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Abstract Nanocomposites are used in many scientific and industrial applications in recent times.

In polymer nanocomposites, nanoparticles are used as the main component in creation which has

always been considerable. Nano TiO2 as a nanoparticle has a very strong light scattering effect

which can replace the ordinary TiO2 in less amounts of usage.

In this research, optical properties of the PA6/nano TiO2 nanocomposite are studied using Mie

scattering theory. Mie theory uses the relative refractive index of a small particle to calculate the

light scattering efficiency of a material. At first, experimental and estimated properties of a nano-

composite film containing nano TiO2 particles with 40 nm radius are compared. Optical properties

of nanocomposites are then predicted with various particle sizes as a result of this research.

Results show that by taking the refractive index as an intrinsic property of a particle, it is possible

to estimate the optical properties with a defined size and in addition it can help to predict these

properties for different particle sizes.
ª 2012 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.

1. Introduction

Optical properties of particles are studied from very old time
until recent years as one of their main characteristics. There
are several theories and models alongside experimental tries

in order to measure or calculate this property. Many general

definitions are made for various conditions in which the parti-
cle and its medium take part in the light scattering. These con-
ditions include single and multiple scattering, absorbent or

nonabsorbent media, regular or irregular shaped particles
and nonlinear optics. A common base for all these theories is
the Maxwell’s equations for electromagnetism as the light is
an electromagnetic wave. These theories include Mie and Ray-

leigh light scattering models, effective medium theories (EMT),
anomalous diffraction theory (ADT), T-Matrix, Monte-Carlo
approximations and vice versa (Ulrich, 2006; Nelson and

Deng, 2007; Bohren and Huffman, 1983; van de Hulst, 1957;
Mishchenko et al., 2004; Mie, 1908; Kokhanovsky, 2010;
S�ahin and Miller, 1997).
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Mie theory is widely used among all those mentioned in or-
der to obtain scattering properties of a single spherical particle.
Therefore it can be used for single scattering where light scat-

tering happens only from a single particle with no relation to
neighboring ones. The fact is, Mie theory is a very complicated
calculation and it can only be done by some modifications and

restrictions (Mie, 1978). On the other hand in a material there
are many scattering particles interacting with each other in
light scattering so it is multiple scattering which really happens

in the material. Researches usually combine a simple form of
Mie theory for a single particle with a multiple scattering the-
ory like Kubelka–Munk in order to calculate the scattering of
the whole collection (Quinten, 2001).

In this study Mie’s results are used as an input to the Kub-
elka–Munk theory in order to calculate the reflectance factor
of the nanocomposite. These theories are briefly described in

next sections.

2. Refractive index

Many of the previously explained theories act upon the mate-
rial’s refractive index as a basic input for their calculations.
Refractive index is used in Mie theory in order to evaluate

its coefficients and then those coefficients are the key parame-
ters for calculating the Mie scattering efficiencies. Refractive
index are measured or calculated in various ways such as

ellipsometry as an instrumental method. However there are
some theoretical methods for this purpose one of which is pre-
sented here (Azzam and Bashara, 1988).

Materials especially metals have a complex refractive index.

This index contains two parts, a real and an imaginary part.
The imaginary part of refractive index can be calculated from
the Beer–Lambert’s law of transmittance. According to this

law, transmittance is related to the extinction coefficient and
the number of absorbent particles.

T ¼ 10�ecl ð1Þ

where T is transmittance, e stands for the extinction coefficient,

c is the concentration of absorbing material and l is the path
length for the incident light.

From the above equation:

e ¼ 4K

k
ð2Þ

where k is the wavelength and K is the imaginary part of the
refractive index.

Fresnel law is the scattered light from the surface of mate-
rials relevant to the refractive index. According to this law
when the light is entering an environment perpendicularly,
the reflected light intensity is:

R ¼ ½ðn� 1Þ2 þ K2�
½ðnþ 1Þ2 þ K2�

ð3Þ

where n is the real part of refractive index.

3. Mie theory

Mie theory is one of the most basic theories among the light
scattering models presented about a hundred years ago. It re-
turns to 1908 when Lorentz Mie published an article about

optical properties of spherical metal particles based on their

complex refractive index. In this theory from the relative
refractive index and size of the particle, two main coefficients
are derived and used to calculate the optical parameters of

the material like optical efficiencies, cross sections and patterns
(Bohren and Huffman, 1983).

Qext ¼
2

x2

X1
n¼1
ð2nþ 1ÞRðan þ bnÞ ð4Þ

Qsca ¼
2

x2

X1
n¼1
ð2nþ 1Þðjanj þ jbnjÞ ð5Þ

Qabs ¼ Qext �Qsca ð6Þ

x ¼ 2pr
k

ð7Þ

in above formulas, Qext is the extinction efficiency, Qsca is the
scattering efficiency, Qabs is the absorption efficiency, r is re-

placed by the particle radius and x represents the size param-
eter which is a factor of particle size and the incident light’s
wavelength.

an and bn are Mie coefficients and n is the number of iter-
ations in these functions where its maximum number is calcu-
lated according to Bohren and Huffman as below (Matzler,
XXXX):

nmax ¼ xþ 4x1=3 þ 2 ð8Þ

Mie coefficients can be estimated as the Bessel functions of the

particle’s relative complex refractive index.

an ¼
m2jnðmxÞ½xjnðxÞ�

0 � jnðxÞ½mxjnðmxÞ�0

m2jnðmxÞ xhð1Þn ðxÞ
h i0

� hð1Þn ðxÞ½mxjnðmxÞ�0
ð9Þ

bn ¼
jnðmxÞ½xjnðxÞ�

0 � jnðxÞ½mxjnðmxÞ�0

jnðmxÞ xhð1Þn ðxÞ
h i0

� hð1Þn ðxÞ½mxjnðmxÞ�0
ð10Þ

From efficiencies, cross sections which are the area in which
the light has its effects efficiently are calculated.

Qext ¼
Cext

G
;Qabs ¼

Cabs

G
;Qsca ¼

Csca

G
;Qext ¼ Qabs þQsca ð11Þ

and G is the particle’s cross sectional area.
Finally the scattering patterns which demonstrate the

amount of light scattering in different angles around the parti-
cles in the scattering plane are calculated from above formulas
(Matzler, XXXX).

4. Kubelka–Munk theory

When multiple scattering occurs a single particle takes part in
its own scattering behavior while in the light scattering of

many neighbor particles. Kubelka–Munk theory is a multiple
scattering theory which calculates the reflectance factor of a
matter or semi-transparent material using its scattering (S)

and absorption (K) coefficients.

K

S
¼ ð1� RÞ2

2R
ð12Þ

R is the reflectance factor in formula 12.
These coefficients can be calculated by the efficiencies of

other single scattering theories like Mie theory as an input.
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