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Abstract: Third-order nonlinear optical properties of natural pigment b-carotenoid extracted from medicinal plant

phyllanthus niruri are reported herein using a 5-mW-power diode laser with an operating wavelength of 635 nm. The linear

optical, vibrational and structural properties of natural pigment were characterized profoundly by UV–Visible absorption,

emission, and Fourier transforms infrared (FT-IR) spectroscopy, respectively. The molecular structure of b-carotenoid was

confirmed by 1H NMR spectra. The total b-carotenoid concentration in the plant extract was calculated from the absorption

spectrum at a specified wavelength. The nonlinear index of refraction (n2) and nonlinear absorption coefficient (b) of the

natural pigment were measured to be - 2.00 9 10-7 cm2/W and - 0.63 9 10-4 cm/W. Third-order nonlinear optical

susceptibility (v(3)) of b-carotenoid was calculated to be 6.76 9 10- 7 esu. The natural pigment was satisfied the figure of

merit (FOM) conditions for all optical switching device applications. The experimental result shows that the natural

pigment b-carotenoid extracted from phyllanthus niruri may be recognized as a novel photonic material for optical

switching applications.
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1. Introduction

Searching novel nonlinear optical (NLO) materials has

been the subject of intensive research in recent decades due

to applications in optical communication, optical switching

and limiting, information storage, signal processing, com-

puting, etc. [1–5]. NLO behavior of different types of

materials has been reported, such as organic dyes [6–8],

nematic liquid crystal [9], quantum dots [10], organometal

halide perovskite [11], etc. Among the variety of available

optical materials, delocalized p-conjugated organic mole-

cules are always increasing the interest of the researchers

because of excellent optical properties, stability, and large

third-order NLO susceptibility [12]. Due to these unique

optical properties, a large number of organic materials

were synthesized and their NLO characteristics have been

reported [13–15]. Nevertheless, synthesis of organic

materials through different chemical approaches may take

longer time and higher costs. With this point of view,

significant efforts have been made to synthesize of organic

materials in a cost effective and eco-friendly manner.

Natural organic materials such as chlorophylls, car-

otenoids, xanthophyll, anthocyanin, betanin, etc., obtained

from vegetables and leaves are the best alternative to high-

cost synthesis process. However, only a few studies on

NLO characteristics of natural pigments have been repor-

ted [16–23]. Among the different types of available natural

pigments, carotenoids are yellow color organic compounds

that are abundant in plant leaves, vegetables and fruits.

They play an essential role in plant health and defend

chlorophyll from photo-damage [24]. Carotenoids act as an

antioxidant in the human body and are converted to vitamin

A by the human body, which is essential for vision and

healthy growth [24]. Phyllanthus niruri is a medicinal plant

and mostly cultivated in the tropical regions. This plant is

used to relieve problems of liver, kidney, and it is mainly

useful for relieving Hepatitis-A. They also help in reducing

anemia, hypertension, diabetes, and urinary problems [25].

Third-order NLO parameters of materials can be

examined by different experimental methods [26–28].

Among them, Z–scan technique [29] is a commonly used

experimental method for measuring both real and imagi-

nary parts of the third-order NLO behavior of materials.
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The simplicity of the technique is the major advantage that

led to the researchers for easy handling. This technique

allows the simultaneous measurements of nonlinear

absorption (NLA) and nonlinear refraction (NLR). The

magnitude and sign of n2 and b of the sample can also

easily determined by this technique. This paper reports the

third-order NLO parameters of natural pigments b-car-
otenoid extracted from the medicinal plant phyllanthus

niruri using low-power CW laser.

2. Experimental details

2.1. Extraction of b-carotenoid from phyllanthus niruri

Column chromatography [30] is a superlative technique

used for extracting b-carotenoid from medicinal plant

phyllanthus niruri. Figure 1 depicts the b-carotenoid
extraction scheme from phyllanthus niruri. The phyllan-

thus niruri leaves were collected from the garden and

washed with running water. A 4 g of phyllanthus niruri

leaves was mixed with 5 ml each of acetone and diethyl

ether. The mixture was ground, followed by filtration using

Whatman filter paper 1. In order to prepare the column

chromatography, a 2 g of silica powder dissolved with

acetone was loaded into the column. The filtered solution

was poured into the column, and some acetone was

instantly added drop-wise until the yellow band (b-car-
otenoid) got separated from the green mixture (chloro-

phyll). The lower polar solvent b-carotenoid eluted first

from the column and was collected in a test tube. Figure 2

shows the molecular structure of b-carotenoid.

2.2. Z–scan study

Figure 3 displays the schematics of the experimental setup

of Z–scan technique. A CW laser working at 635 nm

wavelength with total power of 5 mW was used to perform

the Z–scan measurements. A convex lens was used to focus

the beam with focal length of 50 mm. The natural pigment

was placed on the micrometer translational stage and

moves between –Z and ? Z positions. The transmitted

beam through the sample was measured using a power

meter in the far-field position. The open and closed

Fig. 1 Extraction scheme of b-carotenoid from Phyllanthus niruri
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aperture Z–scan methods were used to calculate the non-

linear absorption coefficient and nonlinear index of

refraction of the natural pigment, respectively. In closed

aperture technique, the aperture is placed before the

detector, while in open aperture, the aperture is removed,

and a convex lens is used to collect the total transmittance

of the beam. A thin sample condition was fulfilled in the

present study for the validation of Z–scan technique. The

UV–Vis absorption and emission spectra of the sample

were measured by Perkin Elmer Lambda 35 spectrometer

and Perkin Elmer LS 45 spectrophotometer.

3. Results and discussion

3.1. Absorption and Emission study

Figures 4 and 5 display the UV–Vis absorption and emis-

sion spectra of b-carotenoid extracted from the medicinal

plant phyllanthus niruri. The absorption spectrum of b-
carotenoid is recorded between 200 and 800 nm wave-

length as shown in Fig. 4. In Fig. 4, the peaks observed

between 200 and 400 nm are known as Soret band or B

band. The Soret band arises in molecules due to the dipole

moment that allows p-p* transition [20]. The concentration

of b-carotenoid extracted from phyllanthus niruri in 100%

acetone was obtained from absorption spectra which is

given by [31],

Ca ¼ 11:24A661:6 � 2:04A644:8 ð1aÞ
Cb ¼ 20:13A644:8 � 4:19A661:6 ð1bÞ

Cxþc ¼
1000A470 � 1:90Ca � 63:14Cbð Þ

214
ð1cÞ

where Ca, Cb, Cx?c and A refer to concentrations of

chlorophyll-a, chlorophyll-b, b-carotenoid in lg/ml and

absorbance of the sample at corresponding wavelength,

respectively. The concentration of b-carotenoid extracted

from the medicinal plant phyllanthus niruri was found to

be 5.25 lg/ml. The emission spectrum of extracted b-
carotenoid was recorded between 400 and 800 nm wave-

length, and the intense emission peak was noticed at

656 nm, as shown in Fig. 5.

Fig. 2 Molecular structure of b-
carotenoid

Fig. 3 Experimental setup of Z–scan technique

Fig. 4 UV–Vis absorption spectrum of b-carotenoid

Fig. 5 Emission spectrum of b-carotenoid
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3.2. FT-IR study

The Perkin Elmer 6X FT-IR spectrometer was used to

examine the functional groups present in the natural pig-

ment. Figure 6 depicts the FT-IR spectra of the natural

pigment b-carotenoid. The bands observed, respectively, at

3920 cm- 1 and 3461 cm- 1 are owing to the stretching of

–OH group. The stretching frequency of the C–H group is

assigned for the band at 2979 cm-1 and 2869 cm-1. Fur-

ther, a strong band observed at 1738 cm-1 is due to the

stretching of -C = O group. The weak band at 1605 cm-1

and 1456 cm-1 confirms the stretching of C = C and

bending of C-H groups. The strong band noticed at

1373 cm-1 and 1136 cm-1 are due to bending of –OH and

stretching of C–O groups. Also, the band at 726 cm-1 and

698 cm-1 are due to the bending of the C = C group.

3.3. 1H NMR study

The molecular structure of the natural pigment b-car-
otenoid has been studied by proton NMR spectroscopy.

Figure 7 shows the 1H NMR spectra of b-carotenoid
extracted from phyllanthus niruri and the observed char-

acteristic peaks are assigned as follows.

In the spectrum, a triplet at 1.25 ppm is assigned to

methyl protons (-CH3) of the compound. A signal appeared

at 1.97 ppm is assigned to cyclohexane methylene protons

(-CH2). The methine protons (-CH) are assigned to a signal

at 2.22 ppm. Furthermore, the signal at 4.47 ppm is

assigned to methine protons which are adjacent to methyl

groups. This deshielding of ppm is due to steric interaction

of bulky groups. The extracted compound formation is

confirmed by the presence of methyl, methylene and

methine group signals in NMR spectrum.

3.4. Third-order NLO study

The n2 and b of the natural pigment are associated with the

real and imaginary components of third-order NLO sus-

ceptibility (v(3)). The scanning process in open aperture Z–

scan configuration has been carried out from -Z to ? Z,

and the transmittance of the beam either increases or

decreases with respect to focus (Z = 0). The transmittance

is insignificant or negligible at -Z and ? Z positions due

to decrease in light transmittance. Depending on the

increase or decrease in light intensity at the focus, one can

easily identify the nature of the nonlinear optical absorp-

tion of the sample. Figure 8 depicts the open aperture Z–

scan profile of b-carotenoid extracted from the leaves of

medicinal plant phyllanthus niruri. From Fig. 8, the

transmittance of the light beam through b-carotenoid was

increased with an increase in input intensity at the focus,

and forms a fine peak, is the result of saturable absorption

(SA). The solid line in Fig. 8 is the theoretical fit, which is

well-matched with experimental results. SA is the nonlin-

ear optical absorption process that occurs in many NLO

materials [32–34]. If the ground-state absorption cross-

section is large compared to excited-state absorption cross-

section, is the characteristic property of SA. The trans-

mittance of natural pigment b-carotenoid is determined

from the fitting curve of the open aperture, which is given

by

T zð Þ ¼
X1

m¼o

�qmo

mþ 1ð Þ3=2
ð2Þ

qo zð Þ ¼ IoLeffb

1 þ Z2

Z2
0

ð3Þ

T zð Þ ¼ 1 �
IoLeffb
� �

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 1 þ Z2

Z2
0

� �r� � ð4Þ

where Leff ¼ 1 � exp �aoLð Þ½ �=ao is the effective length of

the sample, L is the thickness of the sample, and ao is the

linear absorption coefficient.

The closed aperture Z–scan measurements were per-

formed to measure the magnitude and sign of n2 of the

sample. In closed aperture method, the detector is sensitive

to both the nonlinear index of refraction and nonlinear

absorption coefficient. Therefore, it is essential to separate

the nonlinear index of refraction from nonlinear absorption

coefficient. In order to obtain a pure nonlinear index of

refraction of b-carotenoid, a simple division method was

used, i.e., the closed aperture data are divided by corre-

sponding open aperture data. The natural pigment b-
Fig. 6 FT-IR spectrum of b-carotenoid extracted from phyllanthus
niruri
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carotenoid moves from -Z position to focus (Z = 0), and

the light transmittance increases at the focus and obtained a

maximum value. Further, the natural pigment moves from

focus to ? Z position; the transmittance is decreased and

reached minimum value. As a result of scanning, the nor-

malized transmittance curve shows either peak followed by

a valley or valley followed by a peak. The former one

indicates the characteristic signature of self-defocusing or

negative nonlinearity, and the latter one is self-focusing or

positive nonlinearity. Figure 9 shows the pure nonlinear

refraction curve of b-carotenoid extracted from phyllan-

thus niruri. The peak–valley normalized transmittance

curve obtained from Fig. 9 indicates that the natural

Fig. 7 1H NMR spectrum of b-
carotenoid extracted from

phyllanthus niruri

Fig. 8 Open aperture Z-scan curve of b-carotenoid extracted from

phyllanthus niruri Fig. 9 Pure nonlinear refraction curve of b-carotenoid extracted from

phyllanthus niruri
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pigment b-carotenoid exhibits self-defocusing behavior

and, consequently, the negative nonlinear index of refrac-

tion. The observed self-defocusing effect in the natural

pigment b-carotenoid is the result of thermal nonlinearity.

The normalized peak-valley difference DTp–v as a function

of on-axis phase shift jDu0jis given by

DTPV ¼ 0:406 1 � Sð Þ0:25D;o ð5Þ

where S ¼ 1 � exp �2r2
0=x

2
0

� �
is the linear aperture

transmittance, x0 is the beam radius, and r0 denotes the

aperture radius. The transmittance of the natural pigment is

given by

T zð Þ ¼ 1 þ D;o
4X

X2 þ 1ð Þ X2 þ 9ð Þ ð6Þ

where X = Z/Zo. The nonlinear index of refraction n2 of b-
carotenoid is given by

n2 ¼ Du0k
2pI0Leff

cm2

W

	 

ð7Þ

where k is the diode laser wavelength, and Leff is the

effective length of the sample. The real and imaginary

components of third-order NLO susceptibility (v(3)) of b-
carotenoid are given by

Re v 3ð Þ
h i

esuð Þ ¼ e0c
2n2

0

104p
n2

m2

W

	 

ð8Þ

Im v 3ð Þ
h i

esuð Þ ¼ e0c
2n2

ok
1024p2

b
m

W

� �
ð9Þ

where e0 and c are the permittivity of the vacuum and the

velocity of light. The calculated third-order NLO parame-

ters of b-carotenoid extracted from phyllanthus niruri are

presented in Table 1. The value of third-order NLO sus-

ceptibility of b-carotenoid extracted from phyllanthus

niruri is higher than that of some recently reported mate-

rials [35–38].

3.5. Optical switching

Two figures of merit (FOM) criteria were used to evaluate

the NLO characteristics of various materials for all optical

switching devices applications. The conditions T = 2bk/n2

and its inverse W = n2/2bk are called FOM conditions. In

order to design an efficient optical switching device, the

FOM[ 10 is desirable and the better FOM can also bring

down the switching power in optical switching devices

[39]. In the present study, the appreciable FOM of *
24.99 was achieved and hence the natural pigment b-
carotenoid extracted from phyllanthus niruri can be used

for optical switching device application.

4. Conclusions

In conclusion, the third-order NLO parameters of natural

pigment b-carotenoid extracted from the medicinal plant

phyllanthus niruri were studied by Z–scan technique using

5 mW power CW laser. The column chromatography

method was used to extract and isolate the natural pigments

from phyllanthus niruri. The functional group and molec-

ular structure of b-carotenoid were recognized by FT-IR

and 1H NMR spectra, respectively. The nonlinear optical

index of refraction and nonlinear optical absorption of

natural pigments were ascribed to self-defocusing and

saturable absorption, respectively. The real and imaginary

components of the third-order NLO susceptibility were

found to the order of 10-8 esu. The natural pigment meets

the FOM requirements, i.e., W[ 1 and T\ 1, and there-

fore it is strongly recommended that the extracted sample is

highly suitable for all optical switching device applica-

tions. The obtained results show that the natural pigment b-
carotenoid extracted from the leaves of phyllanthus niruri

is a promising material for future photonics applications.

Table 1 Measured third-order NLO parameters of b-carotenoid extracted from phyllanthus niruri

Parameters Value

Nonlinear index of refraction (n2) - 2.00 9 10-7 cm2/W

Nonlinear absorption coefficient (b) - 0.63 9 10-4 cm/W

Real part of third-order NLO susceptibility [Re (v(3))] - 0.67 9 10-8 esu

Imaginary part of third-order NLO susceptibility [Im (v(3))] - 2.83 9 10-8 esu

Third-order NLO susceptibility (v(3)) 6.76 9 10-7 esu

FOM (W[ 1) 24.99

FOM (T\ 1) 0.04
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