
Exploration of Nonlinear Optical Enhancement and
Interesting Optical Behavior with Pyrene Moiety as
the Conjugated Donor and E�cient Modi�cation in
Acceptor Moieties
Muhammad Khalid  (  khalid@iq.usp.br )

KFUEIT: Khwaja Farid University of Engineering and Information Technology https://orcid.org/0000-
0002-1899-5689
Muhammad Usman Khan 

University of Okara
Nimra Azhar 

Khwaja Fareed University of Engineering & Information Technology Faculty of Engineering and
Technology
Muhammad Nadeem Arshad 

King Abdulaziz University
Abdullah M. Asiri 

King Abdulaziz University
Ataualpa Albert Carmo Braga 

University of Sao Paulo: Universidade de Sao Paulo
Muhammad Nadeem Akhtar 

Islamia University: The Islamia University of Bahawalpur Pakistan

Research Article

Keywords: Linear polarizability, First hyperpolarizability, Second hyperpolarizability, UV-Vis, FMO, End-
capped moieties, non-fullerene acceptors.

Posted Date: September 20th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-833929/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-833929/v1
mailto:khalid@iq.usp.br
https://orcid.org/0000-0002-1899-5689
https://doi.org/10.21203/rs.3.rs-833929/v1
https://creativecommons.org/licenses/by/4.0/


Exploration of Nonlinear Optical Enhancement and Interesting Optical Behavior with 

Pyrene Moiety as the Conjugated Donor and Efficient Modification in Acceptor Moieties  

Muhammad Khalid, *1 Muhammad Usman Khan,2 Nimra Azhar,1 Muhammad Nadeem 

Arshad3,4, Abdullah M. Asiri3,4, Ataualpa Albert Carmo Braga,5Muhammad Nadeem Akhtar6

1Department of Chemistry, Khwaja Fareed University of Engineering & Information 

Technology, Rahim Yar Khan, 64200, Pakistan 

2Department of Chemistry, University of Okara, Okara-56300, Pakistan 

3Chemistry Department, Faculty of Science, King Abdulaziz University, Jeddah 21589, P.O. Box 

80203, Saudi Arabia.  

4Center of Excellence for Advanced Material Research (CEAMR), King Abdulaziz University, 

Jeddah 21589, P.O. Box 80203, Saudi Arabia 

5Departamento de Química Fundamental, Instituto de Química, Universidade de São Paulo, Av. 

Prof. Lineu Prestes, 748, São Paulo, 05508-000, Brazil. 

6Department of Chemistry, Baghdad-ul-Jadeed Campus, The Islamia University of Bahawalpur, 

Bahawalpur, 63100, Pakistan.  

*Corresponding authors E-mail addresses:  

Dr. Muhammad Khalid (muhammad.khalid@kfueit.edu.pk;  Khalid@iq.usp.br) 

Abstract 

Herein, a series of new pyrene based hexylcyanoacetate derivatives (HPPC1-HPPC8) 

with A–π–D–π–D configuration were designed by end-capped modeling of non-fullerene 

acceptors on the structure of reference compound named dihexyl 3,3'-(pyrene-1,6-diylbis(4,1-

phenylene))(2E,2'E)-bis(2-cyanoacrylate) HPPCR. Quantum chemical calculations of HPPCR

and HPPC1-HPPC8 were accomplished at M06/6-31G(d, p) level. The stability of molecules 

due to the strongest hyper conjugative interactions in HPPCR and HPPC1-HPPC8 was 

estimated through NBO study. Interestingly, HOMO-LUMO band-gap of HPPC1-HPPC8 was 

found smaller than HPPCR which resulted in large NLO response. Among all the investigated 

compounds HPPC7 showed the larger NLO response due to the presence of four cyanide (CN) 

groups which strengthens the bridge conjugation, and its band gap was found to be 2.11eV, 

smaller as compared to band gap of HPPCR (3.225 eV). The absorption spectra of HPPC1-

HPPC8 compounds showed maximum absorption wavelengths (483-707 nm) than HPPCR

(471.764nm). The designed compounds showed high NLO response than HPPCR. Amazingly, 
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highest amplitude of linear polarizability <α>, first hyperpolarizability (βtotal) and second 

hyperpolarizability <γ> for HPPC7 were achieved to be 1331.191, 200112.2 and 4.131 ×107

(a.u), respectively. NLO response showed that the HPPC1-HPPC8 might be potential 

candidates for NLO applications. 

Keywords: Linear polarizability; First hyperpolarizability; Second hyperpolarizability; UV-Vis; 

FMO; End-capped moieties; non-fullerene acceptors. 

Introduction 

In the recent era, it has become essential to focus our attention from use of electrons to 

photons for the usage of ultra-fast technology. Therefore, broad-spectrum investigations have 

been made in several technological grounds such as telecommunication, optical switching, data 

storage and optical computing [1]. Nowadays, photons are considered with great preference for 

the transfer of information [2-6]. The non-linear optics (NLO) have attracted significant interest, 

especially during the last era due to the progression in experimental communities and molecular 

modelling. Molecules with large optical non-linearities have gained notable significance [7-13]. 

Thus, wide-ranging research efforts have been made at designing the more efficient photon-

manipulating materials. As a result, different attempts are being made to model innovative NLO 

materials have increased rapidly [14]. Organic NLO materials are preferred over the inorganic 

NLO materials due to their lower production costs, smaller dielectric constants, fast NLO 

response, higher second and third order hyperpolarizabilities and design flexibility [11, 15, 16]. 

The NLO properties of organic conjugated materials can be efficiently enhanced by structural 

tailoring and doped with fullerene acceptors [17]. Fullerene derivatives with greater 

photoinduced electron transfer and suitable charge separation property have been extensively 

used as electron acceptors for many years [18]. Unfortunately, there are certain intrinsic 

drawbacks of fullerene acceptors for example poor accepting power, weak light absorption in the 

visible range, and limited guideline on their molecular energy levels [19]. Compared with 

fullerene derivatives, non-fullerene acceptors (NFAs) have exclusive benefits, such as 

transparency, easily-tuned energy levels, efficient light absorption, easy in fabrication, diverse 

chemical structures and flexibility [20-24].  

Literature study reveals that organic NFAs are used in organic solar cells but their usage in 

NLO materials has not been reported yet. We identified a compound HPPCR from literature 

[25] as reference compound and to the best of our knowledge, no systematic NLO study of 



HPPCR has been published yet. HPPCR is non-fullerene based (A-π-D-π-A) type compound 

which comprises of hexyl 2-cyanoacrylate as first and second acceptor, phenyl as first and 

second π-linker and pyrene core as a donor moiety. The literature survey revealed different types 

of donor acceptor moieties including donor-acceptor, donor-π-acceptor, donor-π-π-acceptor, 

donor-acceptor-π-acceptor, donor-donor-π-acceptor, donor-π-acceptor-π-donor and acceptor-π-

donor-π- donor [26-29]. Frequently, a push–pull model is used for designing of A-π-D-π-D type 

organic compounds. The NLO compounds with push pull schemes have drawn abundant 

attention for researchers because of remarkable NLO results [30, 31].  

In the current study, we considered HPPCR as prototype and designed eight compounds 

(HPPC1-HPPC8) with A–π–D–π–D architecture by structural tailoring with various 

halogenated non-fullerene-based acceptors. The donor and π-linker are kept preserved 

throughout the designing while acceptor groups are modulated. Different parameters, such as   

electronic properties, natural bond orbital (NBO) analysis, maximum absorption, second and 

third order NLO, linear polarizability and dipole moment for all investigated compounds 

(HPPC1-HPPC8) and the reference compound HPPCR were computed to estimate the 

performance of the new engineered compounds as effective NLO materials. These findings not 

only provide information for the designing of A–π–D–π–D configuration-based novel non 

fullerene organic entities, but also trigger experimental researchers for the synthesis of these 

molecules with exceptional NLO response properties. 

Computational procedure

All the calculations regarding computational analyses were carried out using Gaussian 16 

program package [32]. The computations input files were developed using the Gauss View 6.0 

program [33]. Density functional theory (DFT) was performed for the geometrical optimization 

without symmetry restrictions of reference HPPCR molecule and HPPC1-HPPC8. The 

DFT/M06/6- 31G (d,p) level of theory was carried out to investigate NBO and NLO properties. 

TD-DFT with aforesaid level was performed to investigate FMO and UV-Vis spectra of pyrene 

based compounds (HPPC1-HPPC8). The solvent (DCM) effect was calculated by means of 

conductor-like polarizable continuum (CPCM) model in all computational analyses [34]. 

Gaussian output file provides six linear polarizability tensors (αxx, αyy, αzz, αxy, αxz, αyz) and ten 

hyperpolarizability tensors (βxxx, βxyy, βxzz, βyyy, βxxy, βyzz, βzzz, βxxz, βyyz, βxyz) along x, y and z 



directions, respectively. For interpretation of results from output files, Avogadro [35] and 

Chemcraft  [36] were employed.  

Dipole moment was determined by using Eq1 [37]. 

µ= (µ2
x+ µ2

y+ µ2
z)

1/2 (1)                                    

Average polarizability <α> determined with Eq2 [34]. 

<α>=1/3(αxx +αyy +αzz) (2)                                    

The magnitude of total first hyperpolarizability (βtot) was calculated via Eq3 [34]. 

βtotal = [(βxxx + βxyy + βxzz )
2 + (βyyy + βyzz + βyxx)

2 +( βzzz+ βzxx+ βxyz)
2 ]1/2 (3)                                    

The second hyperpolarizability was determined by using the Eq4 [37]. 

<γ>=1/5[γxxxx+ γyyyy+ γzzzz+2(γxxxx+ γyyyy+γzzzz)] (4)                                    

Results and discussion 

In the present work, the experimentally synthesized compound is taken as the reference 

HPPCR. The reference HPPCR compound consists on A- π-D-π-A configuration as shown in 

Figure 1. The pyrene ring in reference compound is acting as a donor moiety which has 

electronic donating ability. Whereas hexylcyanoacetate parts located at both ends consisting of 

electron withdrawing capability regarded as acceptors. The pyrene ring and hexylcyanoacetate 

parts are coupled via phenyl π-linker. We exchanged the first acceptor moiety of the HPPCR

compound with various halogenated non-fullerene acceptors and second acceptor with the 

pyrene donor and also incorporated the thienyl with the second π-linker. By carrying out these 

modifications in the reference (HPPCR) compound, we designed eight derivatives (HPPC1-

HPPC8) have A–π–D–π–D architecture as shown in Figure 2. The aim of our current 

investigation is to design the innovative non-fullerene-based acceptor materials with notable 

optoelectronic properties. The detailed computations were achieved to reveal that how π-linkers 

and numerous accepters affect the HOMO/LUMO band gaps, ICT, absorption spectra, electronic 

properties, linear polarizability <α>, first hyperpolarizability (β) and second hyperpolarizability 

<γ> as well as NBO investigation. 



Figure 1: The sketch map of designed compounds (HPPC1-HPPC8). 

HPPCR 

HPPC1 HPPC2



HPPC3 HPPC4

HPPC5 HPPC6

HPPC7 HPPC8

Figure 2: Structure of (HPPCR) and designed compounds (HPPC1-HPPC8). 



Figure 3: Optimized structures of reference compound (HPPCR) and designed compounds (HPPC1-

HPPC8). 

Electronic structures  

The frontier molecular orbital (FMO) plays an important role in the UV–Vis spectra, 

kinetic stability, chemical reactions, optical and electronic properties of the molecule [38, 39]. 

The highest occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO) 

and their energy difference are essential pointers which can be used to adjust and enhance the 

NLO properties of the molecule [40]. The band gap (Eg) is a quite essential parameter to analyze 



the softness, hardness and internal charge transfer (ICT) from the end-capped electron donor 

moiety towards the electron-acceptor groups via π-conjugated linker of the molecules [39, 41, 

42]. The molecules having larger band gap are known as hard while with the smaller band gap 

are called soft molecules. Hard molecules are less reactive, stable and having a lower 

polarizability [43]. On the other hand, soft molecules are highly reactive, unstable and more 

polarizable because they need less energy for excitation [44]. A smaller energy gap leads to 

promising NLO response. Thus, the FMO band gap can be used for qualitative estimation of the 

NLO behavior of the molecules [45]. The FMO band gap of reference HPPCR and designed 

compounds HPPC1-HPPC8 are tabulated in the Table 1. 

Table 1: Computed energies of ELUMO, EHOMO and band gap of studied compounds 

Compounds EHOMO ELUMO Band Gap 

HPPCR -5.755 -2.530 3.225

HPPC1 -5.593  -2.495 3.098

HPPC2 -5.595 -3.084 2.511

HPPC3 -5.560 -3.123 2.437

HPPC4 -5.563 -3.196 2.367

HPPC5 -5.608 -3.233 2.375

HPPC6 -5.597 -3.310 2.287

HPPC7 -5.647 -3.529 2.118

HPPC8 -5.590 -3.146 2.444

                                         Units in eV

Table 1 shows the HOMO/LUMO calculated values of reference compound is -5.755/-

2.530 eV, which is very close to experimentally determined values -5.82/2.86eV [25] 

respectively. These results indicated that the implemented computational procedure was suitable 

to investigate HPPC1-HPPC8 compounds. All the investigated HPPC1-HPPC8 compounds 

exhibited smaller HOMO and LUMO values in the range of 2.118-3.098 eV as compared to 

HPPCR (3.225 eV) which might be owing to the extended conjugation factor. This energy gap 

value decreased to 3.098eV in HPPC1 because of the replacement of second acceptor with 

pyrene donor, along with the incorporation of thienyl with second linker, which enhances the 

electron donating ability of donor group towards the acceptor group by creating strong push pull 

mechanism. This energy gap is further reduced in HPPC2 due to the substitution of non-

fullerene acceptor group 2-(2-methylene-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile. 

The structure of HPPC3 is designed by substitution of two fluorine groups on the acceptor unit 

in HPPC2 derivative. The band gap of HPPC3 is lowered owing to the two F groups 



substituents which enhances the electron withdrawing nature of acceptor moiety. The HPPC4

and HPPC5 have a comparable HOMO and LUMO energies as -5.563/-3.196 and -5.608/-3.233 

eV, respectively. The structure of HPPC4 is designed by incorporating the F group in the 

acceptor moiety of HPPC3 derivative. Among all the halogens F is highly electronegative and it 

increases the electron withdrawing capacity of acceptor group which might be the reason for the 

reduction in the energy gap value 2.367 eV in HPPC4. The structure of HPPC5 is designed by 

replacing the three F groups with the two (-Cl) groups at the end capped acceptor moiety of 

HPPC4 derivative. The HPPC5 shows little bit more energy gap than HPPC4 because (-Cl) is 

less electronegative than (-F). The structure of HPPC6 is designed by substitution of (-Cl) group 

at the acceptor region of HPPC5 which might be the reason for lowering the band gap. A much 

smaller HOMO/LUMO energy gap was observed at 2.118eV in HPPC7. In fact, HPPC7

structure is designed by the replacing three (-Cl) group with the two cyano (–CN) groups on the 

acceptor unit in HPPC6 derivative. In HPPC7 the energy gap is reduced due to the substitution 

of cyano (–CN) groups on the acceptor region having a larger (–I) effect than (-Cl) groups. These 

(–CN) groups have excellent electron withdrawing nature and can withdraw more electrons 

toward the acceptor region. Thus, this factor intensifies the charge transfer and lowers its band 

gap. This is the lowest value of Egap among all the designed molecules. In the same way the 

HPPC8 is reported with a little bit more energy gap (Egap = 2.444 eV) due the effect of acceptor 

group 2-(2-methylene-3-oxo-2,3-dihydro-1H-cyclopenta[b]naphthalen-1-ylidene) malononitrile. 

Therefore, the HOMO–LUMO energy gap was remarkably reduced in all the designed 

molecules. The band gap increasing order: HPPC7 <HPPC6 <HPPC4 <HPPC5 <HPPC3

<HPPC8 <HPPC2 <HPPC1 <HPPCR. This order shows that the incorporating various 

electronegative substituent in the designed compounds would be outstanding aspect to reduce the 

band gap values, hence, significant the NLO response [46]. 

In the HPPCR and HPPC1-HPPC8 charge distribution pattern depicted in the Figure 4. 

Such electron density distribution pattern is advantageous for efficient charge transfer 

phenomena. The charge transfer phenomena proved that investigated compounds would be the 

outstanding NLO material [45]. In the reference compound HPPCR charge density is mostly 

situated over the donor region while in LUMO is located over the π-linker and little bit over the 

donor. In the HOMO of HPPC7, charge density is mainly obtained over the donor and π-spacers 

fragment, while the LUMO charge density spread over the acceptor and π-spacer. In the designed 



compounds HPPC1-HPPC8, the large component of HOMOs was situated over donor portion 

while, small part on the π-spacers. Though, LUMOs are generally placed over the acceptor 

portion and partially over π-spacers. This shows that donor and acceptor units are linked with 

each other with the help of π-spacers, donor donates electron towards acceptor and π-spacers 

facilitate this transfer. This charge transfer phenomena reveals that all the studied compounds 

might be considered as impressive NLO constituents. 



Figure 4: HOMOs and LUMOs of (HPPCR) and designed molecules (HPPC1-HPPC8). 

Global reactivity depicters 

The global reactivity depicters are very useful measuring tool for the stability and 

reactivity of designed molecules HPPC1-HPPC8 [47]. Global chemical reactivity descriptors, 

such as chemical potential (µ), global hardness (η), global softness (S), electronegativity (), and 

electrophilicity (ω), ionization potential (IP) and electron affinity (EA) have been determined by 

utilizing the HOMO LUMO band gap of designed compounds [48]. The ionization potential (I) 

denotes the energy required to remove an electron from the (HOMO) and the electron affinity 

(A) is the energy required to add an electron to the (LUMO) [47]. IP and EA are calculated by 

using the Koopman's equation [49]. 𝐼𝑃 = −𝐸HOMO                                                                             (5) 𝐸𝐴 = −𝐸LUMO                                                                             (6) 

Ionization energy depicts the chemical reactivity of atoms and molecules. High ionization 

energy means high stability and chemical inertness and small ionization energy shows high 

reactivity of the atoms and molecules. Electron affinity refers to the capability of acceptor group 

to accept electron from a donor [50]. Table 2 reveals that IP values of designed compound are 

smaller and EA values are greater than the reference compound. These results showed that the 

HPPC1-HPPC8 might be soft, unstable and highly reactive compounds. 

Table 2: Global reactivity parameters of all entitled compounds 

Compounds IP EA X η μ ω σ
HPPCR 0.211 0.092 0.152 0.059 -0.152 0.195 8.438

HPPC1 0.205 0.091 0.148 0.056 -0.148 0.193 8.781

HPPC2 0.205 0.113 0.159 0.046 -0.159 0.275 10.836

HPPC3 0.204 0.114 0.159 0.044 -0.159 0.284 11.169

HPPC4 0.204 0.117 0.160 0.043 -0.160 0.297 11.497

HPPC5 0.206 0.118 0.162 0.043 -0.162 0.302 11.460

HPPC6 0.205 0.121 0.163 0.042 -0.163 0.318 11.896

HPPC7 0.207 0.129 0.168 0.038 -0.168 0.365 12.845

HPPC8 0.205 0.115 0.160 0.044 -0.160 0.286 11.136

Units in Hartree (Eh) 

Global hardness (η) and global softness (σ) are calculated by using following equations 

[51]. 𝜂 = [𝐼𝑃 − 𝐸𝐴]
2

= − [𝐸LUMO − 𝐸HOMO]
2

                                                                    (7)

𝜎 = 1

2𝜂 (8)



From Table 2, values of softness and hardness reveals that all the investigated compounds 

HPPC1-HPPC8 can be considered to be the softest, most reactive, and most polarizable 

compounds, relative to the reference compound. Among all the designed compounds HPPC7 has 

lowest hardness value found to be 0.038 and highest softness value 12.845. Global hardness is 

decreased due to the substitution of (-CN) group on end capped moiety. These (-CN) groups 

enhance the electron withdrawing capacity of acceptor part and create a strong push pull 

mechanism within the compound, which in turn effects the stability of the compound and 

reduces its hardness. 

The electronegativity of molecule is estimated by using the following equation [52]. 𝑋 = [𝐼𝑃 + 𝐸𝐴]
2

= − [𝐸LUMO + 𝐸HOMO]
2

                                                                   (5) 

 The electronegativity index signifies the attraction of electrons by the atom and functional 

group, which results in the transition of electrons from lower to higher electronegative part 

within the molecule [48]. The µ  is the opposite of .It is calculated by using the following 

equation [53]. 𝜇 = 𝐸HOMO+𝐸LUMO
2

                                                                   (6) 

Compounds having greater values of chemical potential are more reactive than those with 

small electronic chemical potentials.  

The electrophilicity index is described as a structural depicter for the analysis of the 

chemical reactivity of molecules. It measures the tendency of the species to accept electrons. A 

good, more reactive, nucleophile has a lower value of (ω), in opposite a good electrophile has a 

high value of (ω).The electrophilicity index values are calculated by equation [54, 55]. 𝜔 =
𝜇2
2𝜂                                                                              (7) 

Table 2 reveals all the investigated compound has higher electrophilicity index. 

Electrophilicity is considered to be good if the µ  value is high and η is low [56]. 

Consequently, HPPC1-HPPC8 may hold potential NLO findings. Furthermore, these 

findings of the designed molecules are linked with the energy gap values; the compounds with 

lower energy gap, showed smaller values of hardness and chemical potential with larger value of 

softness hence, more reactive and vice versa. So, all this information illustrates that the 

compounds may be naturally active and has noteworthy NLO properties. 



UV-Vis analysis 

In order to comprehend the effect of different substituents on end capped acceptor moiety, 

observed spectral properties of designed compounds have been calculated by using TD-

DFT/M06/6-311G(d,p) for six excited states. These calculations were performed in DCM 

(dichloromethane) solvent for the approximation of six lowest singlet–singlet transitions. The 

computed absorption wavelengths (λ) are function of electron availability, oscillator strengths (f) 

and excitation energies (E) were also calculated for the same solvent of compounds (HPPCR) 

and (HPPC1- HPPC8) are presented in Table S23, while major values are collected in Table 3.  

Table 3: Transition energy (E), maximum wavelengths (λmax), oscillator strengths (fos) and MO 

contributions 

Compounds 𝝀 (nm) E (eV) f MO contributions

HPPCR 471.764

(405)bnm

2.628 1.085 H→L (97%)

HPPC1 483.727 2.563 0.978 H→L (92%), H-2→L (5%)
HPPC2 594.334 2.086 0.609 H→L (92%),H-2→L(5%)
HPPC3 620.138 1.999 0.169 H→L (92%), H-2→L (6%)
HPPC4 641.408 1.933 0.218 H→L (92%), H-2→L (6%)
HPPC5 631.252 1.964 0.595 H→L (92%), H-2→L (5%)
HPPC6 654.996 1.893 0.530 H→L (92%), H-2→L (6%)
HPPC7 707.996 1.751 0.435 H→L (92%), H-2→L (5%)
HPPC8 613.753 2.020 0.695 H→L (92%), H-2→L (5%)

Values in parenthesis are experimental, [25] H = HOMO, H-2 = HOMO-2,L=LUMO,L-1 = LUMO-1 

The maximum absorption wavelengths of all the designed molecules are observed in the 

range of 483-707 nm. The computed results revealed that the strong electron withdrawing end-

capped moieties have more extended conjugation, resulting in a greater red shift in the 

absorption spectra. The designed compounds have higher red shifted compared with reference 

HPPCR (λmax = 471 nm) as can be seen in Table 3. The decreasing order of absorption 

wavelengths for all investigated compounds along with the reference compound are found to be 

HPPC7> HPPC6> HPPC4> HPPC5> HPPC3> HPPC8> HPPC2> HPPC1> HPPCR.  

The decreasing order of absorption wavelengths and energy gap is obtained to be the same 

for all the studied molecules. In fact, these compounds (HPPCR- HPPC7) have low energy gaps 

and demands small energy for the electronic transitions. Indeed, red shifted absorption 

wavelengths were found in HPPCR-HPPC7 due to low energy transitions. Interestingly, 

HPPCR-HPPC7 are also found in the range of environment friendly compounds owing to 



absorbance in the UV region [57, 58]. It is expected that these compounds will immensely play a 

positive role in lowering the current global warming situation of the world. Moreover, the 

transition energy of all of the investigated compounds is obtained in the range of 2.628-1.751eV. 

The lower transition energy is seen in HPPC7, which is due to the effect of strong end-capped 

acceptor moiety. The increasing order of transition energies are such as HPPC7 <HPPC6 < 

HPPC4 <HPPC5 <HPPC3 <HPPC8 <HPPC2 <HPPC1 <HPPCR that is alike with oscillator 

strength. The molecular orbital calculations reveals that the visible absorption maxima of studied 

compounds relate to the electron transition from HOMO to LUMO. Major contribution in these 

molecular orbital transitions belongs to H→L (92%). The molecular orbital transition reveals that 

maximum absorption spectra corelate with the transition from HUMO to LUMO. Furthermore, 

higher HOMO– LUMO compound shows deprived NLO response, while lowest HOMO–LUMO 

band gap compound HPPC7 establish maximum NLO response.  

For the designing of NLO active materials with outstanding NLO response involves strong 

electronic coupling between donor and acceptor. Based on above discussion, (a) absorption 

spectra, (b) transition energy and (c) oscillator strength of designed compounds (HPPC1- 

HPPC8) are much better than the reference compound HPPCR. These results proposed that, 

these type (A–π–D–π–D) of designed compounds have marvelous NLO properties. The usage of 

the substituents has (-I) effect on acceptor moiety is a substantial approach. We anticipate that 

the effect of these non-fullerene acceptor units on NLO materials will be applied to design the 

NLO materials which performs a vital role in applied sciences. 

NBO analysis 

The natural bond orbital analysis was achieved by utilizing Gaussian NBO 6.0 program 

package [59] M06/6-31G(d,p) level of theory. NBO analysis allows us to evaluate: (i) the 

interaction between donor unit (D) and acceptor unit (A); (ii) the electronic excitation; and (iii) 

the electron delocalization [60]. The studied compounds are divided into D, π (linker group) and 

A parts, although NBO analysis explains the transfer of charge density from donor(i) to acceptor 

(j) and π-linker acts as a conveyor for ICT charge transfer [61]. The stabilization energy E(2) for 

delocalization can be attained by Eq12: 

2

,(2)
( )i j

i

j i

F
E q

 



(12)



Whereas, qi is donor orbital occupancy, εi and εj are off-diagonal and Fi.j is diagonal NBO Fock 

matrix elements [62]. The NBO analysis offers useful understandings for analyzing the inter and 

intra-molecular hydrogen bonding, hyper conjugative interactions, charge transference between 

D and A units [60, 62]. The designed compounds NBO analysis parameters are listed in the 

Table S11-S19 while major values are put in Table 4. 

Table 4: Representative values of natural bond orbital analysis for HPPCR-HPPC8

Compounds Donor(i) Type Acceptor(j) Type E(2)a E(J)E(i)b F(i,j)c

      HPPCR 

C25-C26 π C28-C32 π* 27.13 0.29 0.079 

C77-O78 π C77-O78 π* 0.71 0.43 0.017 

C72-H73 𝜎 C74-C77 𝜎* 7.41 0.96 0.076 

C90-C93 𝜎 C93-H97 𝜎* 0.50 1.04 0.020 

O79 LP(2) C77-O78 π* 52.51 0.36 0.124 

O79 LP(2) C63-C65 π* 0.54 0.38 0.013 

      HPPC1 

C2-C3 π C1-C6 π* 23.77 0.29 0.075 

C35-C37 π C35-C37 π* 1.70 0.33 0.021 

C92-H103 𝜎 C86-C93 𝜎* 4.70 1.10 0.064

C95-H96 𝜎 C83-C95 𝜎* 0.66 1.07 0.024 

O42 LP(2) C40-O41 π* 52.15 0.36 0.124 

O42 LP(1) C43-H46 𝜎* 0.93 1.01 0.027

      HPPC2 

C92-C94 π C23-C73 π* 25.81 0.29 0.081 

C82-N83 π C84-N85 π* 0.78 0.47 0.017 

C23-C79 𝜎 C73-C74 𝜎* 7.98 0.98 0.080 

C92-H96 𝜎 C23-C79 𝜎* 0.67 0.96 0.023 

S36 LP(2) C37-C39 π* 23.31 0.29 0.073 

O86 LP(1) C67-C74 𝜎* 1.35 1.19 0.036 

      HPPC3 

C24-C25 π C27-C30 π* 25.84 0.29 0.077 

C91-N92 π C89-N90 π* 0.59 0.47 0.015 

C89-N90 𝜎 C88-C89 𝜎* 6.30 1.57 0.089 

C89-N90 𝜎 C84-C88 𝜎* 0.52 1.64 0.026 

S46 LP(2) C47-C49 π* 23.31 0.29 0.073 

O93 LP(2) C33-H87 𝜎* 0.59 0.70 0.019 

      HPPC4 

C24-C26 π C29-C30 π* 26.23 0.29 0.077 

C90-N91 π C88-N89 π* 0.57 0.47 0.015 

C33-H86 𝜎 C83-C84 𝜎* 9.50 1.01 0.088 

C3-C7 𝜎 C7-CH18 𝜎* 0.80 1.13 0.027 

O92 LP(2) C76-C82 𝜎* 23.67 0.74 0.120 

F95 LP(2) C80-C81 𝜎* 0.51 0.98 0.020 

      HPPC5 

C78-C80 π C83-C85 π* 28.83 0.28 0.080 

C93-N94 π C91-N92 π* 0.71 0.46 0.016 

C34-H37 𝜎 C33-S35 𝜎* 5.26 0.75 0.056 

C3-C6 𝜎 C6-H17 𝜎* 0.80 1.13 0.027 

S35 LP(2) C33-C34 π* 23.32 0.29 0.073 

Cl76 LP(2) C65-C70 𝜎* 0.55 0.91 0.020 



      HPPC6 

C78-C80 π C83-C85 π* 29.12 0.28 0.081 

C91-N92 π C93-N94 π* 0.78 0.46 0.017 

C93-N94 𝜎 C89-C93 𝜎* 6.27 1.57 0.089 

C3-C6 𝜎 C3-H17 𝜎* 0.80 1.13 0.027 

O90 LP(2) C66-C73 𝜎* 23.57 0.74 0.119 

Cl76 LP(2) C65-C70 𝜎* 0.57 0.91 0.020 

      HPPC7 

C25-C27 π C25-C28 π* 29.59 0.28 0.081 

C93-N94 π C91-N92 π* 0.73 0.46 0.016 

C35-H88 𝜎 C85-C86 𝜎* 7.86 0.98 0.079 

C5-C16 𝜎 C16-H17 𝜎* 0.93 1.13 0.029 

S48 LP(2) C46-C47 π* 23.24 0.29 0.073 

O89 LP(1) C79-C86 𝜎* 1.39 1.17 0.036 

      HPPC8 

C24-C26 π C29-C30 π* 28.45 0.28 0.080 

C90-N91 π C88-N89 π* 0.73 0.46 0.016 

C47-H50 𝜎 S46-C49 𝜎* 5.28 0.75 0.056 

C3-C7 𝜎 C7-H18 𝜎* 0.80 1.13 0.027 

S46 LP(2) C47-C49 π* 23.26 0.29 0.073 

O86 LP(1) C77-C83 𝜎* 1.44 1.19 0.037 
aE(2) means energy of hyper conjugative interaction (stabilization energy in kcal/mol).bEnergy difference between 

donor and acceptor i and j NBO orbitalscF(i;j) is the Fock matrix element between i and j NBO orbitals. 

Typically, remarkable four types of molecular transitions were noticed; σ→ σ*, π→ π*, 

LP→ σ* and LP→ π*.  Transitions π→ π* was considered most significant, σ→ σ* was 

considered slightest and LP→ σ*/LP→π* were considered a little dominating transition. The 

extended conjugation and charge transfer in the designed molecules can be explained with 𝜋 →𝜋* transitions. The most noteworthy electronic interactions in terms of π→π* such as  π(C25-

C26)→ π*( C28-C32), π(C2-C3)→ π*( C1-C6), π(C92-C94)→ π*(C23-C73), π(C24-C25)→ π*( 

C27-C30), π(C24-C26)→ π*(C29-C30), π(C78-C80)→ π*(C83-C85), π(C78-C80)→ π*(C83-

C85), π(C25-C27)→ π*(C25-C28),π(C24-C26)→ π*(C29-C30) were obtained with stabilization 

energies 27.13 ,23.77, 25.81, 25.84, 26.23, 28.83, 29.12, 29.59, 28.45 kcal/mol in HPPCR and

HPPC1-HPPC8, respectively. All these excitations were found to be highest among all the 

transitions as occurred in HPPCR and its derivatives. However, transitions with lowest 

stabilization energies: π(C77-O78)→ π*(C77-O78), π(C35-C37)→ π*(C35-C37), π(C82-N83)→ 

π*(C84-N85), π(C91-N92)→ π*(C89-N90), π(C90-N91)→ π*(C88-N89), π(C93-N94)→ π(C91-

N92), π(C91-N92)→ π*(C93-N94), π(C93-N94)→ π*(C91-N92), π(C90-N91)→ π*(C88-N89) 

with 0.71, 1.70, 0.78, 0.59, 0.57, 0.71, 0.78, 0.73, and 0.73 kcal/mol stabilization energies were 

observed in HPPCR and HPPC1-HPPC8 respectively. 

In the same way, σ→ σ* transitions were examined: σ(C72-H73)→ σ*(C74-C77), σ(C92-

H103)→ σ*(C86-C93), σ(C23-C79)→ σ*(C73-C74),σ(C89-N90)→ σ*(C88-C89), σ(C33-



H86)→ σ*(C83-C84), σ(C34-H37)→  σ*(C33-S35), σ(C93-N94)→ σ*(C89-C93), σ(C35-

H88)→ σ*(C85-C86), and σ(C47-H50)→ σ*(S46-C49) with 7.41, 4.70, 7.98, 6.30, 9.50, 5.26, 

6.27, 7.86, and 5.28 kcal/mol stabilization energies in HPPCR and HPPC1-HPPC8, 

respectively. Above values were the largest values among all the σ→ σ* excitations of HPPCR 

and HPPC1-HPPC8. While  σ(C90-C93)→ σ*(C93-H97), σ(C95-H96)→ σ*(C83-C95), σ(C92-

H96)→ σ*(C23-C79), σ(C89-N90)→ σ*(C84-C88), σ(C3-C7)→ σ*(C7-CH18), σ(C3-C6)→ 

σ*(C6-H17), σ(C3-C6)→ σ*(C3-H17), σ(C5-C16)→ σ*(C16-H17), and σ(C3-C7)→ σ*(C7-H18) 

with 0.50, 0.66, 0.67, 0.52, 0.80, 0.80, 0.80, 0.93, and 0.80 kcal/mol stabilization energies were 

found least values among all σ→ σ* transitions in HPPCR and HPPC1-HPPC8, respectively. 

 Furthermore, some important interactions were observed like LP2 (O79)→ π*(C77-O78), 

LP2(O42)→ π*(C40-O41), LP2(S36)→ π*(C37-C39), LP2(S46)→π*(C47-C49), LP2 

(O92)→ 𝜎* (C76-C82), LP2(S35)→ π*(C33-C34), LP2(O90)→ 𝜎* (C66-C73) LP2(S48)→ 

π*(C46-C47), and  LP2(S46)→ π*(C47-C49) contained 52.51 ,52.15 , 23.31, 23.31, 23.67, 23.32 

,23.57 ,23.24 and 23.26 kcal/mol in HPPCR and HPPC1-HPPC8, respectively. These LP→ π* 

were collected as highest values among all of LP→ π* transitions. On the other hand, LP2 

(O79)→ 𝜎* (C63-C65), LP1(O42)→ 𝜎* (C43-H46), LP1(O86)→ 𝜎*(C67-C74), 

LP2(O93)→ 𝜎*(C33-H87), LP2(F95)→ 𝜎*(C80-C81), LP2(Cl76)→ 𝜎*(C65-C70), 

LP2(Cl76)→ 𝜎*(C65-C70) ,LP1(O89)→ 𝜎* (C79-C86), and  LP1(O86)→ 𝜎*(C77-C83) 

contained 0.54, 0.93, 1.35, 0.59, 0.51, 0.55, 0.57, 1.39 and 1.44 kcal/mol in HPPCR and

HPPC1-HPPC8, respectively. These LP→ π* were collected as least values in terms of 

magnitudes among all of LP→ π* transitions. The NBO results show the conjugation, 

hyperconjugation and intramolecular charge transfer (ICT) phenomena is found in our HPPCR 

and HPPC1-HPPC8. Moreover, these NBO results also support NLO responses of the studied 

molecules [63]. 

Non-Linear Optics 

Nonlinear materials along their investigations are gathering significance in various 

scientific aspects because of their huge role in an extensive diversity of applications ranging 

from lasers to signal processing and optical sensing devices [64-66]. We have computed the 

dipole moment (µ total), linear polarizability (α), first (β), and second (γ) hyperpolarizabilities of 

the designed compounds HPPC1-HPPC8 at M06/6-311g(d, p). These are the important 

parameters which indicate their usefulness as NLO active materials [67]. They are theoretically 



calculated by employing x, y, z tensors presented in Eq. (1-4). The strength of the optical 

response correlate directly with the electronic properties and these properties are in good 

agreement. The computed µ , α, β and γ values exhibited in Table 5, and their contributing tensors 

are mentioned in Tables S20-S22. 

Table 5. Dipole polarizability (µ total), average polarizability <α>, first hyperpolarizability (βtotal), 

and second hyperpolarizability<γ> of the studied compounds. 
Compounds µ total  <α> βtotal <γ> x107

HPPCR 4.275 854.100 8501.7 0.555

HPPC1 3.537 1089.330 37856.5 0.796

HPPC2 2.687 1230.656 98320.3 1.955

HPPC3 1.955 1161.027 38409.2 1.050

HPPC4 2.006 1177.857 56003.9 1.364

HPPC5 3.308 1296.011 127270.7 2.656

HPPC6 2.942 1323.223 141902.9 3.033 

HPPC7 5.666 1331.191 200112.2 4.131 

HPPC8 2.842 1344.056 120047.7 2.653 

At molecular level, the dipole moment is an important parameter to determine the role of 

acceptor group and also used to quantify the response of an isolate compound in an applied 

electric field. The non-zero values of µ total depicts the dipolar character of investigated 

compounds. There are three tensors of the dipole polarizability (µ) along the directions of x, y 

and z axes. Table S20 reveals that µy tensor of HPPCR, HPPC1-HPPC4 and HPPC8 consisting 

of most significant values. Moreover, HPPC5-HPPC7 consist of most significant values of µx. 

However, all HPPCR and HPPC1-HPPC8 molecules comprise of lowest value of µz. The 

dipole moment values of reference compound HPPCR along with the designed compounds 

HPPC1-HPPC8 in DCM solvent are found to be 4.275, 3.537, 2.687, 1.955, 2.006, 3.308, 2.942, 

5.666 and 2.842 respectively. 

Among HPPCR and HPPC1-HPPC8, HPPC7 has the highest value of µ total is owing to 

the strong electron withdrawing effect of non-fullerene acceptor moiety. The computed dipole 

moment of all the designed compounds is larger as compared to HPPCR. The total dipole 

polarizability (µ) decreasing trend is found to be HPPC7> HPPCR> HPPC1> HPPC5> 

HPPC6> HPPC8> HPPC2> HPPC4> HPPC3, disclosed that all the designed compounds have 

significantly polar behavior. Hence, it is clear from the result that larger the values of dipole 

moment greater will be the ICT charge transfer and therefore greater electron mobility. 

Therefore, all our studied compounds are enriched in this aspect. Linear polarizability (α) has 

three tensors in the directions of x, y and z axes. Table S20 reveals that αxx tensor of HPPCR,

HPPC1-HPPC8 consist of most significant values. However, all HPPC1-HPPC8 molecules 



comprise of the lowest values of µzz and HPPCR comprise of lowest values of µyy. The HPPCR

(α) value was found to be 854.10(a.u) and designed HPPC1-HPPC8 compounds have values: 

1089.330, 1230.656, 1161.027, 1177.857, 1296.011, 1323.223, 1331.191 and 1344.056a.u

respectively. Linear polarizability trend was found to be HPPC8> HPPC7> HPPC6> HPPC5> 

HPPC2> HPPC4> HPPC3> HPPC1> HPPCR, revealed that all the designed compounds are 

more effective than the reference compound in terms of linear polarizability (α) responses. 

The first hyperpolarizability is represented by a third rank tensor by characterizing the 

response of a system in an applied electric field [68]. Table S21 reveals that βxxx tensor of 

HPPCR, HPPC1-HPPC8 consist of most significant values. Moreover, βxxy also consist of 

significant values but less than βxxx. Therefore, main charge transfer in HPPCR, HPPC1-

HPPC8 are found in the direction of x-axis. Moreover, Table S21, all HPPC1-HPPC8 have 

significant values of second order polarizability tensors as compared to HPPCR. This data 

suggests that the studied systems (HPPC1-HPPC8), other than reference system (HPPCR), 

have strong second-order polarizability responses. Second-order polarizabilities (β) exemplify 

the NLO responses in which HPPC7 exhibited highest 200112.2a.u and found least as 8501a.u 

by HPPCR. In HPPC7, four CN groups on the acceptor moiety enhance the charge transfer 

ability by lowering the transition energy which in turn increases the NLO response of first 

hyperpolarizability. Large values in βtotal are observed to be 37856.5, 98320.3, 38409.2, 56003.9, 

127270.7, 141902.9, 200112.2, and 120047.7a.u for HPPC1- HPPC8, respectively as compared 

to HPPCR (8501.7). This data proved that the efficacy of strong acceptor moieties was noticed 

remarkably in HPPC1- HPPC8. Moreover, linear polarizability and β values of our designed 

compounds are found remarkably greater than urea, as a reference compound for the estimation 

of NLO response [69]. The β values of HPPCR, HPPC1, HPPC2, HPPC3, HPPC4, HPPC5, 

HPPC6, HPPC7 and HPPC8 were 197 times, 880 times, 2286 times, 893 times, 1302 times, 

2959 times, 3300 times, 4653 and 2791 times greater than urea, respectively, indicating high 

performance NLO active compounds. Indeed, second order NLO response correlate with the ICT 

in which electrons migrated through π-bridge towards the x-axis. However, higher delocalization 

of π-electrons decreased the band gaps, which in turn increased NLO response for the 

compounds [70]. The second hyperpolarizability (γ) is often thought as two-photon absorption 

(TPA) phenomenon in NLO compounds. Table S22 reveals that γX tensor of HPPCR, HPPC1-

HPPC8 consist of most significant values. However, γz consist of lowest values for HPPCR,



HPPC1-HPPC8. Therefore, main charge transfer in HPPCR-HPPC8 is found in the direction 

of x-axis. The amplitude of γX tensor for HPPC2-HPPC8 has greater magnitude than HPPC1 

and HPPCR.  All the investigated molecules show high third-order NLO response as compared 

to HPPCR. Third-order polarizability values of reference and designed compounds are 0.555, 

0.796, 1.955, 1.050, 1.364, 2.656, 3.033, 4.131 and 2.653 all values of 107a.u respectively. All 

designed compounds are in the following decreasing order: HPPC7> HPPC6> HPPC5> 

HPPC8> HPPC2> HPPC4> HPPC3> HPPC1> HPPCR. 

Based on the above discussion, dipole moment, polarizability and hyperpolarizability of all 

the designed compounds are greater than the reference compound. This increase is owing to the 

incorporation of electron withdrawing groups on accepter unit. These electron loving groups 

attract the electrons from the donor unit through π-spacers by lowering the transition energy, 

band gap and enhance the NLO response. So, we conclude that the designed compounds show 

promising NLO properties which provides basis for future studies. 

Conclusion

In this work, the structural tailoring with acceptor groups remarkably affects the NLO 

properties of compounds has been reported. A series of chromophores (HPPC1-HPPC8) with 

A–π–D–π–D architecture have been designed via different end-capped acceptor moieties, where 

pyrene ring acts as a donor unit and phenyl as well as thienyl act as π-bridges. The computed 

data for excitation energies reveals that all the investigated compounds have extensive electron 

delocalization as compared to the HPPCR. The band gap is ascertained in the range of 3.225-

2.118eV for HPPC1-HPPC8. This energy difference communicated a clue about the stability 

and chemical reactivity of designed molecules. NBO result illustrates the charge transfer 

phenomena anticipated in HPPC1-HPPC8. In dichloromethane (DCM), the maximum 

bathochromic shift is observed as 707.996nm for HPPC7 and has the smallest band gap is 

established as 2.118eV. Consequently, HPPC7 has a more promising NLO than HPPCR and

HPPC1-HPPC8. The total dipole polarizability (µ) trend is found to be HPPC7> HPPCR> 

HPPC1> HPPC5> HPPC6> HPPC8> HPPC2> HPPC4> HPPC3, disclosed that all the 

designed compounds have significantly polar behavior. Trend of linear polarizability (α) and first 

hyperpolarizability (β) was found to be HPPC8> HPPC7> HPPC6> HPPC5> HPPC2> 

HPPC4> HPPC3> HPPC1> HPPCR. All designed molecules are in the following decreasing 

order of second hyperpolarizability (γ): HPPC7> HPPC6> HPPC5> HPPC8> HPPC2> 



HPPC4> HPPC3> HPPC1> HPPCR. Overall, all investigated compounds (HPPC1-HPPC8) 

have shown marvelous NLO response as compared to HPPCR. These theoretical findings might 

attract contemporary researchers to use modern approaches for synthesis of such high-

performance NLO compounds.  
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