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A B S T R A C T   

We herein report our results on the nonlinear optical (NLO) properties of three polycyclic aromatic hydrocarbons 
(PAHs) based benzo[e]pyrene derivatives namely 10-phenylbenzo[e]pyrene (BP1), 13-fluoro-10-(4-fluoro
phenyl)benzo[e]pyrene (BP2), and 13-methoxy-10-(4 methoxyphenyl)benzo[e]pyrene (BP3). Using experi
mental techniques such as UV–Visible absorption, Z-scan technique, and theoretical time-dependent density 
functional theory (TDDFT), we have investigated the linear absorption, NLO coefficients, second hyper
polarizability, and optical limiting onset of these molecules. The ultrafast nonlinear Z-scan experiment was 
performed using ~70 fs pulsed laser with 800 nm as central wavelength. Using the three-level model analysis 
based on rate equations, the contribution of different nonlinear processes contributing to nonlinear absorptions 
in these molecules is elucidated. All three molecules exhibited strong reverse saturable absorption due to mixed 
contribution of two-photon absorption (2PA) and three-photon absorption (3PA) with 2PA and 3PA coefficients 
of (1.26–1.79) × 10− 11 cm/W and (6.23–7.39) × 10− 5 cm3/GW2, respectively. The closed-aperture Z-scan data 
for all the examined molecules depicted valley-peak signature, which indicated a positive refractive index. The 
second hyperpolarizability was calculated with magnitude observed ~10− 32 esu. Using the TDDFT calculation, 
the complete optimization of the individual structure of molecules was achieved and the results matched with 
experimental observations.   

1. Introduction 

Nonlinear optics (NLO) is contemplated as the most promising field 
with emerging applications in the field of photonics, optoelectronics, 
and biomedicine [1–7]. Both inorganic [8] and organic [9–11] materials 
exhibit strong NLO properties, which play a good role in manipulating 
optical signals in the domain of telecommunications and other optical 
signal processing applications. By changing small modifications in the 
chemical structure of organic material, the NLO properties can be easily 
tunable. Further, in the case of integrated components, the 

polymer-based materials having significant third-order NLO properties 
play an important role in the manipulation of optical information. The 
material with extended π-conjugation exhibits an electro-optic effect 
that refractive index of the material changes with application of electric 
field. Due to their good NLO property, there are emerging applications in 
the fields of optical limiting, optical switching, optical modulation, data 
storage, and optical computing [12–14]. Over the last two decades, 
several researchers have investigated the promising optoelectronic ap
plications of affordable, easily synthesized, merge frameworks of poly
cyclic aromatic hydrocarbons (PAHs) materials. These materials have 
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good properties such as easy solubility, thermal stability, and photo
stability with schematic preparation [15,16]. Even though, these ma
terials are limited in extent to their synthesis method and photoemission 
properties, they have numerous applications in the field of organic 
molecule based electronics and are also used to construct substances in 
optoelectronics [17]. A literature survey exposed that various class of 
PAHs signifying optical and NLO properties [18,19]. As these molecules 
show good multiphoton absorption properties, so they have fascinated 
consideration in the field of NLO research. Organic molecules having 
prolonged π-conjugation showing admirable NLO, photoluminescence, 
and single-photon absorption process being broadly involved in the 
two-photon photodynamic behavior [20], 3-D optical data storage [21] 
and light-emitting diodes [22]. The proposed PAHs based molecules 
with appropriate ordering of π-conjugation that play a significant role in 
refining NLO retaliation, based upon their extended π-electronic delo
calization and improved donor (D) to acceptor (A) intramolecular 
transfer of charge through π-spacers [23,24]. Due to the presence of 
conjugated π-electron A and D tail groups asymmetrically which may 
cause to expand their electron-donating or -accepting stability, leads to 
improved absorption properties. Their schematic synthesis and struc
tural difference have been recognized as suitable key elements in the 
organic π-conjugated molecules used in the NLO-based devices. This 
type of molecules with proper geometric framework, one or two-photon 
absorption features, thermodynamic properties, and energy levels have 
been examined and also achieved promising excellent outcomes, signi
fying that those molecules have capabilities like NLO materials [25]. 

Benzo-pyrenes (BPs) molecules, which are molecular frameworks of 
pyrene, have currently been investigated for such properties because of 
their strong and electronically adjustable π-system [26]. The 4,5-diphe
nylphenanthro [4,5-abc]phenazine type of materials consists of phena
zine moiety that is communicated to enhance solubility and as an 
attaching group for designated properties, but the various substituents 
on the nitrogen have small effect on the optoelectronic applications. A 
well-organized plan to tune the optical and photophysical properties of 
the pyrene-based required cooperating on their solubility 5,6- position 
substitution on pyrene core [27]. Pyrene basic-expansion, i.e., mounting 
the π-conjugated part around the pyrene framework, is another probable 
way to accomplish molecular scaffolds with adjustable photophysical 
properties for current applications [28,29]. 

In this work, we present the linear, ultrafast NLO, and photophysical 
properties of a new class of pyrene-based PAHs molecules denoted as 
BP1, BP2, and BP3, synthesized via visible light irradiation conditions 
[30,31]. Additionally, we have calculated the HOMO-LUMO energy 
level of these molecules and estimated the absorption properties and 
second hyperpolarizability using DFT/TDDFT method. 

2. Experimental methods 

All the synthesis processes for the synthesis of the intermediate 
compounds using earlier method are shown in the electronic supple
mentary information (SI) [32]. The final molecules are obtained in the 
presence of Ag–ZnO NPs and visible light irradiation process with good 
yields. 

The steady-state absorption of these molecules was measured by 
using a UV–Vis absorption spectrometer. The steady-state photo
luminescence (PL) spectra were measured by FLS-1000 spectrometer 
(Edinburg instrument) by dissolving the samples in dichloromethane 
(DCM) solvent. The dilute solutions were placed inside a 1 mm quartz 
cuvette in the special sample holder. The TRPL (Time-Resolved Photo
luminescence) was measured by the time-correlated single-photon 
counting (TCSPC) technique [33] using FLS-1000 picosecond (ps) diode 
laser of 405 nm wavelength and the PL decay times were fitted by using 
‘Fluoracle’ software. The instrument response function (IRF) was 
measured by using Ludox solution. The TRPL data were fitted by 
re-convolution fit with IRF data and the χ2 values determined the quality 
of the fits. 

The characterization of all nonlinear properties of materials was 
performed using the conventional Z-scan setup, discussed elsewhere 
[34–37]. In this experiment, an ultrafast femtosecond laser with an 
excitation wavelength of 800 nm was used as the excitation source. This 
excitation beam has been collected from Ti: sapphire laser pulse from an 
amplifier (Libra, M/s Coherent) with ≈70 fs pulse duration and 1 kHz 
repetition frequency at a central wavelength of 800 nm. The beam was 
focused by a biconvex lens of 15 cm focal length producing intensity at 
the focus of ≈189 GW/cm2 on the sample (of concentration ~ 10− 4 M), 
which was placed inside the quartz cuvette of 1 mm path length aligned 
along the laser beam direction. The sample was scanned from -z to + z (z 
is the position of the sample) using a motorized stage interface. The 
transmitted beam was collimated and focused by another lens which 
used for collecting the divergent outcome beam. The transmitted beam 
from the sample was detected by the silicon photodiode (PD-Thorlabs). 
The nonlinear absorption cross-section is investigated using 
Open-aperture (OA) Z-scan and nonlinear refractive index as well as 
second hyperpolarizability is estimated using Closed-aperture (CA) 
Z-scan. Both the power sensor and motorized stage were interfaced by 
the LABVIEW SOFTWARE, monetarized by the computer. 

3. Results and discussions 

3.1. Photophysical studies 

The absorption spectra of these molecules were measured using the 
UV–Vis absorption spectrometer as shown in Fig. 1. (a). There are 
various kind of solvents like dichloromethane (DCM), dichlorobenzene 
(DCB), and dichloroethane (DCE) in which those molecules are soluble 
and useful for photophysical characterization. In our case, for compar
ative study purposes, we have prepared each solution at the same con
centration (~10− 4 M) using DCM as solvent. From absorption 
measurement, the absorption for BP1, BP2, and BP3 are at 375 nm, 370 
nm, and 363 nm, respectively with 290 nm (max), summarized in 
Table 1. There is no significant absorption in the 800 nm wavelength 
region, shown in Fig. S1(a) (supplementary information). 

The absorption peaks of these molecules present at the lower 
wavelength region are due to the π-π* intermolecular transitions [38]. 
The emission properties of the molecules in DCM solvent are studied at 
room temperature by exciting the molecules at λex = 380 nm excitation, 
as all molecules show absorption in that region. As we have done the 
comparative study, we have fixed all the experimental parameters for 
these measurements. The photoluminescence spectra of those molecules 
are observed with an excitation of 380 nm wavelength, shown in Fig. 1. 
(b). The emission peaks are given in Table 1. The maximum emission for 
BP1, BP3 at λem

max = 420 nm, 430 nm. Whereas, in the case of BP2 the 
main emission at 414 nm, 431 nm. There is another broadened peak 
nearly at 544 nm and 554 nm for BP1 and BP2, respectively. These bands 
may be originated due to the presence of excited states having a twisted 
aryl unit connected with the aromatic core and the relaxed form to the 
low-energy and planar form. In methoxy-based pyrene molecule (BP3), 
it acts as a good donor which restricts the relaxation to the planar 
excited state. This similar kind of features have shown by DBP molecules 
[32]. 

To get more insight into the absorption properties, all the molecules 
are optimized at B3LYP/6-31G (d, p) level of the theory by using 
Gaussian 16W [39] software. These optimized structures have zero 
imaginary frequencies, which indicates that all the optimized structures 
are located at the bottom-most point of the potential energy surface. The 
optimized structures of all the molecules with their dihedral angles are 
listed in Table S3. The absorption properties are estimated using 
time-dependent density functional theory (TDDFT). The evaluated 
oscillator strength (f), absorption maximum (λmax), major transitions (M. 
T.), and % weight contribution (%Ci) for all the molecules are shown in 
Table 2. The absorption values of the three molecules are shown from 
329 nm to 407 nm given in Table 2. Absorption maximum for BP1 is 390 
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nm and, with the replacement of two H atoms with fluorine atoms, 
shows no considerable shift in absorption maxima (BP2 = 392 nm). 
Further, the replacement of two fluorine atoms with two methoxy 
groups show a red shifted absorption (BP3 = 407 nm). All the molecules 
show the main transition from HOMO to LUMO with high oscillatory 
strength and other excitations arising due to mixed transitions. The 
absorption spectra of BP1, BP2, and BP3 are shown in Fig. S1(b). 

The pictures of frontier molecular orbital (FMO’s) those are HOMO 
and LUMO for all the molecules are shown in Fig. 2. The distribution of 
electron density of HOMO and LUMO are spread over the backbone of 
the compounds, as shown in Fig. 2. The calculated HOMO, LUMO en
ergies and HOMO-LUMO energy Gap (HLG) are tabulated in Table 3. 
The calculated HOMO energies for BP1, BP2 and BP3 are − 5.15, − 5.28 
and − 4.90 eV respectively. The LUMO energies for BP1, BP2 and BP3 are 
− 1.67, − 1.80 and − 1.53 eV respectively. The order of calculated 
HOMO-LUMO gap (HLG) is BP1 = BP2 > BP3. There is a decrease in 
HOMO-LUMO energy gap as we move from BP1 to BP3 due to more 
destabilization of HOMO, shown in Fig. 2. 

Time-resolved photoluminescence (TRPL) of those molecules was 
observed by using the TCSPC technique shown in Fig. 3. Here, the decay 
lifetimes for the molecules are acquired from the biexponential fit. The 

observed data are in the nanosecond (ns) regime with τ1 and τ2 in the 
range of (3.05–3.26) ns and (5.50–7.92) ns., and the extracted param
eters are presented in Table 4. 

3.2. Ultrafast nonlinear optical studies 

To investigate the NLO properties of those organic molecules, we 
have performed the Z-scan experiment. From this technique, the multi- 
photon absorption coefficient, third-order nonlinear susceptibility, and 
second hyperpolarizability of those three molecules were evaluated. In 
the Z-scan method, we have measured the transmittance of nonlinear 
media as the function of the position of sample ‘z’ with and without 
keeping an aperture in the far-field [40]. When the variation of the beam 
diameter is negligible inside the sample due to either nonlinear refrac
tion or diffraction, then the sample is typically considered as ‘thin’ 
sample. In that case, the self-refraction process is regarded as ‘external 
self-action’ [34,41,42]. There are two criteria for the sample to behave 
as ‘thin’ sample: (1) For nonlinear diffraction, the length of the sample 
should be much less than Rayleigh length L≪z0, (2) for nonlinear 

Fig. 1. (a) UV–visible absorption spectra and (b) PL spectra at λex = 380 nm of BP1, BP2, BP3.  

Table 1 
Absorption & emission data of BP1, BP2, and BP3.  

Sample Absorption λabs
max (nm) Photoluminescence λem

max (nm) 

BP1 375, 290 420 
BP2 370, 290 431 
BP3 363 430  

Table 2 
Absorption maxima (λmax in nm), oscillator strength (ƒ), major transition (M.T.), 
and (%Ci > 10) obtained at TD-B3LYP method using 6-31G (d, p) basis sets.  

Name States λmax (nm) f M.T. %Ci 

BP1 S1 390 0.254 H→L 95 
S2 362 0.000 H-1→L 48 

H→L+1 49 
S3 329 0.007 H-2→L 41 

H→L+2 52 
BP2 S1 392 0.242 H→L 93 

S2 363 0.009 H-1→L 41 
H→L+1 50 

S3 332 0.029 H-2→L 27 
H-1→L 17 
H→L+2 45 

BP3 S1 407 0.271 H→L 94 
S2 365 0.019 H-1→L 34 

H→L+1 54 
H-2→L 14 

S3 340 0.009 H-1→L 20 
H→L+2 49  

Fig. 2. The electronic transitions occurring in all isomers calculated at TD- 
B3LYP method using 6-31G (d, p) basis sets. 

Table 3 
HOMO, LUMO and HOMO-LUMO gap.  

Names HOMO (eV) LUMO (eV) HOMO-LUMO gap (eV) 

BP1 − 5.15 − 1.67 3.48 
BP2 − 5.28 − 1.80 3.48 
BP3 − 4.90 − 1.53 3.37  
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refraction L≪z0/ΔΦ , where ΔΦ is the maximum phase shift due to 
nonlinearities of the sample [34]. The intensity of the Gaussian laser 
beam is given by the formula [43] 

I (z, r) =
I0

1 + (z/z0)
2 exp

(
− 2r2

ω2(z)

)

exp
(

−
t2

τp
2

)

(1)  

where I0 is the peak intensity of the focused beam at the focus, z stands 
for sample distance from z = 0, and z0 =

πω0
2

λ represents the Rayleigh 
length with ω0 =

2fD
πλ as the beam waist at the focus, f marks the focal 

length of the lens, D is the diameter of the laser beam, λ denotes the 
wavelength of the laser beam, and ω(z) indicates the beam waist at a 
different position (z) of sample is given by 

ω(z)=ω0

(
1 + (z/z0)

2
)1/2

(2) 

The Z-scan method is of two types (i) Open-aperture (OA) and (ii) 
Closed-aperture (CA), depending on placing without or with an aperture 
in front of the detector, respectively. 

3.2.1. Open-aperture (OA) Z-scan 
In the OA Z-scan process, no aperture was placed in front of the 

detector. Multiphoton absorption (MPA) refers to a variety of numerous 
effects that deal with only one of the properties of requiring the 
destruction of two or more quanta of the incident laser light in this 
process [44]. MPA may be two-photon absorption (2PA) or three-photon 
absorption (3PA) depending upon the number of quanta (2 or 3) 
required to excite the electron from the ground state to the excited state 
through virtual intermediate states. Therefore, multiphoton absorption 
coefficients can be calculated whether the sample undergoes with 2PA, 
3PA process. This 2PA, 3PA, represent the form of reverse saturable 
absorption (RSA). This is the type of nonlinear process in which ab
sorption of the excited state is larger than absorption of the ground state. 

Fig. 4 (a-c) shows the OA Z-scan data in which the experimental data 
shows RSA features, that the transmittance decreases near to focus (z =
0) with increasing intensity. So, the molecules undergo MPA processes. 
In order to understand the contribution of MPA processes, we have 
performed the three-level modelling for these organic molecules inter
acting with ultrashort pulsed laser of pulse duration ~70 fs with 
ignoring the triplet states, as intersystem crossing rates are very slower 
(~few hundreds of picoseconds) [45]. In the three-level fitting, N0, N1, 
and N2 correspond to the population numbers in S0, S1, and Sn state, 
respectively. From Table S2, electrons will be move to S1 due to 2PA and 
move to higher excited state above to S1 due to 3PA. Equations (3(a)-(d)) 
describe the processes that leads to the nonlinear absorption in benzo[e] 
pyrene organic molecules having S0, S1, and Sn singlet states. For better 
fitting, we have included both 2PA and 3PA processes in the three-level 
model. We have considered the processes that incorporated with the 
nonlinear absorptions, those are (a) two-photon absorption coefficient 
(β), (b) three-photon absorption coefficients (α3). The contributions 
from all these nonlinear processes leads to RSA, which were found with 
solving the differential rate equations governs the populations in three 
energy levels. 

dN0

dt
= −

σ0N0I
ħω −

βI2

2ħω −
α3I3

3ħω +
N1

τS1
(3a)  

dN1

dt
=

σ0N0I
ħω +

N2

τSn
−

N1

τS1
(3b)  

dN2

dt
=

βI2

2ħω +
α3I3

3ħω −
N2

τSn
(3c)  

And the intensity of pulse that transmitted through the sample can be 
calculated by using relation 

dI
dz

= − σ0N0I − βI2 − α3I3 (3d)  

where, I = I00 ×
ω2

0
ω2(z) × exp

(
− t2

τ2
p

)
× exp

(
− 2r2

ω2(z)

)
and  

ω(z) = ω0

{

1 +
(

z
z0

)2
}1/2

. 

In these above equations, σ0 represents the ground state (S0) ab
sorption cross-sections. τS1 and τSn represent the lifetimes of S1 and Sn 
states, respectively. τp denotes the pulse duration with z0, ω0 are the 
Rayleigh range and the beam waist at the focus, respectively. The in
tensity (I) is a function of r, t, z, and I00 is the intensity of Gaussian laser 
beam at the focus. These coupled differential equations are first 
decoupled and then integrate over time, length, along radial direction 
(r) before solving numerically them using Runge-Kutta 4th order 
method [45–47]. Assuming the input laser beam as Gaussian in nature, 
the different integrating limits for r, t, z are varied from (0 to ∞) , 
(-∞ to+ ∞) and (0 to L), respectively, where L be the length of the 
sample. The number slices for r, t, and z are 40, 20, and 10, respectively. 
Then from the least square fitting of experimental data β, and α3 can be 
evaluated. The lifetimes for the fitting equations are derived from the 
TRPL data shown in Fig. 3. The samples are decaying with double 
exponential manner, generally we have used the decay lifetime (>80% 
weight) of the BP1, BP2, and BP3 as mentioned in Table 4. We are taking 
only large weight decay lifetime for fitting the data with ~70 fs laser 
pulse excitations, since both the lifetimes are not affecting significantly 
[45]. The best fitting was observed by including the contribution of both 
2PA (β) and 3PA (α3) in the rate equations. The data plotted with an 
error bar of ~ ±10% for inaccuracies in the collection of data. The errors 
included for fitting the data, calculation of peak intensity, measuring the 
beam diameter of incident laser at before the sample, and calibration for 
the intensity cut-off filters used. The extracted values of nonlinear pa
rameters are given in Table 5. 

The ground state absorption cross-section (σ0)= (α/N), where α is the 

Fig. 3. TRPL data of BP1, BP2, and BP3 using TCSPC. The scattered points and 
the solid black line correspond to experimental points and theoretical fits, 
respectively. 

Table 4 
Estimated TRPL data of BP1, BP2, and BP3 from our experiment.  

Sample τ1 (ns) rel % τ2 (ns) rel % χ2 

BP1 3.26 82.10 7.79 17.90 1.25 
BP2 3.25 79.34 7.92 20.66 1.20 
BP3 3.05 88.64 5.50 11.36 1.16  
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linear absorbance of sample and N is the number density of molecule per 
cm3. The value of σ0 for BP1, BP2, and BP3 are 5.72 × 10− 18 cm2, 2.81 ×
10− 18 cm2, 1.42 × 10− 18 cm2 respectively. The 2PA cross-section for 
BP1, BP2, and BP3 were calculated with value 1.3 × 10− 47 cm4 s/ 
photon, 1.41 × 10− 47 cm4 s/photon, and 1.84 × 10− 47 cm4 s/photon 
respectively. The 3PA cross-section is given by the formula [36] 

σ3 =
(ћω)

N

2

α3, (4)  

where ω and α3 denote the frequency of the fs laser radiations and 3PA 
coefficients, respectively. The 3PA cross-sections for those molecules 
were estimated to be in the range (1.3–1.9) × 10− 77 cm6s2/photon2 and 
given in Table 5. From fitting, it was observed that, the experimental 
data were fitted well with the theoretical modelling by considering both 
β and α3 in the rate equations. From the DFT calculations, it was 
observed that for BP1, BP2, and BP3 the oscillator strengths at 400 nm 
(corresponds to 2PA coefficient) are 0.254, 0.242 and 0.271, respec
tively and the oscillator strengths at 270 nm (corresponds to 3PA coef
ficient) are 0.292, 0.227 and 0.174, respectively. These oscillator 
strengths are larger to that of the neighboured excited states as given in 
Table S2. Therefore, along with 2PA, there is high probability that these 
samples will also show 3PA in their nonlinear absorption process. In 
addition, from the absorption spectra [Fig. 1(a)], and DFT calculations, 
the HOMO-LUMO gaps (Eg) of these molecules are in the range of 
3.37–3.48 eV, as mentioned in Table 3. The condition for 3PA is 
described as 2hv < Eg < 3hv [37], which is satisfied by the OA data of 
these molecules. Therefore, both 3 PA condition and theoretical calcu
lations indicate that, all three molecules having RSA in nature with 

nonlinear absorption due to contribution of mixing of both 2PA and 3PA 
processes. The comparison of 3PA coefficient (α3) with different organic 
samples is given in Table 6. 

Optical limiting (OL) properties of these molecules can be realized 
from the OA Z-scan data. In OL measurement, the normalized trans
mittance of medium decreases at the high intensity of the beam and rises 
at low intensity. Therefore, for high-intensity medium behaves as a non- 
transparent which helps to sufficiently protect the light-sensitive com
ponents, eyes, sensors, etc from laser-induced damage [48]. This optical 
limiting property is used in optical limiter that attenuates the optical 

Fig. 4. Open-aperture Z-scan data of (a) BP1, (b) BP2, (c) BP3; Closed-aperture Z-scan data of (d) BP1, (e) BP2, (f) BP3.  

Table 5 
Estimated NLO Coefficients of BP1, BP2, and BP3 from Z-scan experiment.  

Sample ո2 × 10− 16 (cm2/ 
W) 

⃒
⃒χ3

⃒
⃒ × 10− 14 

(esu) 
γ × 10− 32 (esu) DFT-derived γ × 10− 32 

(esu) 
β × 10− 11 (cm/ 
W) 

α3 × 10− 5 (cm3/ 
GW2) 

σ3 × 10− 77 (cm6s2/ 
photon2) 

BP1 2.31 1.18 2.44 − 0.12 1.26 6.23 1.6 
BP2 2.79 1.43 2.96 − 0.12 1.37 6.57 1.7 
BP3 1.87 1.0 1.97 − 0.14 1.74 7.39 1.9  

Table 6 
Comparison of the NLO coefficients with reported samples in literature.  

Sample Laser 
Parameters 

ո2 × 10− 16 

(cm2/W) 
α3 × 10− 5 (cm3/ 
GW2) 

Ref. 

G1, G3 ~70 fs, 800 
nm 

6.8, 7.9 4.7, 5.2 [48] 

uGFPc ~70 fs, 800 
nm 

2.57–7.18 3.31–5.75 [37] 

PN-Fb, PN- 
Ni, PN-Cu, 
PN-Zn 

~70 fs, 800 
nm 

3.03, 3.32, 
3.81, 3.87 

2.68, 2.53, 2.51, 
2.35 

[58] 

AzaPc- 
Pyrene in 
DMF 

~90 fs, 800 
nm 

(7.06–12.85) (10.81–10.87) 
× 101 

[61] 

P1, P2 ~190 fs, 
800 nm  

(3.8, 1.5) × 101 [29] 

L1, L2 ~20 ps, 532 
nm 

8.0 × 102  [62] 

BP1, BP2, 
BP3 

~70 fs, 800 
nm 

(1.87–2.79) (6.23–7.39) Present 
work  
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laser beams which are highly intense, potentially dangerous and allows 
transmittance at low intensity. Therefore, materials which exhibit RSA 
behaviour can be used for optical limiting studies. The most important 
factor in optical limiting is the optical limiting onset [49–51]. We have 
calculated optical limiting onset for those molecules from the OA Z-scan 
data. The normalized transmittance that is retrieved from the OA Z-scan 
and plotted with respect to input energy fluence as shown in Fig. S2. The 
energy fluence can be obtained from the OA Z-scan reports assuming 
that at z position of the sample and the fluence of the laser beam with a 
relationship [48]. 

E(z) = 4
̅̅̅̅̅̅̅̅
ln 2

√
Ein

/
π3/2ω2(z) (9)  

where Ein is the input energy of the laser beam and ω(z) is the beam 
waist at each z position of the sample. The magnitude of observed op
tical limiting onset is in the range of (7.78–9.02) × 10− 3 J/cm2, which is 
extrapolated with theoretical fit to experimental data, mentioned in 
Table S5. Ag-polymer-based nanocomposite in fs response time shows a 
limiting onset of about 3 × 10− 2 J/cm2 [52]. Therefore, our samples can 
be used as a better optical limiter as these are showing one order less 
than Ag- polymer nanocomposite. We have compared the optical 
limiting onset of different π-conjugated organic molecules and other 
samples with our molecules, which is mentioned in Table S5. 

3.2.2. Closed-aperture (CA) Z-scan 
In the CA Z-scan process, an aperture is placed in front of the detector 

so that the centre part of the beam after transmitting through the sample 
can be detected. The refractive index of material changes with intensity 
of incident laser beam that leads to nonlinearity in refractive index of the 
material [53]. For fitting the CA Z-scan data, the relation for normalized 
transmittance is given by the formula [48]. 

TCA(x)= 1+
4xΔΦ

(1 + x2)(9 + x2)
+

4(3x2 − 5)ΔΦ2

(1 + x2)(9 + x2)(25 + x2)

+
32(3x2 − 11)xΔΦ3

(1 + x2)(9 + x2)(25 + x2)(49 + x2)
(5)  

where T(x) is the normalized transmittance, x = z/z0. z is the sample 
distance from focus (z = 0), ΔΦ = kո2I0Leff represents the on-axis phase 
shift at focus, ո2 specifies the nonlinear refractive index, k = 2π

λ denotes 
the wavenumber, I0 = 2P

πω02 signifies the irradiance of the beam at focus, P 
is the peak power of the beam, and Leff is the effective length of the 
sample. Therefore, ո2 = ΔΦ

kI0Leff
, where Leff = 1− e− α0L

α0
, α0 and L, respec

tively, are the linear absorption coefficient and thickness of the sample. 
The nonlinear refractive index ո2 is calculated from the difference in the 
normalized transmittance of peak and valley using the formula [48] 

ΔTP− V = 0.406(1 − S)0.25ΔΦ (6)  

where S = 1 − exp(− 2ra
2
/ωa

2) is the linear transmittance of the aper
ture, where ra is the radius of the aperture and ωa is the radius of the laser 
spot before the aperture. The third-order susceptibility can be calculated 
from the nonlinear refractive index using the formula [37] 

[
χ3] (esu) = 10− 4 Ɛ0n2

0c2

π ո2
(
cm2/W

)
(7)  

where Ɛ0 = 8.85 × 10− 12N
m is the permittivity in free space, 

c = 3 × 108 m/s is the velocity of light, λ = 800 nm denotes the wave
length of the laser pulse, and ո0 = 1.42 is the linear refractive index of 
the sample. 

The CA Z-scan data was fitted using equation (5) and the CA curves of 
those molecules with removal of solvent contribution having error (±
10%) are shown in Fig. 4. (d)–(f). By fitting the data, the on-axis phase 
shift ΔΦ is extracted and using the relation ΔΦ = kո2I0Leff nonlinear 
refractive index (NLR) ո2 is calculated. The evaluated magnitude of ո2 

for the samples are (1.87–2.79) × 10− 16 cm2/W. Substituting the values 
of ո2 in equation (7), modulus values of third-order susceptibility are 
calculated with magnitude in the range, (1.0–4.43) × 10− 14 (in esu). All 
the obtained values of nonlinear refractive index and third-order sus
ceptibility for our examined molecules are mentioned in Table 5. From 
the experimental and fitted data, we have confirmed that all molecules 
show a positive NLR as the curve has a valley followed by a peak in 
nature and matches with mathematically calculated positive signed ո2. 
The comparison of n2 of various organic and other materials obtained 
with different laser sources with our molecules is shown in Table 6. 

The second hyperpolarizability (γ) is related to the third-order sus
ceptibility χ3 by the formula [54] 

γ =
χ3

[(1/3)(ո2
0 + 2)]4N

(8)  

where n0 denotes the linear refractive index of sample, N represents the 
molecular number density. Substituting the value of χ3 in equation (8) 
the second hyperpolarizability was calculated. The obtained value of γ is 
in the range (1.97–2.96) × 10− 32 (esu). The details of all the obtained 
NLO parameters are summarized in Table 5. The DFT calculated second 
hyperpolarizability (γ) for BP1, BP2, and BP3 are − 0.12, − 0.12 and 
− 0.14 × 10− 32 esu, respectively. The NLO properties of all the molecules 
are calculated by using SOS method [55]. All the molecules demon
strated with γ values in the range of 10− 32 esu. We have compared the 
value of γ with some reported π-conjugated organic molecules given in 
Table S4. Biswas et al. studied on optical nonlinearities of π-extended 
thioalkyl-substituted tetrathiafulvalene sensitizers named G1, G3 using 
Z-scan technique with ~70 fs pulse, 800 nm laser pulses (similar 
experimental conditions to this work) and obtained γ values of 3.5 ×
10− 31, 4.2 × 10− 31 esu, respectively [48]. Biswas et al. observed the 
linear and fs NLO properties of soluble pyrrolo [1,2-a] quinoxalines 
using degenerate four wave mixing technique and obtained the γ value 
of ~2.99-4.41 × 10− 31 esu [56]. Kumar et al. observed values of γ 
~4.27 × 10− 31, 4.32 × 10− 31 esu for two alkyl phthalocyanines named 
pc1, pc2 using DFWM technique with ~100 fs pulse, 800 nm laser [57]. 
Ahmed et al. reported value of γ ~ (0.7–1) × 10− 31 esu of metalated 
porphyrin-Napthalimide D-A system [58]. Chen et al. reported value of γ 
~1.12-3.84 × 10− 32 esu of axially modified gallium phthalocyanines 
and naphthalocyanines using the Z-scan method [49]. There is some 
literature on the measurement of second hyperpolarizability of π-con
jugated organic molecules using nanosecond pulsed laser. Shehzad et al. 
studied second hyperpolarizability and NLO properties of porphyrin 
based polyimides named NH-DATPP, Zn-PI, NH-PI, Zn-DATPP using 
Z-scan technique with 6 ns pulse, 532 nm ns laser and observed value of 
γ ~ (1.879–7.866) × 10− 29 esu [59]. The second hyperpolarizability γ 
observed with in-backbone substituted oligo(triacetylene) chromophore 
named of space groups Dipyridophenazine, Benzothiadiazole using 
third-harmonic generation with 5 ns pulse, 1907 nm with a value of 
0.22 × 10− 33, 0.16 × 10− 33 esu [60]. 

4. Conclusions 

We reported ultrafast NLO properties of polycyclic aromatic hydro
carbon (PAHs) based benzo[e]pyrene derivatives (BP1, BP2, and BP3) 
using ~ 70 fs pulse duration laser with 800 nm as central wavelength. 
We found from the open-aperture Z-scan that all these three molecules 
exhibit strong reverse saturable absorption, and the nonlinear absorp
tion dominantly originated from the mixed contribution of 2PA and 
3PA. From the CA Z-scan method, we have calculated the nonlinear 
refractive index which is positive with valley followed by peak shape. 
Additionally, we calculated the second hyperpolarizability (~10− 32 esu) 
which was confirmed from TDDFT theoretical calculations. From OA Z- 
scan transmittance data, we have calculated the optical limiting onset 
(~10− 3 J/cm2). Since these molecules depicted RSA in nature and good 
optical limiting onsets, we believe they will find applications in optical 
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limitting and optical switching. 
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