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ABSTRACT

LOW-ANGQLE AND BRILLOUIN LIGHT SCATTERING
FROM INHOMOGENEOUS AMORPHOUS POLYMERS

By

Henry Kwai-To Yuen

The scattering of light by amorphous polymethyl meth-
acrylate and a series of its blends with amorphous poly-
styrene in the concentration range from 0.0001% to 0.05%
has been. studied photometrically as a function of scatter-
ing angle. The theory and principles originally developed
by Debye and Beuche and later extended by Ross in charac-
terizing the inhomogeneity in isotropic solids have been
reviewed. The correlation function, and hence the correla-
tion distance, the distance of heterogeneity, the volume of
heterogeneity and the fractional contribution factor of the
correlation function are determined from the angular dis-
tribution of the scattered radiation in each sample. By
measuring the turbidity of the sample, the amplitude of the
inhomogeneity as represented by the standard deviation of
the refractive index is obtained as well.

The results indicate that the correlation distances
are of macro size. The Debye exponential correlation func-

tion which characterizes the polymethyl methacrylate cannot



Henry K. Yuen
adequately describe the short-range inhomogeneity of all
the blends under study. 1In accord with the visual opacity
of the samples, the experiment also provides quantitative
information on the compatibility of the blend systems. As
predicted by theory, the amplitude of the inhomogeneity is
found to increase with the concentration of polystyrene in
the blend.

The spectral distribution of the scattered light from
the samples is also investigated at a scattering angle of
90° by Brillouin Spectroscopy. Measurements on the Brillouin
shifts and half widths indicate that the hypersonic waves of
frequency in the region of 10!? Hz in the samples propagate
and attenuate independently of the polystyrene concentration.
The Landau-Placzek ratios are, however, different amgng the
samples and are large in magnitude. The dependence of the
ratio on the inhomogeneity of the sample is apparent from
the results. Furthermore, the sensitivity of the ratio to
structural changes is also illustrated by its gigantic value
associated with the blend where phase separation is believed
to have occurred. The determination of the depolarization
ratio, Py from the polarized and depolarized Brillouin
spectra indicates that the samples have a very high degree

of molecular isotropy.
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CHAPTER I

INTRODUCTION

General

The history of light scattering begins with the attempt
to understand the blue hue present in the sky. As early as
1500, da vinci, although he failed to explain it correctly,
had attributed it to the "particles of moisture which catch
the rays of the sun". It was not until 1869, when John
Tyndalll obtained a "blue sky" by passing a beam of white
light through an aerosol mixture of butyl nitrite and
hydrochloric acid, before it was realized that light scat-
tering was an ubiguitous natural phenomenon. From 1871,
the"Tyndall effect" was the basis for the great body of
original theoretical work by Lord Rayleigh.2.3 His first
and second formalisms developed from the principles of the
elastic theory of light and electromagnetic theory respec-
tively have, ever since, formed the foundation for modern
light scattering studies.

To-day, light scattering is divided into two disci-
plines4: the study of the scattered intensity (photometry)
as a function of the scattering angle and wavelength, and

the study of the spectral distribution of the scattered

1
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radiation (spectrophotometry). The former differs from the
latter in that it does not take into account the modulation
of the scattered light as a result of the time variation of
the optical properties of the medium. .It is, therefore,
generally applied to the investigation of the static proper-
ties, such as size, shape and molecular structure of the
medium. The study of the spectral distribution of the
scattered radiation was rendered possible only recently
with the development of the gas laser and the highly sophis-
ticated improvement in interferometry and electronics.

It is now understood that the radiation scattered off
a medium, the so-called Rayleigh inelastic scattering, is,
in fact, composed of three components, each of which is
characterized by a different frequency:

1) The center-unshifted component -- This highly
polarized component® is generally referred to as the Ray-
leigh line and is the result of the completely elastic
scattering off the medium. It has the same frequency as
the exciting radiation, and is usually tall and narrow
(~o0.01 cm-l), but can be broadened by low frequency motional
and diffusional processes.

2) The two frequency shifted side components -- These
two components are situated symmetrically on both sides of
the Rayleigh line in the gigahertz region. They are called
the Brillouin lines and when resulting from vertically

polarized.incident radiation they are completely vertically
polarized.5 They arise as a result of the Doppler effect .

on the incident radiation due to the propagating sonic waves
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(isentropic pressure fluctuations) present in the medium.
Spectral distribution studies deal with two closely related
but somewhat separated phenomena.* The first concerns
with the broadening of the Rayleigh line upon scattering.
This type of measurement reveals the molecular motions,
such as rotational and translational diffusion of the
particles of the medium. The second aspect deals exclu-
sively with the location and peak width of the Brillouin
lines and is generally called the Brillouin scattering.
We shall see in a later chapter that such measurements en-
able the determinations of the velocity and attenuation of

the hypersonic waves in the medium.

Purpose of Research

It is apparent that light scattering is indeed a power-
ful tool for the study of molecular properties of matter.
A survey of the published literature shows that research
activities in the area of light scattering by macromole-
cules are, for most part, limited to solutions and highly
crystalline polymers, and only very few have been concerned
with the amorphous state. It is, thus, believed that a
light scattering study in amorphous solid polymers will
not only serve as a bridge to the present molecular know-
ledge of macromolecules but also as a means for understand-
ing this state of matter better. This is exactly the pur-

pose of this dissertation.



CHAPTER II

THEORY OF LIGHT SCATTERING IN INHOMOGENEOUS MEDIA

Introduction

When a beam of light falls on a medium, it may either
be transmitted with negligible attenuation in intensity or
scattered in all directions. The former is the case if and
only if the medium is perfectly uniform. Should it possess
some kind of optical inhomogeneity either as a result of
the presence of impurities or small scale density fluctua-
tions, the latter will always happen. Thus, the scattered
radiation is an information carrier of the optical proper-
ties or molecular structure of the medium.

In general, the optical properties of a medium can
depend either on the mean value of the molecular parameters
of the medium or their local deviations from the mean,
namely the degree of inhomogeneity. The phenomenon of light
scattering is associated completely with the latter kind of
optical properties and hence, a discussion on how they may
be characterized is necessary prior to the treatment of the

scattering problem itself.



Cconcept of Inhomogeneity

Following Ross,® we represent the inhomogeneous medium
as a perturbed continuum over its homogeneous analog and
assume that it is non-conductive and has a constant mag-
netic permeability different from that for vacuum by a
negligible amount. Then, the only macroscopic parameter
which, by virtue of its inhomogeneity, will affect the prop-
agation of light through the medium is the electric permit-
tivity, € (or dielectric constant). We shall further
assume that the medium is constant with time. 1In this
case, the electric permittivity is a continuous function
only of position.

Let each point P inside the medium be defined by

its position vector r, from an arbitrary origin 0 in

the sample such that

r, = Op; . (2.1)

Then, the electric permittivity at any point inside
the medium is:
e(Pi) = e(ri) . (2.2)
We can define the mean permittivity of the medium
(i.e. the permittivity for its idealized homogeneous analog)
by:
1 -
e = Gl e(F;)av (2.3)
where V is the volume (or rather the illuminated volume

when dealing with light scattering) of the medium; and the
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respective local deviation at each point by :
6e(p;) = oe(T;) = e(r;) - <e> . (2.4)
The inhomogeneity can be characterized by its amplitude

and extent. The amplitude is given by the magnitude of

the mean square deviations, or variance:
1 - 2
(6e2) = GJffv[e(ri) -<epl1%av . (2.5)

The extent is the distance over which the deviation can be
regarded not changing appreciably. Usually, the extent of
the inhomogeneity is expressed by the covariance function

at two points:

P (E;E)) =‘l,fffv[e(fi) - <OILe(Fy) - (dlav
°or (2.6)

FUELE) = GlSI Le(F;) - KDILe(E; + B) - <lav,

where e(fi) and e(fs) are the permittivities at any
two points, P, and Pj’ situated inside the medium at a

distance
p I, -T, (2.7)

apart.

We shall consider only the case when the local devia-
tions 6e are homogeneous or the mean permittivity is a
constant and not a function of position. This condition,
which in essence is the analog of the stationarity condition
(i.e. all ensemble averages are independent of the origin

of time) for time dependent processes, reduces the
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covariance function at two points to be dependent only on
the oriented distance between them and not on the distance
to the origin. Hence, the covariance function becomes a
function of P. Using equation (2.2), we can rewrite

equation (2.6) as:
F'(5) = %f”v b€ (¥, ) ¢ (T, +p)av. 2.8)

It is clear that F'(p) is a measure of the interde-
pendence between the deviations from the mean permittivity
at two points. When the points are very remote from one an-
other, the respective deviations of the permittivity, 66(?&)
and 56(?5), are independent of each other and therefore,
the covariance function as given in equation (2.8) vanishes,

i.e.

_lim F'(p) = 0. (2.9)
p—>0

Similarly, it can easily be seen that F'(p) will have
its maximum value at pJp = O,
In practice, the covariance function is normalized

with respect to its value at p = 0:
- F'(p
F(p) =F|2 )

1 — — —
= de(x.)de(xr, + p)dv
F(p) = fofv 1 1 P . (2.10)
<se2>

or

The resulting function, ¥ (p), is called the autocorrela-
tion or correlation function.

We see immediately ‘from the Schwartz inequality that

|F(P | =1, where the equal sign applied to |F(0)].



8
The concept of the correlation function was first
introduced by Zernike? in 1916. Later, Wiener® and
Khintchine? showed that the correlation function of a real
process was always a positive-definite function and vice
versa -- this means that in the one-dimensional case the
correlation function, F(p), can be expressed in the follow-

ing form:

1 @ .
F(p) = 7 [ exp(inp)dG(n)
or
1 (o0)
F(p) = 57 la: exp (inp)J (n)dn :

if F(p) 1is also real, then

(0 0]
F(p) = %—W [, cos(Mp)J (n)dn . (2.11)

Here, J(n) is a positive function for all n and is known
as the spectral density or the power spectrum. Thus, from
equation (2.11), the power spectrum must be a Fourier
transform of the correlation function.

As an example, let us consider the correlation func-
tion of an ideally disordered sample which exhibits the
Markov property, i.e. 1in a given direction, the deviation
in permittivity from the mean at a point r + dr, where
r >0 and dr > 0, depends only on the deviation at «r
but not on those preceeding r. Doobl® has proven that a
sample may have this property if and only if its correlation
function at two points, F(?i, fk), satisfies the following

relation:



F(rl, rk) = F(ri, rj)F(rJ, rk) ,
where
r, = X = Iy
or if p; = ry =¥ and pp = r, - Iy
F(pr + pa) = F(p1)F(pz) - (2.12)

The solution of equation (2.12) is obviously given by:

F(p) = exp(-p/a) , (2.13)
where p = |p| Z 0.

The parameter a in equation (2.13) has the dimension
of distance and is given the name "correlation distance".
It is always positive in value and is equal to the distance
p at which the value of the correlation function, F(p),
attenuates to 1/e. Thus, in effect, a measures the
extent (i.e. range or distance) of the inhomogeneity
present in the sample. The larger the value of a, the

more inhomogeneous is the sample and vice versa.

Light Scattering Theory

The classical theory of light scattering in isotropic
inhomogeneous media was first formulated by Debye and
Beuchell in 1949. sSince then, the theory has been supple-
mented with more details by Gyinier and Fournet.l2 Re-
cently, Ross® has redeveloped the theory by using a slightly
different approach. His treatment is so explicit and ele-

gant that we choose to review it as follows.
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Let us consider a monochromatic, plane electromagnetic
wave incident normally on a block of inhomogeneous material
of length / which has a constant magnetic permeability
different from that for vacuum by a negligible amount,
zero conductivity and a mean permittivity <€>. If the
incident beam has a cross section A, theﬁ the illuminated
volume inside the sample will be Agf. For simplicity, let
us assume the permittivity, e(r), is just a random func-
tion of position only and not of time so that we can ignore
any possible frequency fluctuations and changes in the re-
sultant scattered field. We also assume that the inter-
action of the electromagnetic wave with the medium is so
weak that the Born (or Rayleigh-Debye) approximation is
valid. |

The plane incident beam has an electric vector,
E = Ep exp(- iwt) (2.14a)
and a magnetic vector,
H = Hy exp(-iwt) (2.14p)
which must satisfy the Maxwell equations for a classical

field, namely:

vxﬁ+%'§=o (2.15a)
VxH —cDa - J (2.15b)
v.D = 47d (2.15¢)

v-B=0 , (2.154)



11
where c¢ 1is the velocity of light in vacuum, ﬁ' and D
are the first time derivatives of the magnetic induction
and electric displacement respectively, 3 is the electric
current density and d is the electric charge density.

Since the medium under consideration is non-conductive and

is free from any electric charges,

0

J
and .

d=0. (2.16)
With the help of the constitutive relations: |

€E

D

(1]

B = ufH , (2.17)
where ¢ 1is the permittivity and . ie the magnetic
permeability, and equations (2.16) and (2.14 a and b) we
can write the Maxwell equations (2.15 a, b and c¢) for the

electric and magnetic field at any point Y inside the

illuminated volume of the medium as follows:

v x E(r) = o uH(Y) (2.18a)
vx H(E) = - 12 (D)E(T) (2.18b)
v * ¢(r)E(T) =0 . | (2.18¢)

Equation (2.18c) can be simplified by using the well
known vector identity of the divergence of the product of

a scalar and a vector to:

v - E(E) = E(E) - V—Z(L;% . (2.19)
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Taking the curl on both sides of equation (2.18a) and

substituting v x H(r) from (2.18b), we obtain:

vavxE(E - Sl g . (2.20)

But,
vx Vv xE(r)=v(v.E(x))-v - vE(r) =
v(v - E(Y)) - v’E(T) . (2.21)

therefore, equation (2.20) can also be written as:
v(v - B(F)) - v*E(F) - Lee) 5(5) ,
c

or with the help of equation (2.19),

VIE(E) + ﬁt*;-(ﬁ E(F) = -V(E(F) - V__(=lz (f)l -
VIE(E) - vlne(T)] . (2.22)

Equation (2.22) can be combined with equation (2.4),

e(Y) = (e + d¢(T) ,
to yield
VIE(T)R<I0E(F) = <0 SLEL B(E) -
v{E(Y) * vin[{e>+e(T)]), (2.23)

where

W =8NS = By o=

is the mean wavenumber in the medium which has a mean
refractive index <n); Ao 1is the wavelength of the electro-
magnetic field in vacuum, and <%\> is the mean wave-

length in the medium.
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Equation (2.23) is the wave equation that we must
solve to obtain the scattered field, E(L), at the observa-
tion point specified by the position vector L. 1In passing,
we want to point out the fallacy that many authors have
made in dealing with equation (2.23). Authors like Strat-
ton!3, wheelon'4 and Hoffmannl3 suggested that the last

term in equation (2.23), namely

V{E(T) - v In[<e> + 6¢e(T)])

could be ignored if the changes in [—%§§£l] are small over

a wavelength, or if
)\|v6€r|<<1'
€

.This in fact is not correct, for, as we shall see soon,
this term will cancel the longitudinal component of the
scattered electromagnetic field and so maintain the trans-
versality of the scattered electric and magnetic vectors
to the plane of propagation.

We recognize that the wave equation in (2.23) is an
inhomogeneous vector Helmholtz equation of tﬁe form:
LE(X) = y(¥) . (2.24a)

where 2 is the Helmholtz operator:
L= 9% + O? . (2.24b)

There are two methods by which equation (2.23) can be
solved. The first method employs the perturbation approxi-

mation technique, while the second involves the application
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of the Green dyadic. The latter method is mathematically
more refined and is therefore used below.
The inhomogeneous Helmholtz equation (2.24) can be
transformed to its integral counterpart (sée Morse and

Feshbach!®) by a standard method to give:

£ (L) = - Z%rfffv G(T|T <KD )Y(F)av | (2.25)

where Y is any point in the illuminated volume V at
which y(Y) is assumed to be known and G(L{r|[<k>) which
is the Green dyadic or the vector analog of the Green

function for scalar equations is given by:

G(El;l<k>) = [exp(i<k>li’- ;I)] F

ke |L : (2.26)
[T - 7|

Here, F 1is the unit dyadic or the idemfactor such that
FV =V
is true for any vector V.

Writing equation (2.25) for the wave equation (2.23),

we get:
2 — -—
— — - 1 L — — — —
B,(E) = 5555 [IS_ e"P(l_;O?r_'l 1) o (D)E(T)av+
(2.27)
7011, BROCLEEL 0 5(2) wint<vse (7)1 av.

To obtain the most general solution for equation (2.23),
we must also add to equation (2.27) the solution of the

homogeneous equation:

VE(T) + <KOE(T) =0 ,
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which, as can be easily obtained, is given by:

Eh(f) = Eh(?) = Eo(x) exp(ik-T) . (2.28)

Thus, the total electric field at the point of observa-

tion L is given by:

E(T) = 5, (D) + fff exp(iKIP [L-x]) 5. (7)5(F)av +
| S (2.29)
i 110 exﬁl(‘lfkijll' ] v &(F) Tin{{e>+e ()] Jav.

However, as can be seen from equation (2.28), Eh(f) is
just the incident electric field at the point Y inside
the illuminated volume; it follows then the scattered elec-
tric field at T is only represented by E;(f) shown in
equation (2.27).

Let us assume the incident electric field which has a
magnitude Ey 1is travelling along the x direction speci-
fied by the unit vector E; and further is polarized
vertically along the 2z direction characterized by the unit
vector Eé. We can rewrite Eh(f) in equation (2.28) as

follows:

E, (L) = E,(T) = E¢&, exp(i<k)E, - T) . (2.30)

To solve for E_(T), we identify that equation (2.29)
is a Fredholm equation of the second kind and therefore can
be treated with the Liouville-Neumann method of successive
substitution.? fThis method consists in continually substi-

tuting the value of E(L) for E(r) and adding the result-

ing terms together to obtain a series.
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To obtain the first term of the series, let us replace
E(Y) in equation (2.29) by the value of Eh(?) given in

equation (2.30). Thus,

E(L) = E, (D)+ Egé%%} iy exPi;ff>lT D) se(7) »

exp(i<k>'é'x-?)dv + (2.31)

fff expﬁ;(k}if';l) v{e exp(i<k>3¥-f)-Vln[<e>+é€(F)]]dV-

T - 7]
We may substitute E(¥) in equation (2.29) again with
the above value for E(L) to obtain the second term of the
series. But before we do that, let us expand the loga-
rithmic term in equation (2.31) in a Taylor series as

follows:
(2.32)

J— - 5 - 5 -\ 2
1n({e>+6e(T)] = 1nle> + Eéi) - L :é:;’] oo

Since we have assumed that the interaction between
the incident field and the medium is weak, the deviation
be(r) must be very much smaller than the mean permit-

tivity <e>, 1i.e.

e(r) <1 . (2.33)

In this case, it is obvious that terms higher than the

second in equation (2.32) will contribute little and hence
can be ignored. This is the well known Born (or Rayleigh-
Debye) approximation -- if the scattering is Qeak, further

scattering of the once scattered wave will be negligible.
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Physically, the Born (or Rayleigh-Debye) approximation is
equivalent to ignoring second and higher order scattering
phenomena.
Aas vin{e) = 0, we obtain on substituting equation

(2.32) into equation (2.31)

E(f)= Eh(f) 40<k> = fff exp(i<x) |L-r]) de(r

T - T

exp(1<k>e -r)dv + (2.34)

E ex 1 L-r —_ \ —_— =
Z}%E}Jffv PKlﬁ;?iL;il) V[ezexp(l<k>ex'r

)-vée(Tr)]av.

Now, if we substitute equation (2.34) for E(T) in
equation (2.29) to obtain the second term of the Liouville-

Neumann series, we notice that it will be proportional to

2
[62 r)] and therefore can be disregarded.

In short, providing that the Born (or Rayleigh-Debye)
approximation is valid, the scattered electric field at the

observation point T 1is given by:

2
E—s(f) io<k> s /] exP(l;'(lj) IT‘ 5€(f)exp(i<k>‘e'x'?)dv +
(2.35)

~/f] ex"‘|;<"> “]“ v (5, (108, 7) v (F)1av.

Applying the Gauss gradient theorem, (see e.g...G.

Arfken,1® p. 44), i.e. for any scalar functions u and v,

Il uvvdT = &, uvdo - fffv vyudT ,

to the second integral in the above expression for Eg(f).
and noting that in our case the surface integral vanisﬁgs
because the surface of integration can be moved beyond the

limits of the illuminated volume V, we can reduce equation

(2.35) to:
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E (D)= §%§§§-‘szfvexpiz<f>17 ) oe(x)exp(i<103, F)av -
(2.36)
Wfff (5, exp(iCkDT, *F) -voe (7)) v 2RUSK [ET])) 4y

IT - T

Since in most practical cases, the observation point L
is situated far beyond the small scattering volume V 1in
the Fraunhofer region, we can also express |L - T| in terms

of r/L. 1In Figure 2.1, it is obvious that if |T[<<[T],

- — _ - O
[T - F| QL = |L| - 0Q = |L| - |r|cos(rL)
or
T - 7] To(- EL Eleos(fE) = 11- IL),  (2.37)
where fﬁ is the angle between r and L and L = [E[ =

OL is the distance from the medium to the observation point.
With IT:- Y| given by equation (2.37), we can rewrite

equation (2.36) as follows:

E, (D)= 28 SRUGOLIS 1) expl1i0 (5, 5,) B 6e(Flav -
(2.38)

;igga exp(l<k>L 5L JI1 (B expli<i> (8,5, ) “F -voe () Jav,

where Ei is the unit vector along L.

The last integral in equation (2.38) can once more be

simplified with the Gauss theorem, namely for a scalar

function u and a vector Q:

11, uv-gay

¢#s uQ-ds - fffv Q-vuadv .

The surface integral can again be ignored because the sur-
face of integration can be moved beyond the limits of the
irradiated volume V causing the integral to vanish.

Hence, equation (2.38) becomes:
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Figure 2.1.

The vector diagram.
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E, (D), (15, £0S8" xR UOO)S, 111 el 145 (5,5, )71 8¢ ()

L 4v(e>
(2.39)
E;’r%‘i exp(ikoL) 5,(5, 8, []]_explici> (5,8, ) T 6e (F)av.
However,
€ x (5, x EL) =T, EL('e'L . az)

is a well known vector identity; therefore equation (2.39)
reduces to the following final expression for the scattered

electric field at the observation point T :

A e Tk

ep) /] exp(ik>5 E)oe(T)av,
 (2.40)

wher s = e -e..
here x L

Equation (2.40) clearly indicates that except for a
factor of proportionality, the instantaneous scattered
electric field is the Fourier transform of the local devia-
tion in permittivity from the mean. We, therefore, expect
that the scattered light carries information about the in-
homogeneity present in the medium.

In practice, the instantaneous electric field can
never be measured. This is because the optical period of

=15

the field is of the magnitude of 10 second while the

fastest photodetector only has a resolving time of about

10—10

second. However, most detectors can measure light
intensity, i.e. the square of the modulus of the instan-

taneous field strength very accurately.
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To obtain an expression for the scattered light in-
tensity, it will be better to consider the entire scattered
wave at the point of observation YT, i.e. also consider the
magnetic field of the scattered wave at L.
The first Maxwell equation shown in (2.18a) can be
written in the following manner for the séattered electric

and magnetic fields at L :
s ) . (2.41)

Substituting the value for ﬁ;(Lgi) given in equation

(2.40) into the above expression, we obtain:

ﬁS(I.EL)= ic IS _ﬁ[ef‘(‘—zx EL)] fffvexp(i<k>§'~?)ée('f)dv-

%5 exp(i<k>&) ) (2.42)

But, for L very large,

%E exE‘iFkZL)=i<k>exp£i<k>L)_ exgiggkZL)=ﬁ<k>exE£isk2L);

therefore, with the help of the vector identity:

FIER(E AT, )12(5,°5,) (528, )~(5, -5, ) (B x 8, ) =-(5,xF,)

equation (2.42) redyces to:

3
= = = Ho<k) exp(i{k>L) (= = R
Hs(LeL) ey T (eLfez)fffvexp(l<k>s r)ée(x)av,
(2.43)
where Hy = EQSEZS is the magnitude of the incident mag-

LW

netic field.
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Now, we can evaluate the Poynting vector <§> of the
scattered wave. By definition, <8S) represents'the average
amount of scattered light energy.which crosses a unit area
normal to EL (i.e. its direction of propagation) at T

and is given by:

& =8e =1 (18)5, =% E (15, sHi(15,), (2.44)

where IS(LEL) is the scattered light intensity at T and
ﬁ:(LEL) is the complex conjugate of ﬁ;(LEL)

Making the appropriate substitutions of E;(LEi) and
ﬁ:(LEL) in equation (2.44) with equation (2.40) and the
complex conjugate of equation (2.43) respectively:

4

<8>=1 (LeL)_L ;g%;(&r oHo)[eﬁ(exe )]x(e xe, ) .

(2.45)
I Sq 11 06 (Fy)06 () )oxp( 1008 Foxp(~i<I0% -7, Jav, av,

It can be seen from equation (2.44) that the first
term in parentheses on the right hand side of the above ex-
pression is equal to the magnitude of the Poynting vector

or the intensity of the incident electromagnetic wave, i.e.

81r EoHo = [S¢>| = Io - (2.46)
Since,
[Ee e )IeExe,) = & |¢ xeL|

it follows, therefore, from equations (2.45) and (2.46):
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4
IB(LEL) = ,LLQ——k I — |‘ézxé‘L|3-
16<e>L

1Sy 15y 56, )0 (7D oxp(iG05 Fy exp( -3 7, Jav,av,

or letting

ol
n
H
!
H

and realizing that
- = (2
lezxeLI

= sin?p ,

where B 1is the angle between the direction of the incident
electric field and the direction of observation, we obtain
for vertically polarized incident light:

4

1_(B)
(2.47)
J15, 5oy Joc (FyDavs.
Substituting equation (2.10) for the last integral in

equation (2.47), we obtain:
4, 4 o
1_(8) = 1o ‘1,.—2 %%,%272 sinzaffjvr(a)exp(i§k>s-p)dv.(2.48)

Here V is the illuminated volume of the medium and F (p)
is the correlaﬁion function we discussed in the last sec-
tion.

The volume integral of the correlation function in
equation (2.48) can be reduced further if the deviations
in permittivity from the mean, &€ (Y), are isotropic. 1In

this case, F(p) is a function only of p, i.e.
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F(p) AAF(p) .
where = |p|., and spherical polar co-ordinates with the
polar axis lying along § can be introduced. Letting the
angle between § and p be 7y, the volume integral becomes:

Pmax
2rf ~F(p)p2dp -

[1] F ()exp (ik)S-p)av

-
j; exp (i¢kPsgcos y)sin y dy ,

or after performing the angular integration,

—_ - e 0] i
fffVF(E)exp(i<k>s'p)dV = 4v£)p2F(p)§%£§§§22§) dp. - (2.49)

Here, the upper limit of p is set equal to oo Dbecause
F(p) becomes negligibly small for p exceeding a certain

value, and s 1is given by:

s = |s]| = |E¥ - EL' = 2sin (%) . (2.49a)
where 6 1is the scattering angle or the angle between
the direction of observation and that of propagation of the
incident wave.

Taking equation (2.49) into account, we obtain from

equation (2.48) the scattered light intensity from an iso-

tropic inhomogeneous medium at a scattering angle 63

3 .
1_.(p) = (1o %;-§§> §:§:>]st?zaéx%F(p)sin(<k>pS)dp .(2.50a)

If the point of observation T is restricted to lie on
the xy plane, as it is usually the case when a photo-
multiplier tube is used to scan the scattered light in-

- — 2 :
tensity, sin? p = |ezxeL| is equal to unity. Hence,
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3
Is(s) = [1 %§<§%-§§§;>] %i?;?(p)Sin(<k>ps)dp . (2.50b)

At this point, it is already obvious that the angular
distribution of the scattered light intensity depends func-
tionally on the correlation function F(p) and the mean
wavenumber <k)>. The magnitude of the variance in permit-
tivity, <6e2>, however, cannot be extracted absolutely from
the distribution, for with Is(s) being only the relative
scattered intensity, the term in square bracket in equation
(2.50b) represents just the expansion factor of the scale
to which the intensity is recorded.

Taking a Fourier transform of Is(s) in equation

(2.50b), we see:

F(p) = %-<8> IEV §§’>f s8I (8)31n(<k>ps)ds . (2.51)

This implies that at least in principle the form of the
correlation function and hence the value of the correlation
distance a (see last section) can be determined from the
angular distribution of the scattered light intensity
measurement. But, from the experimental standpoint, this
is not really true for s, which is defined in equation
(2.49a), can have values only between 0 and 2 and not

0 and oo as indicated in equation (2.51). 1In fact, what
we can determine in this fashion is only the function T(p)

which is defined as follows:

r(p)= 2 5 £5 %—2,5; s1_(s)u(2-8)sin(Ck>ps)ds , (2.52)
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where U(2 - s8) is the unit function:

1, for 02X (2 -5s8) <2

—
\\\\~0 , for (2 -s) <0 .

2 2
Since the Fourier transform of _2235 %:V-Z%E;SSIS(S)

is exactly equal to %pF(p), we can also define a new func-

u(2 - s) =

tion D(p) such that D(p) is the Fourier cosine trans-

form of U(2 - s), or

D(p) = % sinéZ%kZQ) .

Now, it follows from the convolution theorem that

T (p) is also given by:
(2.53)

=2 @ _ 2
T(p)= =5 o FQ)IID([p=¢]) - D(p + 0)1dg =5F*D.

Thus, strictly speaking, the true correlation function
F(p) of the medium can be determined experimentally only
by deconvoluting the function T (p) which we establish
from the anguilar distribution of the scattered light in-
tensity measurement.

Although, as we mentioned above, the variance in per-
mittivity, <6e2>, or the amplitude of the inhomogeneity of
the medium cannot be obtained from the distribution of the
relative scattered intensity, it can be éstimated from a
knowledge of the turbidity or the scattering coefficient
of the sample.

Denoting the turbidity by T, then by definition
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2
T aplg(BILT
= daqQ = —_— dyde, .
T = & R(B)AQ % % —1v — sin 6dyde (2.54)
1.(p)L?
where R(B)=-——i;v—— is called the Rayleigh ratio or the

scattering cross section per unit volume, 6 1is the scat-

tering angle (in this case, the polar angle) and y is the

azimuthal angle measured from the y axis. Before we per-
form the angular integration, we notice that the term

sin?p in equation (2.50a) is related to 6 and y by

the following equation:
sin?p =1 - sin26 sin2y . (2.55)

Substituting equation (2.50a) into equation (2.54) and
taking equation (2.55) into account, we obtain after inte-

grating over ¢ and changing variable from 6 to s:

3 2y 2 @
T = S%Z_ g%g;g{fo[L) oF (p)sin (<kpps)dplds .-

2 QO
% fo(4s2 -s‘)[fopF(p)sin(<k>ps)dp]ds] . (2.56)

But, according to the Lambert law, the turbidity is

also given by:

I1(4) =1(0)exp(-14) .

or
_ 1, 1(0)

where I (4) 1is the direct transmitted intensity (assuming
no reflection on the surfaces of incidence and emergence)

of the beam which has passed through the sample of thickness
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£, and I(0) the intensity of the incident wave. Thus,
knowing [/, the turbidity of the medium can be determined
absolutely by measuring I(4) and 1I(0). Besides, if the
correlation function, F(p), and therefore, the value of
the correlation distance, a, can also be established from
the angular distribution of the scattered intensity, from
equation (2.56) the determination of the permittivity
variance, <{6€2), is straight forward.

Most of the time, the more easily measured quantity:
the refractive index, is used instead of the electric per-
mittivity. The relation between the two quantities is

given by the Maxwell formula:

n(T) =Ve(T)u .
or for the medium under consideration which has a magnetic
permeability different from that for vacuum by a negligible

amount,

e(T) = [n(X)]12 = [{n) + 6n(Y)])2 , (2.58)

where 6n(xr) is the deviation in refractive index from
the mean at any point Y inside the medium.

Since

ggezg - ((6(57<-§€>)’> - e - (P

e>? <ed?
and

<én(T)> =<n(¥) -<np> =0,

taking equation (2.58) into account, we obtain:
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(22;2., 4(n>3{(5n)2>+4{n>(6n)3>K (6n)4>< (6n)2>> . (2.59)

nd* + 2<nd3(8n)3) + ((6n)3)3
Within the framework of the Born approximation which

we have assumed valid,

5n(T
n

<< 1,

therefore, we can ignore the second and higher terms in
the numerator and denominator in equation (2.59). It
follows then

{8e?> ., Knp2{(sn)3> 4<(én3’2
<2>2 ~ = <n>4n <n> . (2-60)

We can also write equation (2.56) in the following

way:

2
de - T - T XQ
= = ' 2.61
% S T3 T Tnos (2.61)
where )y 1is the wavelength of the incident wave in

vacuum and
2 , ©
J = g}2{--2--[1'0[.{; pF(p)sin(<k>ps)dp]ds -

2 [00)
% % (452—34)[£ pF(p)sin(<k>ps)dp]ds} . (2.61a)

Substituting equation (2.60) into equation (2.61), we
see

((on)2> x RS>

or the standard deviation in refractive index of the medium,
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N<(on)%> z\/—i@ . (2.62)

Thus, having established the form of the correlation
function, F(p), and determined the value of the correla-
tion distance, a, we can calculate the standard deviation
in refractive index provided that we also know the turbidity

and the mean refractive index of the medium.

conclusion

From the above two sections, we conclude that the in-
homogeneity in electric permittivity, €, (or refractive
index, n) of an isotropic medium which is non—cénductive
and has a constant magnetic permeability different from
that for vacuum by a negligible amount can be characterized
in amplitude by the variance, {6e3)> (or ~<{(én)2y), and
in extent by the correlation distancé, a, éiven by the
correlation function, F(p).

Provided that the scattering of the medium is weak or
the Born approximation is valid, the correlation function
and hence the correlation distance can be established from
the angular distribution of the scattered intensity from
the medium. With the knowledge of the correlation distance,
the amplitude of the inhomogeneity ({6e¢2> or N{{(én)2y )

can be determined by measuring the turbidity of the sample.



CHAPTER IIIX

LIGHT SCATTERING FROM AMORPHOUS SOLID POLYBLENDS

Introduction

In recent years, multicomponent polymeric materials,
commonly called polyblends, have become giant rivals in
industry of their individual constituents, namely homo-
polymers. The impetus was first launched by the discovery
of T. A. Grotenhuis!?® twenty-four years ago when he obtained
a superflexible and abrasive resistant product by mixing
a hard unmasticated rubber with an elastic rubber. Since
then, interest in the area increases rapidly as more and
more desirable blends, e.g. polystyrene latex with poly-
butadiene latex -- the high impact polystyrene, polyvinyl
chloride with an elastomer such as chlorinated polyethylene,
ABS, MBS or EVA and etc., were made and patented.

The physical and mechanical properties of polyblends
depend greatly on the intimacy of the mixture of the par-
ent polymers. The word "compatibility", which has its
origin in the mixing of two liquids, is frequently used to
describe this phenomenon. It is understood that liquids
are compatible if on mixing they yield one homogeneous
phase. This implies that compatibility is associated with

31
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nearly complete mixing of the molecules at the molecular
level. 1In view of their huge size and high viscosity in
comparison to liquids, such intimate mixing definitely
will be extremely difficult for polymers both kinetically
and mechanically. Thermodynamically,29,21 the condition
for two chemically unlike high polymers to be mutually com-
patible, i.e. AG < 0, where AGm is the free energy of
mixing, can be observed only in exceptional cases. This is
because of the great reduction in the entropy of mixing,
ASm, associated with the smaller number of molecules in-
volved by virtue of their contiguous nature and the endo-
thermic nature of the process of mixing. Thus, when two
polymers of different chemical composition are brought to-
gether, they will not intermix at the molecular level and
will not give a homogeneous single phase structure. The
ultimate state of molecular mixing attainable by many liquid
mixtures can only be approached as a limit by polyblends.
Hence, compatibility in this case is a representation of
how close a limiting state of mixing is approached. Crudely
and qualitatively, compatibility is signified often by the
transparency of the polyblend, since when phase separation
occurs it always is accompanied by an opaque appearance if
the refractive indices of the components are different.
Quantitatively, compatibility has to be a relative property
and is related directly to the degree of inhomogeneity of

the polyblend;22 the larger the inhomogeneity, the lower the
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compatibility of the components of the polyblend and vice
versa.

Although polymethyl methacrylate (PMMA) has a refrac-
tive index fairly close to that of polystyrene (PS), the
two are not compatible at all compositions. In what follows,
the inhomogeneity of a series of their blends are studied
and analyzed by the method of light scattering which was

discussed in the last chapter.

Inhomogeneity Parameters

The theory presented in Chapter II is a general one
and is applicable to any isotropic inhomogeneous medium.
However, the two parameters used to characterize the inhomo-
geneity of the medium, namely the variance in permittivity,
{5¢2>, and the correlation function, F(p), can be extended
to the case of polyblends where one component is distributed
in a matrix formed by the other.

First let us consider <{6¢2). To the first approxima-
tion, we can regard the two components as being separately
homogeneous so that ¢€; and €, are their electric permit-
tivities respectively. If ¢; and ¢, represent the volume
fractions occupied by each of them, the mean permittivity,

{e>, of the medium is given by:
<€> = %567 + ¢5€q9 . (3.1)

The local deviations in permittivity pertaining to each

component from the mean are then:
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b€y €7 - <> = (g1 - €3)0,

and (3.2)

662 €g - <€> = (€2 - €1)®1 .

From equation (3.2), we obtain the variance in permittivity:

82> = ¢1(0e1)” + 05(663)% = (e1-€5)%010, . (3.3)

Thus, for a polyblend of two components having about
the same density the amplitude of the inhomogeneity depends
on the amount of the second component blended with the
first. If ¢; > ¢,, the greater the amount of the second
component added, the larger the amplitude of the inhomo-
geneity will be.

With a polyblend, we can also define two additional
inhomogeneity parameters based on the limiting properties

of the correlation function:

lim
p—>0 F(p) = 1
and
lim =
p—>00 F(p) =0

Following Porod,?3 we allow the second component which
is distributed in a matrix of the first to have an arbitrary
form and a volume fraction ¢,. Then, the probability,

z(p), that a point within the volume of the polyblend at a
distance p from a given point occupied by the second
component is itself also occupied by that component is
given by:

Z(p) = ¢2 + (1 - ¢2)F(p) . (3.4)
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Integrating equation (3.4) for a range of p from

0 to L,

L L
fo z(p)dp = Loy + (1 - ¢3) fo F(p)dp .

or for L large enough,

L (o0
fo 2(p)dp ® Loy + (1 = &) [ F(p)dp . (3.5)

According to Porod,

1c/2 , (3.6)

oo
/, Fpdp

where 1C is an inhomogeneity parameter called the "dis-
tance of heterogeneity".

The geometrical significance of 1c is as follows.12
Let us draw an arbitrary line of length L in an arbitrary
direction from a point occupied by the second component.
This line will then be divided into segments which are
alternately occupied by either one of the two components
comprising the polyblend. The integral of z(p) over p
is a representation of the probable length of the line
which will be occupied by the second component. It is
larger than the mean length, L¢,, similarly occupied be-
cause the condition upon which the line is first drawn en-
hances the chance of finding a segment so occupied. The
excess length is represented by (1 - ¢2)1c/2.

Furthermore, by integrating 4szz(p) over a range of
p from 0 to R, we obtain the probable volume occupied

by the second component as follows:
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R R
j; 4mp2z (p)dp = Vo, + (1 - ¢2)fo 4mp2F (p)dp ,

or for R 1large enough,

R (o)
fo 4arp2z (p)dp R Ve, + (1 - az)fo 47p?F (p)dp , (3.7)

where V 1is the total volume of the polyblend.

Here again, by virtue of the conditional nature of
the probability function, 2z (p), the probable volume is
larger than the mean volume, V¢,, occupied by the second

oo
component by (1 - ¢2)f0 4mp?F (p)dp. We can define:

a
[, 4mPF (p)dp = v, . (3.8)

where V. is a parameter which, according to Porod, char-
acterizes the "volume of heterogeneity".

Thus, the inhomogeneity of a polyblend can be charac-
terized in amplitude by the variance in permittivity, <6ez>,
(or the standard deviation in refractive index, NZ(En) %)) ;
in extent by the correlation distance, a, given by‘the
correlation function, F(p), and the distance of hetero-
geneity, lc; and in space by the volume of heterogeneity,
V.-

In an experimental investigation of porous catalytic
materials by X-ray scattering, Debye, Anderson and Brum-
berger24 noticed that in some cases, the angular dependence
of the scattered intensity separated into two parts at

small and large angles within the low-angle range of their

measurements and could not be characterized by a correlation
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function which consisted of only one function. Accordingly,
Debye and coworkers and others,35-27 yho also observed in
some other systems a similar break in the angular dependence
of the scattered intensity, proposed the correlation func-

tion F(p) to be represented as follows:
F(p) = fFl + (1 - f)Fz ’ (3.9)

where F,; weighed statistically by a fractional contri-
bution factor f and F; by a factor (1 - f) were two
single-functioned correlation functions (see later section
under "Data Analysis and Results") which described the scat-
tered intensities measured at large and small angles re-
spectively. With this form for F(p), the authors were

able to analyze their experimental results and found the
associated correlation distances, a; and ag, measuring

the short- and long-range inhomogeneities of their samples
respectively. Debye and coworkers did not justify the
physical meaning of the long-range correlation distance a,,
which they obtained by proposing the correlation function

F, to be a Gaussian (i.e. Fy = exp[-(p/az)®]), with respect
to the structure of their materials. However, they showed
that with an exponential form for the correlation function
F; (i.e. Fy = exp(-p/al)L the short-range correlation
distance a; and also the fractional contribution factor

f if f # 1 were theoretically related to the specific
surface of the voids randomly distributed in their samples.

Their calculated values of the specific surface from a;
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and f were in good agreement with those determined by
gas adsorption. Recently, by using Debye's functions for
F, and F,;, Moritani and coworkers2® characterized by
light scattering the inhomogeneities of a series of copolymer
blend specimens (see later section under "Discussion") which
were composed of spherical domains of uniform size dis-
persed in a continuous matrix. With their experimentally
determined a; and f and noting the relationship between
specific surface and radius, the authors also found a 1:1
correspondence between the calculated values of the radius
of the spherical domains of their samples and those ob-
served from electron micrographs. These two instances of
agreement certainly provide direct proofs on the soundness
of the isotropic theory of scattering discussed in Chapter
II. Furthermore, in cases like these when F(p) 1is
represented by equation (3.9), the fractional contribution
factor f of the short-range correlation function F,
constitutes another parameter which characterizes the in-

homogeneity of the sample.

Experimental

Material

The materials used to prepare the samples consisted of
methyl methacrylate monomer, narrow-molecular-weight-distri-
bution polystyrene and q,q'-azobisisobutyronitrile (AIBN)

initiator. The monomer, stabilized with hydroquinone, was
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obtained from Eastman Kodak Company which also supplied
the AIBN initiator. The polystyrene was of the anionically
polymerized type having a molecular weight of 82,500 and

was kindly supplied by Dow Chemical Company.

Monomer Purification

Before the monomer was employed in preparing the
samples, it was purified carefully as follows:

The hydroquinone stabilizer of the monomer was first
removed by shaking the monomer with 5% by weight of sodium
hydroxide solution in a separation funnel. The brownish
colored aqueous phase containing the stabilizer was then
drained from the funnel. The procedure was repeated until
the brownish color did not appear in the aqueous phase.

The organic phase was washed three times with one
liter of distilled water each to remove any trace of sodium
hydroxide that might have remained. The monomer was then
transferred to a flask where it was dried over drierite
for more than three hours. The drying process was completed
when a fresh addition of blue drierite did not become pink
in color. The dried monomer was filtered through another
inch of drierite into a distillation flask. Dry purified
nitrogen gas was bubbled through the monomer for one hour
before distillation was started thereby minimizing polymeri-
zation during distillation. With the stream of nitrogen
maintained, the monomer was distilled through a Vigreaux

column under 10 cm pressure where it boiled at 48°c. After
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a final flush with purified nitrogen for 15 minutes, only
the middle portion of the distillate was collected and
stored in refrigerator.

Before use, the distillation apparatus and the stor-
age vessels were thoroughly cleaned with liquid detergent
and distilled water; baked overnight in an annealing oven
at 5809C; flushed with fresh aqua regia for half a day;
rinsed successively with distilled, demineralized and
triple-distilled water and finally dried at 1100c.

The distilled monomer was further checked for impuri-
ties with gas chromatography using a carbowax column. The
chromatogram (Fig. 3.1) showed only one sharp peak indicat-

ing the high purity of the collected monomer.

AIBN Purification

The AIBN initiator is thermally unstable and will
decompose at moderate temperatures. To ensure decomposition
did not occur, the initiator was dissolved in Spectro-
Grade benzene and recrystallized. The crystals were dried

under vacuum and stored in the refrigerator until needed.

Sample Preparation

Altogether seven samples ranging from a pure poly-
methyl methacrylate (PMMA) and six blends of 0.0001%,
0.001%, 0.005%, 0.01%, 0.03% and 0.05% polystyrene (by

weight) in polymethyl methacrylate were prepared.
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Figure 3.1.

Gas chromatogram of MMA monomer.
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PMMA:-- The pure polymethyl methacrylate sample
was prepared by dissolving about 0.1% by weight of the
AIBN initiator in the distilled methyl methacrylate monomer.

"The liquid was then introduced into a filtration apparatus
(Fig. 3.2) where it was filtered first through a very fine
sintered glass filter and then a 0.25u Solvinert Millipore
filter into the sample tube.

The filtration apparatus and the sample tube were
thoroughly cleaned before use in the same way as the dis-
tillation apparatus used for the monomer purification. The
filtrati&n apparatus and the sample tube were designed to
form a completely closed system to avoid any unnecessary
contamination that might have resulted from the shortest
exposure of the filtrate to air before it was covered. The
sample tube, 2 cm in ID and 19 cm in length, was made of
Pyrex and had a constriction for easy seal-off 7 cm below
the joint to the filtration apparatus.

When enough liquid was collected in the sample tube,
valve B in Figure 3.2 was closed. The liquid was degassed
via valve C (Fig. 3.2) by a standard freeze-thaw procedure
until it evolved no gas bubbles when thawed. After de-
gassing, the sample tube was sealed off a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>