (2009) 3161-3167;

(b) N.V. Usol'tseva, V.V. Bykova, Glassing discotic nanomaterisla for
optoelectronics, in: V.F. Razumov, M.V. Klyuev (Eds.), Nanostructural
Materials for Storage and Transformation Energy Systems, Ivanovo State
University Publishing House, Ivanovo, 2008, pp. 348-379.

[31] N. E. Galanin, G.P. Shaposhnikov, I. A. Smirnova, V. A. Kazak, N.V. Usol'tseva,
Synthesis, spectral and mesomorphic properties of mix-substituted
phthalocyanines based on 3,6-dioctyloxyphthalonitrile and
4,5-dichlorophthalonitrile, and their holmium complexes, Liq. Cryst. and their
Appl. 14 (4) (2014) 74-84.

[32] N.E. Galanin, G.P. Shaposhnikov, Synthesis and spectral properties of
unsymmetrical phthalocyanines from 3,6-dioctyloxyphthalonitrile and
3,4,5,6-tetrachlorophthalonitrile, Russ. ]. Gen. Chem. 82 (10) (2012)
1734-1739.

[33] N.V. Usol'tseva, AL Smirnova, A.V. Kazak, MLI. Kovaleva, N.E. Galanin, G.P.
Shaposhnikov, V.V. Bodnarchuk, S.V. Yablonskii, Optical, mesomorphic and
photoelectric properties of the mix-substituted phthalocyanine ligands and
their metal complexes of the AsB type, Liq. Cryst. and their Appl. 15 (4) (2015)
56-71.

[34] L.M. Blinov, Physical properties and applications of Langmuir monomolecular
and multimolecular structures, Usp. Khim. 52 (8) (1983) 1263-1300.

[35] N.V. Usol'tseva, A.V. Kazak, L.Yu. Luk’yanov, V.V. Sotsky, A.l. Smirnova, S.G.
Yudin, G.P. Shaposhnikov, N.E. Galanin, Influence of molecular structure
peculiarities of phthalocyanine derivatives on their supramolecular
organization and properties in the bulk and thin films, Phase Trans. 87 (8)
(2014) 801-813.

[36] LYu. Luk'yanov, N.V. Usol'tseva, N.E. Galanin, M.V. Korelchuk, G.P.
Shaposhnikov, S.G. Yudin, Influence of molecular structure of unsymmetrical
“push-pull phthalocyanines on their optical properties in solutions and thin
films, Liq. Cryst. and their Appl. 2 (2013) 80-89.

[37] A.V.Kazak, N.V. Usol'tseva, A.l. Smirnova, Yu.A. Dyakova, M.A. Marchenkova,
B.V. Nabatov, E.Yu. Tereschenko, 1.V. Kholodkov, Optical properties and
supramolecular organization of mix-substituted phthalocyanine holmium
complex in Langmuir-Schaefer films, Macroheterocycles 8 (3) (2015)
284-289.

[38] A.M. Hor, R.O. Loutfy, Photovoltaic properties of CdS/phthalocyanine
heterojunction cells, Can. J. Chem. 61 (5) (1983) 901-905.

[39] G.P.Shaposhnikov, V.P. Kulinich, V.E. Maizlish, Modifitsirovannye
ftalotsianiny i ikh strukturnye analogi (Modified phthalocyanines and their
structural analogues), edited by O.I. Koyfman, M.: KRASAND, 2012.

[40] L.P. Kazakova, A.A. Lebedev, E.A. Lebedev, Transient space charge limited
current in porous silicon, Semiconductors 31 (5) (1997) 517-518.

[41] A.D. Tavares, Photovoltaic effect in crystals of organic semiconductors as a
function of wavelength, J. Chem. Phys. 53 (6) (1970) 2520-2524.

[42] A.D. Tavares, New method for the determination of space charge in
dielectrics, . Chem. Phys. 59 (4) (1973) 2154-2155.

[43] S.V.Yablonskii, S.G. Yudin, V.V. Bodnarchuk, E.V. Levin, E.A. Soto-Bustamante,
K. Ioshino, Photodetectors with internal amplification based on copper
complex of phthalocyanine, Liq. Cryst. and their Appl. 4 (2013) 34-44.

[44] C.W. Tang, Two-layer organic photovoltaic cell, Appl. Phys. Lett. 48 (1986)
183-185.

[45] C.W. Schlenker, V.S. Barlier, S.W. Chin, M.T. Whited, R.E. McAnally, S.R.
Forrest, M.E. Thompson, Cascade organic solar cells, Chem. Mater. 23 (18)
(2011) 4132-4140.

[46] A.L Smirnova, N.I. Giricheva, K.M. Soldatova, M. Das, N.V. Usol'tseva, DFT
calculations for design of cascade organic solar sell based on phthalocyanine
of A3B type, Liq. Cryst. and their Appl. 16 (4) (2016) 47-54.


http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0110
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0115
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0120
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0125
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0125
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0125
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0125
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0125
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0125
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0125
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0125
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0125
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0125
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0125
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0125
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0125
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0125
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0130
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0135
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0140
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0150b
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0155
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0160
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0165
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0170
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0175
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0180
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0185
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0190
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0195
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0200
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0205
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0210
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0215
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0220
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0220
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0220
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0220
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0220
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0220
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0220
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0220
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0220
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0220
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0220
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0220
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0220
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0220
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0225
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230
http://refhub.elsevier.com/S1896-3757(17)30059-3/sbref0230

	Mix-substituted phthalocyanines of a “push–pull”-type and their metal complexes as prospective nanostructured materials fo...
	1 Introduction
	2 Experimental
	3 Results and discussion
	3.1 Mesomorphic properties
	3.2 Spectral properties
	3.2.1 Absorption properties of bulk and film samples
	3.2.2 Photoluminescent properties

	3.3 Photoelectric properties
	3.4 Computational methods

	4 Conclusion
	Acknowledgements
	References


