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How methoxy groups change nature of the thiophene based heterocyclic 
chalcones from p-channel to ambipolar transport semiconducting materials
Computational details
The B3LYP functional of DFT (Zhang et al., 2013; Chaudhry et al., 2014; Chaudhry et al., 2015) gave good results for geometry optimizations of organic compounds (Sánchez-Carrera et al., 2006; Wong and Cordaro, 2008; Irfan, 2014b, a; Irfan and Al-Sehemi, 2015; Cvejn et al., 2016; Zhu et al., 2016). The experimental optoelectronic and charge transport properties were successfully reproduced by the B3LYP (Zhang et al., 2008). Preat and coworkers revealed that B3LYP/6-31G** level of theory is suitable for the ground state (S0) geometry optimizations (Preat et al., 2009; Preat et al., 2010). Moreover, Huong et al. affirmed that the B3LYP/6-31G** level is decent approach to reproduce the experimental crystal data as well as rational for the electronic and charge transport properties (Huong et al., 2013). In the present study,  B3LYP/6-31G** level of theory was adopted to optimize the S0 geometries, whereas the excited state (S1) geometries were optimized at TD-DFT (Matthews et al., 1996) using the TD/B3LYP/6-31G** level. Then the same TD-DFT level was applied to evaluate the absorption and emission spectra which already verified to be a proficient method (Scalmani et al., 2006). The charge transfer proficiency has a vital character within the organic layers. The organic-organic interfaces can be used to refine the charge transfer, while in the bulk, the recombination processes are favored by the high charge mobilities (Greenham et al., 1993). The Marcus theory eq. 1 described the charge transfer rate (Marcus and Sutin, 1985).
W=t2/h(π/λkB)1/2  exp(- λ/4kBT)						(1)
The self-exchange electron transfer rates and charge mobility can be determined by the two major parameters; i) the transfer integrals (t) among contiguous molecules, that ought to be maximized, and ii) the reorganization energy (λ), it should be small for substantial charge transfer. The λ includes; inner λ, which is the modifications in the molecular geometry if an electron, is removed or added to a molecule. Additionally, the modifications caused by polarization effects from the surrounding medium termed as outer λ.   
We will focus on inner λ here, which reveals the changes in the geometries of the molecule while going from the charged to neutral state and vice versa. The inner λ is further divided into two parts: [image: ] and [image: ], where [image: ] corresponds to the geometry relaxation energy of one molecule from neutral to charged state, and [image: ] corresponds to the geometry relaxation energy from charged to neutral state (Irfan, 2014c).
λ = [image: ] + [image: ] 						     	            	  (2)
In the evaluation of λ, the two terms were computed directly from the adiabatic potential energy surfaces (Brédas et al., 2002).
λ = [image: ] + [image: ] = [E1 (D+) - E0 (D+)] + [E1 (D) - E0 (D)]	 		(3)
In the above eq. E0(D) and E0(D+) denotes the neutral and charged S0 energies; E1(D) is the neutral molecule energy at the optimized charged geometry; E1(D+) is the charge state energy at the optimized neutral geometry. It is important that the effect of polarization caused by the surrounding molecules along with the reorientation of charge should be  ignored to reduce the obstacles associated with the theoretical calculations (Soos et al., 2004). 
The adiabatic and vertical electron affinities (EAa and EAv) as well as adiabatic and vertical ionization potentials (IPa and IPv), respectively can be evaluated as:
EAa =   E0 (D) – E0 (D-) 	and 	EAv = E0 (D) – E1 (D-)       			(4)
IPa = E0 (D+) – E0 (D)       	and      IPv = E1 (D+) – E0 (D)       	           		(5)
where E0 (D), E0 (D+) and E0 (D-) are the energies of neutral, cation and anion at S0, whereas E1 (D+) and E1 (D-) indicate the charged state energy (cation and anion) at the geometries of optimized neutral molecule, respectively. 
The hole/electron transfer integrals (th/te) were calculated by following expression:




th/e = F0 = hcore +









 -  	 (6)
The intrinsic carrier mobility (μ) was estimated via Einstein equation as:  
μ = De/TKB	   									(7)
where μ, T, e, KB and D represent the intrinsic carrier mobility, temperature, electronic charge, Boltzmann constant and charge diffusion constant, respectively. The computational methodology details about the th, te, μh and μe calculations can be found in supporting information. All these quantum chemical calculations were performed by using Gaussian09 package (M. J. Frisch, 2009).
Over the last several years, the FF methodology has proved to be a very good approach, especially to calculate the first hyperpolarizability of organic materials due to its consistent results as compared with several other computational approaches (Dehu et al., 1993) and experimental techniques (Nagapandiselvi et al., 2014; Muhammad et al., 2015). In FF methodology, usually static electric field (F) is applied and the energy (E) of the molecule is given by following Eq. 
 (8)
where, i, j and k label the x, y and z components, respectively. The total energy of the molecule is represented by E(0) without any field while μ and α are the dipole moment and linear polarizability. Similarly, the β and γ are the second- and third-order nonlinear polarizabilities, respectively. It is obvious from equation (1) that differentiating E with respect to F attains the 27 components of β. According to Kleinman symmetry (βxyy = βyxy = βyyx, βyyz = βyzy = βzyy,… likewise other permutations also take same value), the 27 components of the first static hyperpolarizability (β) can be reduced to 10 components as given in Table 5. 
The value of βtot is calculated by the following equations:
								(9)
           where
								(10)
								(11)
								(12)
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Fig. S1. Distribution patterns of the HOMOs and LUMOs of chalcone derivatives at the first excited states.
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Table S1 
Selected optimized bond lengths (Angstrom, Å), bond angles and torsion angles (degree, 0) of ground and first excited states for chalcone derivatives at the B3LYP/6-31G** and TD-B3LYP/6-31G** levels of theory, respectively.
	Parameters
	
	1a
	2b
	3c

	S1-C12
	Ground
	1.751
(1.722)
	1.751
(1.716)
	1.751
(1.715)

	
	Excited
	1.778
	1.778
	1.777

	S1-C14
	Ground
	1.739
(1.715)
	1.739
(1.706)
	1.741
(1.715)

	
	Excited
	1.723
	1.723
	1.724

	C9-O2
	Ground
	1.234
(1.228)
	1.235
(1.220)
	1.235
(1.232)

	
	Excited
	1.282
	1.286
	1.288

	C12-S1-C14
	Ground
	93.00
(93.33)
	92.99
(93.32)
	92.96
(93.29)

	
	Excited
	92.09
	92.12
	92.18

	C10-C9-O2
	Ground
	120.73
(121.05)
	120.66
(121.02)
	120.52
(120.12)

	
	Excited
	100.15
	100.02
	99.63

	C10-C9-C8
	Ground
	118.31
(118.03)
	118.46
(118.71)
	118.15
(118.53)

	
	Excited
	126.96
	127.34
	127.43

	C10-C9-C8-C7
	Ground
	178.61
(176.16)
	-179.98
(177.63)
	-176.27
(175.24)

	
	Excited
	177.80
	-178.16
	-177.77

	C11-C10-C9-O2
	Ground
	174.90
(166.02)
	-179.93
(175.23)
	-170.06
(171.38)

	
	Excited
	90.30
	-90.57
	-91.16


a,b,c exp = Experimental data of  compound 1 from reference [14], compound 2 [15], and compound 3 [16] in parentheses, respectively.






Table S2
The vertical and adiabatic ionization potentials (IPv/IPa), vertical and adiabatic electronic affinities (EAv/EAa), hole reorganization energies λh and electron reorganization energies λe of chalcone derivatives (in eV) at the B3LYP/6-31G** level of theory. 
	Complexes
	IPa
	EAa
	IPv
	EAv
	λh
	λe

	1
	7.11
	0.52
	7.22
	0.33
	0.232
	0.397

	2
	6.82
	0.45
	6.96
	0.28
	0.296
	0.331

	3
	6.43
	0.39
	6.62
	0.18
	0.405
	0.409
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Fig. S2. The dimers of chalcone derivatives (2 and 3) studied in current investigation to calculate the transfer integrals and intrinsic mobilities.
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Fig. S3. The total and partial density of states of the chalcone derivatives (1-3) calculated by DMol3.
Table S3
The second-order polarizability (βtot) and its individual components for chalcone derivatives (1-3) at B3LYP/6-31G* level of theory.
	1
	2
	3

	Component
	a. u.
	Component
	a. u.
	Component
	
	a.u.

	βxxx
	959
	βxxx
	-4635
	βxxx
	
	4483

	βxxy
	-887
	βxxy
	-1191
	βxxy
	
	-1405

	βxyy
	177
	βxyy
	178
	βxyy
	
	-50

	βyyy
	164
	βyyy
	-78
	βyyy
	
	45

	βxxz
	-40
	βxxz
	1
	βxxz
	
	-76

	βxyz
	1
	βxyz
	1
	βxyz
	
	7

	βyyz
	1
	βyyz
	0
	βyyz
	
	8

	βxzz
	0
	βxzz
	-23
	βxzz
	
	-8

	βyzz
	-20
	βyzz
	-1
	βyzz
	
	-15

	βzzz
	1
	βzzz
	-1
	βzzz
	
	7

	βtot
	1358
	[bookmark: OLE_LINK50][bookmark: OLE_LINK51]βtot
	4657
	βtot
	
	4634

	βtot (urea) a
	43
	βtot (urea) a
	43
	βtot (urea) a
	
	43


[bookmark: OLE_LINK48][bookmark: OLE_LINK49]a Calculated in present study at the same B3LYP/6-31G* level of theory, For β, 1 a. u. = 0.008629×10−30 esu. 
Fukui function analysis
If the electrons are reformed in a molecule then the local reactivity descriptor e.g. The Fukui function directs the favorite regions where a chemical species will adjust its density. On the jth atom site the condensed or atomic Fukui functions can be defined as: 
[image: ]						(13)
[image: ]						(14)
[image: ]						(15)
where [image: ], [image: ] and [image: ] are nucleophilic, electrophilic and free radical on the reference molecule, respectively. In these equations, qj is the atomic charge at the jth atomic site is the neutral (N), anionic (N + 1) or cationic (N - 1) chemical species. Previously Morell et al. (Morell et al., 2005) anticipated a dual descriptor (Δƒ(r)), which is the variation  between the electrophilic and nucleophilic Fukui function which can be represented  by the following eq.
	Δƒ(r) =   [image: ] – [image: ]							(16)
The chemical species can adjust its density by Fukui function which leads the preferred regions. It also displays the electronic density affinity after the donation or acceptance of electron to distort at a specific position [41]. 

If the Δƒ(r) > 0, then the site might be ideal for a nucleophilic attack, and if the Δƒ(r) < 0, then the site is favorite for an electrophilic attack. Here the Δƒ(r) delivers a clear difference between nucleophilic and electrophilic attack at a specific position with their sign. The positive value disposed to nucleophilic attack while negative value is suitable for electrophilic attack.
Table S4
The calculated Fukui indices Fukui(-), Fukui(+) and Fukui(0) of chalcone derivatives (1-3) by DFT.
	 Comp.
	Atom No.
	Fukui(-)
	Fukui(+)
	Fukui(0)
	Δƒ(r)

	1
	S (1)
O (2)
O (3)
	0.013
0.004
0.008
	0.013
0.004
0.008
	0.013
0.004
0.008
	0.000
0.000
0.000

	2
	S (1)
O (2)
O (3)
O (4)
	0.020
0.003
0.005
0.014
	0.019
0.003
0.005
0.014
	0.020
0.003
0.005
0.014
	0.001
0.003
0.000
0.000

	3
	S (1)
O (2)
O (3)
O (4)
O (5)
	0.006
0.004
0.002
0.001
0.007
	0.006
0.004
0.002
0.001
0.007
	0.006
0.004
0.002
0.001
0.007
	0.000
0.000
0.000
0.000
0.000
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corresponding condensed or atomic Fukui functions on the jth atom
site as,

I =N +1) —g(N)
I =aN) - gN=1)
I =N+ -gN-1)

where £/, f;" and f} are nucleophilic, electrophilic and free radical
on the reference molecule, respectively. In these equations, g; is
the atomic charge (evaluated from Mulliken population, electro-
static derived charge, etc) at the jth atomic site is the neutral (N),
anionic (N+1) or cationic (N— 1) chemical species. Chattaraj
et al. [50], have introduced the concept of generalized philicity. It
contains almost all information about hitherto known different glo-
bal and local reactivity and selectivity descriptor, in addition to the
information regarding electrophilic/nucleophilic power of a given
atomic site in a molecule. Morell et al. [51] have recently proposed
a dual descriptor (Af(r), which is defined as the difference between
the nucleophilic and electrophilic Fukui function and is given by the
equation,

==

Aflr) >0, then the site is favored for a nucleophilic attack, whereas if
Aflr) <0, then the site may be favored for an electrophilic attack.
According to dual descriptor Aflr) provide a clear difference
between nucleophilic and electrophilic attack at a particular site
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donor to acceptor group through a singledouble bond conjugated
path can induce large variations of both the molecular dipole
moments and the molecular polarizability, making IR and Raman
activities strong at the same time. According to the investigation
on the FMO energy levels of the title compound, we can find that
the comresponding electronic transfer happened between the
HOMO and LUMO, HOMO and LUMO*1, HOMO and LUMO+2 orbi-
tal's, respectively shown in Fig. 8. The positive phase is red and
negative one is green. As seen from Fig § shows that the isodensity
plots for the HOMO and LUMO are well localized and the intra
molecular interactions mostly occurred within the ring and C=0
group. The value of energy separation between the HOMO and
LUMO are 5222 eV and 5.1621 ¢V for gas phase and solvent.
Therefore, solvent slightly enhances the probability of this
transition.

In terms of frontier molecular orbital analysis were calculated
and created by convoluting the molecular orbital information with
Gaussian curves of unit height and full width at half maximum
(FWHM) of 03¢V by using the Gaussum 2.2 program [5556).
The total density of states (TDOS) of 4HAP is plotted in Fig. 9.
Fig. 9 provides a pictorial representation of MO (molecular orbital)
compositions and their contribution to chemical bonding. The
green and red line in the DOS spectrum indicated the HOMO and
LUMO levels, respectively.

Global reactivity descriptors
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