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The  changes  in  the  electronic,  optical  and  structural  properties  of  the  title  compound  have
been investigated  using  experimental  and  theoretical  techniques.  The  semi-emprical  rela-
tions have  been  proposed  for the calculation  of the  refractive  index (n) from  its  measured
and  calculated  energy  gap (Eg) data.  The  simulated  IR and  Raman  spectra  characteristics
and  HOMO-LUMO  energies,  harmonic  frequencies,  Mulliken  atomic  charges,  radial  distri-
bution functions  (RDFs)  and  coordination  number  of  binary  interactions  were  recorded
with  the aid  of  density  functional  theory  (DFT)  based  on optimized  structure  for  different
solvent  environments.  Ultraviolet-visible  (UV–vis)  spectral  analysis  has  been  carried  out
using  experimental  techniques  and  time-dependent  (TD)  DFT  calculations.  Furthermore,
the  effects  of  the concentrations  on the optoelectronic  properties  were experimentally
investigated.  The  measured  and  calculated  results  are  discussed  to get an  insight  for  the
future optoelectronic  applications.

©  2018  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Recently, organic semiconductors have attracted great attention as potential advanced materials used in many electronic,
optoelectronic, and photonic applications [1] such as solar cells [2–5] photovoltaics [4,5] light emitting diodes [4,6] sensors
[7,8], chemical sensors [9], vapour sensors [10], gas sensors [11,12] and photodetectors [13]. Among the semiconductors,
small molecule semiconductor materials in combination with polymer binders and suitable solvents are the most widely
used in areas including the field of organic electronic applications [14,15] because they potentially provide high-quality
chain alignment and can be reliably synthesized with accurate molecular weight control without significant batch-to-batch
variations [16,17].

5,5′-Dibromo-2,2′-bithiophene organic molecule is a key intermediate of a variety of oligothiophene derivatives, which
are widely applied as advanced organic materials [18–20]. For example, the related reactions of 5,5′-Dibromo-2,2′-
bithiophene with 2-tri-n-butylstannyl-5-n-hexylpyridine with the use of this co-catalyst produced the desired materials

in 44% purified yields [21]. Organic two-photon absorption chromophores were designed and synthesized using the
5,5′-Dibromo-2,2′-bithiophene and found suitable for biological applications in live specimens [22]. 5,5′-Dibromo-2,2′-
bithiophene-based the polymers was also found to increase the performance of organic field-effect transistors [23], and
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ig. 1. Optimized ground state geometry with atom numbering calculated by B3LYP/6-311-G (d, p). (For interpretation of the references to colour in this
gure  legend, the reader is referred to the web version of this article.)

rganic photovoltaics [24]. In addition, the synthesized 5-(carbazol-9-yl)-5′-mercapto-2,2′-bithiophene based on 5,5′-
ibromo-2,2′-bithiophene demonstrated enhanced emission when it is attached to the surface of CdSe quantum dot [25].

To date there have been no studies about the structural, electronic, spectroscopic and optical properties of the title
ompound. The structural, electronic vibrational, optical properties of the related material were investigated in detail for
ifferent concentrations and solvents in this study. In this regard, we  have analysed the optimized bond distances, angles,
ibrational harmonic frequencies, process of geometry optimization, recractive index (n),  simulated IR and Raman spectra
haracteristics, radial distribution functions (RDFs) and probability distributions in terms of coordination number of the
inary interactions, the highest occupied molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO) and
he frontier molecular orbital energy gap (HOMO–LUMO difference in energy gap, Eg), Mulliken atomic charges of the small

olecule using density functional theory (DFT) calculations. Using time-dependent (TD)-DFT method, the theoretically
redicted the ultraviolet-visible (UV–vis), HOMO, LUMO and Eg of the small molecule have been compared with the measured
esults.

Later, the effects of the concentrations on the optical refractive index, (˛hϑ)2 curves based on photon energy (E), The
ransmittance (T) and dT/d� based on �, the mass extinction coefficient (˛mass) were experimentally investigated. Finally,

easured and calculated these parameters based on different solvents and concentrations are discussed for optoelectronic
pplications in detail.

. Experimental details

Solution technique has been used for the title organic compound to investigate spectroscopic, electronic and optical
roperties. The compund is provided from Sigma-Aldrich Chemical Company (USA) with a stated purity of 99% (HPLC). The
olutions of the compound have been prepared for 0.68, 1.41 and 2.30 �M and then the weighed materials of the compound
ere dissolved homogeneously in 13 mL  volume of chloroform solvent.

. Computational details

The structural, electronic and spectroscopic properties of the title organic compound have been investigated using DFT
26] at the B3LYP level [27–29]. The 6–311 G (d, p) basis set has been used in the calculations. The calculations have been
erformed using the GAUSSIAN09 program package [30]. Various spin multiplicities were investigated and it has been
ound that the compound have spin singlet as the most stable (minimum total energy). The geometry of the compound
as optimised without imposing any symmetrical constraints and the lowest total energy configuration was assumed as

he global minimum case. The structure is taken as the local minima on potential energy surface having positive vibration
requencies. After geometric optimization, TD-DFT method used to get maximum wavelengths and compared with the
xperimental UV absorption and Eg of the compound.

. Results and discussion
.1. Structural analysis

Optimized ground state structure of the compound with atom numbering calculated by B3LYP/6-311-G (d, p) is shown
n Fig. 1 and the corresponding bond distances obtained from gas phase, chloroform solvent and available measured data
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Table 1
The bond distances (Å) of binary interactions in 5,5′-Dibromo-2,2′-bithiophene organic molecule for gas phase and chloroform solvent, together with
measured results.

Interactions Bond distances Interactions Bond distances

Gas phase Chloroform aExp. Gas phase Chloroform

Br1 C11 1.8886 1.8905 1.869 C7 C9 1.4219 1.4224
Br2  C12 1.8886 1.8905 – C7 H13 1.0819 1.0818
S3  C5 1.7569 1.7579 1.744 C8 C10 1.4219 1.4224
S3 C11 1.7380 1.7389 1.713 C8 H14 1.0819 1.0818
S4 C6 1.7570 1.7579 – C9 C11 1.3642 1.3642
S4  C12 1.7380 1.7389 – C9 H15 1.0808 1.0808
C5  C6 1.4514 1.4518 1.447 C10 C12 1.3642 1.3642
C5  C7 1.3733 1.3737 1.363 C10 H16 1.0808 1.0808
C6  C8 1.3733 1.3737 –

a [31].

Table 2
Calculated first three vibrational harmonic frequencies (ω, in cm−1) and the corresponding non-zero infrared intensities (in km/mol) (given in parenthesis)
of  5,5′-Dibromo-2,2′-bithiophene organic molecule for different solvent environment.

Solvents ω (Infrared intensities)

Chloroform 34.70(0.1291) 44.31(0.5677) 51.95(0.0006)
Chlorobenzene 34.69(0.1359) 44.29(0.5810) 51.74(0.0005)
Dichloromethane 34.57(0.1505) 44.25(0.6060) 51.24(0.0001)
Fig. 2. Simulated IR spectra for different solvents. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version  of this article.)

are tabulated in Table 1. From the results, the bond distances increase from gas phase to solvation phase for Br-C, C C and
S C interactions, however; C–H interactions are almost the same. The measure bond distances of Br1 C11, S3 C5, S3 C11,
C5 C6 and C5 C7 are found to be 1.869 Å, 1.744 Å, 1.713 Å, 1.447 Å and 1.363 Å [31], respectively. Similarly, the bond angle of
Br1 C11 S3, Br1 C11 9C, 3S 5C 7C, 3S 11C 9C, 5C 3S 11C and 7C 9C 11C are found to be 119.8◦ [31] (calc. 120.5◦),
127.0◦ (calc. 126.9◦), 110.1◦ (calc. 110.4◦), 113.2◦ (calc. 112.4◦), 91.0◦ (calc. 91.0◦) and 111.6◦ (cal. 112.1◦), respectively. The
optimized bond distances and bond angles are found to be compatible with the measured results. From TD-DFT calculations,
the positive vibrational spectra, that is no any kind of imaginary frequency, are found that the optimized geometry is located at
stationary point on the potential energy surface. The lowest vibrational harmonic frequencies for different solvents show that
dichloromethane (DCM) is slighlty more stable than that of chloroform and chlorobenzene. Calculated first three vibrational
harmonic frequencies for different solvent environment and the corresponding non-zero infrared intensities are given in
Table 2. The geometrical optimization results reveal that the structure with minimum total energy is the C1 form. All the 42
fundamental modes of vibrations were found to be IR and Raman active suggesting that the molecule possesses a non-centro
symmetric structure. The visual comparison of the simulated IR and Raman spectra is shown in Figs. 2 and 3, respectively.
As seen in Fig. 2, the compound exhibits the medium and huge peaks at 808 (symmetrical C–O S stretching vibrations), 968
(C C stretching band), 1456 (asymmetric CH3 bending and C–OH bonds) and 1480 cm−1 (C–H, CH2 and CH3 bendings). As
seen in Fig. 3, the compound shows the peaks at 1480 (thiophene) and 1592 cm−1 (asymmetric stretching mode vibrations

of ionized carboxylic group).
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Fig. 3. Simulated Raman spectra for different solvents. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 4. The molar absorptivity plots vs. wavelength (�) for (a) different solvents (experimental and theoretical) and (b) concentrations (experimental). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. The refractive index (n) curves of (a) different solvents obtained from DFT (b) 0.68, 1.41 and 2.30 �M obtained from experimental, Reddy, Moss,
Kumar-Singh, Hervé-Vandamme and Ravindra relations. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web  version of this article.)

4.2. Ultraviolet–visible spectroscopy

The molar extinction coefficient (ε), which is also known as the molar absorptivity and molar attenuation coefficient is
an intrinsic property of the species. The ε can be given depends on the Beer-Lambert law [32],

� = Abs
cL

(1)

where Abs is the absorbance, C is the concentration of a solution sample and L is the path length of the sample. The molar
absorptivity value of the compound for chloroform solvent was  experimentally obtained from Eq. (1). Fig. 5(a) indicates
the molar absorptivity plots vs. wavelength (�) obtained from experimental and theoretical results. As seen in Fig. 4(a), the
material exhibits the maximum peaks of the molar extinction coefficients are found to be at 324 (experiment) and 325.5
(theory) nm for chloroform solvent. These results suggest that the experimental and theoretical molar extinction coefficients
for all the related solvents exhibit one dominant peak in near ultraviolet region and experimental molar extinction coefficient
values are compatible with theoretical ones. In addition, the maximum peak for chlorobenzene is found to be greater than
that of chloroform and DCM.

Fig. 4(b) shows the absorbance curves of the compound solutions for different concentrations. The absorbance of the

compound decreases with decreasing concentrations. The maximum peak position or wavelength for 0.68, 1.41 and 2.30 �m
was found to be 325 nm.  These results indicate that the concentration has significant effect on optoelectronic properties for
the compound solution.
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ig. 6. The (˛hv)2 vs photon energy of the title compound solutions for different concentrations. (For interpretation of the references to colour in this figure
egend,  the reader is referred to the web  version of this article.)

.3. The optical refractive index values (n)

To obtain the refractive index (n) values of the compound solved in different solvents, many equations such as Reddy,
avindra, Kumar-Singh, Herve-Vandamme and Moss [33] were used together with the direct optical band gap

(
Egd

)
values.

he n values for chloroform, chlorobenzene and DCM solvents (theoretical) and for chloroform solvent (experimental) were
alculated by using the equations mentioned above. Fig. 5(a) indicates n curves vs. solvents obtained from DFT calculations
or various relations. As seen in Fig. 5(a), the n values for chloroform and chlorobenzene are the same while the n values
or DCM is slightly different. Similarly,n  values obtained from Ravindra relation are the lowest, while the n values obtained
rom Reddy relation are the highest.

In addition, the direct refractive index (ngd) values of the compound for 0.68, 1.41 and 2.30 �M were obtained by using
he related equations mentioned above. Fig. 5(b) indicates the ngd curves vs. concentrations for various relations. As seen
n Fig. 5(b), the ngd values for 2.30 �M are the highest, while the ngd values for 0.68 �M are the lowest. On the other hand,
he ngd values obtained from Reddy relation are the highest, while the ngd values obtained from Ravindra relation are the
owest. Obtained results suggest that the ngd values increase with increasing concentration.

.4. Electronic band structure

The energy gap which is HOMO–LUMO difference in energy, is an significant parameter in measuring the electron con-
uctivity. Thus, HOMO and LUMO energies were obtained DFT and TD-DFT//B3LYP/6-331 G(d, p) level. The calculated energy
alue of HOMO is −5.6820, −5.6820, and −5.6841 eV for DFT and −6.0030, −6.0028 and −6.0012 eV for TD-DFT in chloroform,

hlorobenzene and DCM solvents, respectively. Similarly, LUMO is −1.7937, −1.7932 and −1.7932 eV for DFT and −1.7524,
1.7540 and −1.7589 eV for TD-DFT in chloroform, chlorobenzene and DCM solvents, respectively. From HOMO–LUMO
ifference, we have obtained the Eg values from quantum chemical calculations. In addition, the measured results exhibit
hat from the linear region (the best fitting of results) of the variation of (˛hv)2 versus E (hv) (see Fig. 6), the type of electron

able 3
he experimental direct optical band gaps

(
Egd, eV

)
and the absorption band edges

(
Eg−Abs

)
depending on different solvents and concentrations (�M)

nd  the energy gaps (Eg, eV) , obtained from DFT and TD-DFT calculations.

Solvents Egd DFT TD-DFT Conc. Egd Eg−Abs

Chloroform 3.361 3.888 4.250 0.68 3.408 3.307
Chlorobenzene 3.368 3.888 4.248 1.41 3.390 3.280
Dichloromethane 3.374 3.890 4.242 2.30 3.369 3.272
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Fig. 7. (a) The transmittance (T) vs. � (b) dT/d� plots vs. � of the title compound solutions for different concentrations. (For interpretation of the references

to  colour in this figure legend, the reader is referred to the web version of this article.)

transition is direct allowed transition. The energy gap, Eg is determined by means of extrapolating the linear region of Fig. 6.
Experimentally, several methods have been carried out to determine Eg values for different concentrations. The experimental
direct optical band gaps Egd depending on solvent and different concentrations obtained from DFT and TD-DFT calculations
are tabulated in Table 3. As it is seen in Table 3, the energy gap for chloroform and chlorobenzene solvents gives reasonable
values. For example, the measured Egd for chloroform solvent is 3.361 eV, which is consistent with the theoretical Eg value
(3.888 eV) obtained from DFT (see Table 3). From the results, one can conclude that chloroform solvent with the lowering
of the band gaps can be preferred for optoelectronic applications or devices, which prefer lower band gaps because the
electronic transfer is easier. It implies that the HOMO-LUMO energy gap for chloroform solvent compared to that of other
solvent allows easy excitation of electrons from HOMO to LUMO.

The dispersion of the electronic bands for thicker the compound samples also increases due to interacting layers and
thus reduces Eg as it seen in Table 3. We  can also see that the band gap energies decrease with increment of the size of the

materials at the nanoscale (see Table 3). This is the most remarkable feature of materials at nano level [34,35].
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Fig. 8. The mass extinction coefficient (˛mass) plot vs. � for different concentrations. (For interpretation of the references to colour in this figure legend,
the  reader is referred to the web version of this article.)
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ig. 9. Radial distribution functions (RDFs) of the carbon-carbon (C C), carbon-sulphur (C–S), carbon-hydrogen (C–H), carbon-bromine (C Br) and
ydrogen-hydrogen (H H) interactions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
f  this article.)

.5. Experimental spectral behaviour of transmittance (T)

The transmittance (T) spectra of the solutions of the compound for 0.68, 1.41 and 2.30 �M are shown in Fig. 7(a). Tspectra
f the compound for different concentrations exhibits minimum trenches at about 325 nm.  After the minimum tendency
f the wavelengths of T , a sharply increase is observed up to about 380 nm which is maximum constant value of the
avelengths.

The first derivative
(

dT ⁄d�

)
of T versus � are plotted to obtain the absorption band edge

(
Eg−Abs

)
values for different

oncentrations as seen in Fig. 7(b). Eg−Abs values were obtained using the maximum peak position. Eg−Abs for different
oncentrations are tabulated in Table 3. As seen in Table 3, the Eg−Abs �max value decreases with decreasing concentration.

The ˛mass values for different concentrations were calculated from Eq. (1). Fig. 8 shows ˛mass plot vs. E of the compound.
s seen in Fig. 9, the mass extinction coefficient varies significantly with photon energy. Obtained results indicate that ˛mass

alues increase with the increment of concentrations.

.6. Mulliken atomic charge and dipole moment
The Mulliken atomic charges (MACs) have a significant for quantum mechanical applications. MACs of the compound
ere gathered in Table 4. The charges of the same atoms in the different positions show different charge with each other for

he atoms in the compound. The S3 atom exhibits a positive charge the value of MAC  is bigger than others. Hydrogen atom
xhibits a positive charge because it is an acceptor atom.
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Table 4
Mullkien atomic charges (MACs) of the compound.

Atoms MACs Atoms MACs

Br1 0.028901 C9 −0.027023
Br2  0.029072 C10 −0.027774
S3  0.363386 C11 −0.346973
S4  0.360134 C12 −0.345790
C5  −0.254684 H13 0.115808
C6  −0.250684 H14 0.116096
C7  −0.006593 H15 0.125485
C8  −0.004840 H16 0.125479

Fig. 10. Probability distributions of the carbon-carbon (C C), carbon-sulphur (C–S), carbon-hydrogen (C–H), carbon-bromine (C Br) and hydrogen-

hydrogen (H H) interactions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The dipole moments are other important electronic properties. The bigger the dipole moment represents the stronger
intermolecular interaction. The highest value of component of dipole moment along the y-axis ( �y=2.2789 Debye) predicts
large charge separation. The corresponding total dipole moment has been calculated to be 2.2796 Debye.

4.7. Radial distribution function and probability density

Fig. 9 shows the radial distribution functions (RDFs) analysis for carbon-carbon (C C), carbon-sulfur (C–S), carbon-
hydrogen (C–H), carbon-bromine (C Br) and hydrogen- hydrogen (H H) interactions of the compound. The RDFs are
calculated for each atomic pairs. One can see that C–H has a narrower and higher distribution than the other pair inter-
actions because of the weaker bond and the low atomic weight of the H atom. There also is a difference between the
interactions. For C atoms, C–O is shorter than C C, C–H, C–S and C–N interactions; for H, H H is shorter than C–H. For all
of the combinations, C–H has stronger interactions than the other ones. To study the influence of interactions of the atoms
in the molecule, we also performed the probability distribution depending on the coordination number (see Fig. 10). The
coordination number of C C and C Br interactions significantly decrease; for C–S and C–H interactions we  have observed
some fluctuations.

5. Conclusions

5,5′-Dibromo-2,2′-bithiophene organic compound has been searched using experimental technique and theoretical cal-
culations. The results showed that the structure with minimum total energy is the C1 form. Bond distances and angles are
compatible available experimental results. The maximum peaks of experimental molar extinction coefficients for chloroform
solvent and different concentrations are found to be compatible with theoretical value. The direct refractive index values
oscillate based on increasing the concentration. The increase in concentration gives rise to the dispersion of the electronic
bands thus decrease the band gap energies. Predicted band energy values for solvent are also agreement with the exper-
imental data. The charges of the atoms in the different positions show different charge with each other for some carbon

atoms. The larger dipole moment shows that the compound has the stronger intermolecular interaction. In addition, C–H
interactions have a narrower and higher distribution.
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34] M. Kurban, Ş . Erkoç , J. Comput. Theor. Nanosci. 12 (2015) 2605.
35] M. Kurban, B. Gündüz, J. Mol. Struct. 1137 (2017) 403.

http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0005
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0010
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0015
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0020
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0020
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0020
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0020
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0020
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0020
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0020
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0020
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0020
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0020
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0020
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0025
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0030
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0030
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0030
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0030
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0030
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0030
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0030
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0030
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0030
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0030
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0035
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0040
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0045
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0045
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0045
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0045
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0045
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0045
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0045
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0045
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0045
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0045
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0045
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0045
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0045
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0045
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0050
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0050
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0050
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0050
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0050
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0050
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0050
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0050
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0050
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0050
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0050
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0050
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0050
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0050
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0055
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0055
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0055
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0055
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0055
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0055
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0055
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0055
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0055
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0055
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0055
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0055
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0060
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0060
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0060
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0060
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0060
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0060
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0060
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0060
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0060
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0060
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0060
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0060
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0060
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0060
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0065
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0075
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0080
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0085
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0090
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0095
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0100
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0100
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0100
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0100
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0100
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0100
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0100
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0100
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0100
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0100
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0100
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0100
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0105
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0110
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0110
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0110
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0110
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0110
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0110
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0110
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0115
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0120
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0120
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0120
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0120
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0120
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0120
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0120
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0120
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0120
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0120
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0120
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0120
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0120
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0120
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0125
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0125
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0125
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0125
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0125
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0125
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0125
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0125
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0125
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0125
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0130
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0130
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0130
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0130
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0130
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0130
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0130
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0130
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0130
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0135
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0135
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0135
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0135
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0135
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0135
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0135
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0135
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0140
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0140
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0140
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0140
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0140
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0140
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0140
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0140
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0140
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0140
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0140
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0140
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0145
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0145
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0145
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0145
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0145
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0145
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0145
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0145
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0145
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0145
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0145
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0145
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0150
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0155
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0155
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0155
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0155
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0155
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0155
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0155
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0155
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0155
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0160
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0160
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0160
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0160
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0160
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0160
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0160
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0165
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0165
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0165
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0165
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0165
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0165
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0165
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0170
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0175
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0175
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0175
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0175
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0175
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0175
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0175
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0175
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0175
http://refhub.elsevier.com/S0030-4026(18)30480-7/sbref0175

	Electronic structure, optical and structural properties of organic 5,5′-Dibromo-2,2′-bithiophene
	1 Introduction
	2 Experimental details
	3 Computational details
	4 Results and discussion
	4.1 Structural analysis
	4.2 Ultraviolet–visible spectroscopy
	4.3 The optical refractive index values (n)
	4.4 Electronic band structure
	4.5 Experimental spectral behaviour of transmittance (T)
	4.6 Mulliken atomic charge and dipole moment
	4.7 Radial distribution function and probability density

	5 Conclusions
	Acknowledgments
	References


