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ABSTRACT

LOWfANGLE AND BRILLOUIN LIGHT SCATTERING

FROM INHOMOGENEOUS AMORPHOUS POLMMERS

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 deve10ped

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
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adequately describe the short-range inhomogeneity of all

the blends under study. In 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

900 by Brillouin Spectroscopy. Measurements on the Brillouin

shifts and half widths indicate that the hypersonic waves of

frequency in the region of 1010 Hz in the samples propagate

and attenuate independently of the polystyrene concentration.

The Landau-Placzek ratios are, however, different ameng 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, pv’ 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

Tyndall1 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 ubiquitous natural phenomenon. From 1871,

the"Tyndall effect" was the basis for the great body of

original theoretical work by Lord Rayleighpzv3 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-

plines‘: 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



2

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 deve10pment 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 component5 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

(«v0.01 cm-l), but can'belxnadened 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.4 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.



Concept of Inhomogeneity
 

Following Ross,6 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, e (or dielectric constant). We shall further

assume that the medium is constant with time. In this

case, the electric permittivity is a continuous function

only of position.

Let each point Pi inside the medium be defined by

its position vector ri from an arbitrary origin 0 in

the sample such that

ri = 0Pi . (2.1)

Then, the electric permittivity at any point inside

the medium is:

e(Pi) = 6(ri) . (2.2)

We can define the mean permittivity of the medium

(i.e. the permittivity for its idealized homogeneous analog)

by:

1 ._
<e> = fofv e(ri)dV, (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 :

0€(Pi) = 06(IE) = e(§i) - <€> . (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
<0e2> = vfffv[e(ri) - <€>] dV . (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:

) = anvtdri) - «men-j) - <e>1dv «:F' (751,?"j

or (2.6)

F'(fiI-F3—) ‘3 {ll-fffv[€(ri) " <€>][€(fi + E) "' <€>]dV,

where e(f&) and €(f5) are the permittivities at any

two points, Pi and Pj’ situated inside the medium at a

distance

3:? -r. (2.7)

apart.

We shall consider only the case when the local devia—

tions 06 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 53 Using equation (2.2), we can rewrite

equation (2.6) as:

F' ('p') = x'l'ifffv 06(Yi)0e('r'i+'5')dv. (2.8)

It is clear that F'(ET 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, 56(fi)

and 06(f5), 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)

(Ir->00

Similarly, it can easily be seen that F'(E) will have

its maximum value at '5 - 0b

In practice, the covariance function is normalized

with respect to its value at E’= 0:

_. F'

F(p) = §T%8%'

= \l'flffvée (Yi)0e (ri + mdv

<66”)

or

 F ('5) ° (2 .10)

The resulting function, -F(E), is called the autocorrela-

tion or correlation function.

We see immediatelwarom the Schwartz inequality that

|F(§)| :_1, where the equal Sign applied to |F(0)|.
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The concept of the correlation function was first

introduced by Zernike7 in 1916. Later, Wiener8 and

Khintchine9 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 00 .

F(p) = 2; IO) exp(iqp)dG(q)

or

1 00’

F(P) = '27; la) exp(iqp)J(Tl)dn ;

if F(p) is also real, then

I
H 00

F(p) = W loo cos(np)J(n)dn . (2.11)

[
0

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. in 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. Doob10 has proven that a

sample may have this property if and only if its correlation

function at two points, F(fi, fk), satisfies the following

relation:



F(rl, rk) = F(rl, rj)F(rj, rk) ,

where

ri :.rj :.rk ,

or if p1 = rj - ri and p2 = rk - rj ,

FTPI + P2) = 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 = lfiT 3.0.

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.

nght Scattering Theory

The classical theory of light scattering in isoteric

inhomogeneous media was first formulated by Debye and

Beuche11 in 1949. Since then, the theory has been supple-

mented with more details by Guinier and Fournet.12 Re-

cently, Ross6 has redeve10ped 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 t which has a constant magnetic permeability

different from that for vacuum by a negligible amount,

zero conductivity and a mean permittivity (e). If the

incident beam has a cross section A0, then the illuminated

volume inside the sample will be A02. For simplicity, let

us assume the permittivity, e(?), 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,

§'= Eb eXp(— iwm) (2.14a)

and a magnetic vector, I

H'= H6 exp(-iwt) (2.14b)

which must satisfy the Maxwell equations for a classical

field, namely:

in+§§=0 (2.15a)

VXH - C D a: C 3 (2.151))

Vol-5 = 41rd (2.15c)

v-§=0 , (2.15d)
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where c is the velocity of light in vacuum, B’ 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,

3' 0

and

d = 0 . (2.16)

With the help of the constitutive relations:

SE5'

E nfi'. (2.17)

where e is the permittivity and u is 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 f' inside the

illuminated volume of the medium as follows:

v x STE) - -C— uH(r) (2.18a)

v 2: ms?) = - :2 e(r)r(r) (2.18b)

V ' e(f)E(f) = 0 . (2.18c)

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 - so?) = 45(5) - 175—51 (2.19)
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Taking the curl on both Sides of equation (2.18a) and

substituting V K H(§T from (2.18b), we obtain:

v xv x 2(a) = “9 e E- 203). (2.20)

But, ‘

v x v x EC?) = v(v -!E—(;))-V - vs(r

v(v - E'('r')) - V’E'G) , (2.21)

therefore, equation (2.20) can also be written as:

v(v - E(‘f)) - vzi-zTr') = E’iz—Tflar) ,

or with the help of equation (2.19),

V2E(Y) + iclfg-El em = -v[r:(r) - 13%.] =

-V[E‘(f) - Vlne(r)] . (2.22)

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

€(fT = (e) + 06(f) ,

to yield

Warmers) = «>2 56} em -

V{E(§) ' Vln[<e>+0e(?)]}, (2.23)

where

<k>=§JTKE7 = gr? = gig-<0

is the mean wavenumber in the medium which has a mean

refractive index (n); 10 is the wavelength of the electro-

magnetic field in vacuum, and (A) 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 LL In passing,

we want to point out the fallacy that many authors have

made in dealing with equation (2.23). Authors like Strat—

ton13, Wheelonl‘ and Hoffmann15 suggested that the last

term in equation (2.23), namely

V{E(f) . V ln[<e> + 06(5)]T

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

a wavelength, or If

A|V6€rl<<1.

6

.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 the form:

11511?) = fl?) . (2-24a)

where JL is the Helmholtz operator:

2
ot= v2 + (k) . (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 (see Morse and

Feshbachla) by a standard method to give:

280:) = - fimv G('L—|F|<k>)y('r_)dv , (2.25)

where f’ is any point in the illuminated volume V at

which y(f) is assumed to be known and G(LT§T<k>) which

is the Green dyadic or the vector analog of the Green

function for scalar equations is given by:

 

-- ex ' k T'- f

G(LTrT<k>) = l “1913: ”1 F . (2.26)
(I. - r] .

Here, F is the unit dyadic or the idemfactor such that

EV = V

is true for any vector VI

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

 

 

we get:

2 . '— " .. .—

3503 = 4%.‘2. HIV ”9:33:21? ' I“ éemstr>dv+

' (2.27)

2THffvexpii<kZLE'f1 ) Viflf) 'v1n[<e>+ée(?)l ldv .

TL - rT -

To obtain the most general solution for equation (2.23),

we must also add to equation (2.27) the solution of the

homogeneous equation:

V951?) + <k>’E(E') = 0 ,
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which, as can be easily obtained, is given by:

Eh(i") = Eh( I) = Eb(?) exp(iE3F) . (2.28)

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

tion L. is given by:

1:) + k2 meXP‘KkNW‘) ée<r)E(r) dv +2(1') = i? 4 T3 _|
- r

h(
 

(2. 29)

i; IfrvexTiifkiTL’r” vem ~v1nt<e>+ée<r> lav-
 

However, as can be seen from equation (2.28), EE(L) is

just the incident electric field at the point f' inside

the illuminated volume; it follows then the scattered elec-

tric field at L' is only represented by E;(ID shown in

equation (2.27).

Let us assume the incident electric field which has a

magnitude E0 is travelling along the x direction Speci-

fied by the unit vector 5% and further is polarized

vertically along the z direction characterized by the unit

vector 5;. We can rewrite EE(L) in equation (2.28) as

follows:

(L) = E (f) = Eo§é°exp(i<k>§g° f) . (2.30)

To solve for E5(L), 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.17 This method consists in continually substi-

tuting the value of E(L) for E(?) 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(?) in equation (2.29) by the value of Eh(f) given in

equation (2.30). Thus,

at) = ‘(f)+ WE???m“FEET-II) 56”) T“

exp(i<k>E¥-?7dv + (2.31)

 

%fffveXpfiiék>LT-r1) V{ezexP(i<k>eX °_T°Vln[<e>+0e(YT]Tdv.

- r .

We may substitute ET?) 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)

ln[<e>+0e(r)] 3 ln<e> + 0e r _L0e(r):] ° .

2(6)2

 

Since we have assumed that the interaction between

the incident field and the medium is weak, the deviation

06(f) must be very much smaller than the mean permit-

tivity (e), i.e.

56 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 weak, 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.

As Vln<e> = 0, we obtain on substituting equation

(2.32) into equation (2.31)

r(r)= Eh(i')++%§%—2€—szfvefoTgkil-f—TI)de(r)

exp(i<k>eX -—)dv + (2.34)

 

Z%%25Tff expiij;?TL:§l) V[5éexp(i<k>§¥'f7°Vde(E)]dv.

v _ r .

Now, if we substitute equation (2.34) for E(f) in

equation (2.29) to obtain the second term of the Liouville-

Neumann series, we notice that it will be proportional to

5 'f)2
[ E . ] 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 I" is given by:

2

s.(r>= Em°<t>e"m eXPLOQ‘E'?~1)ée(r)e>cp(i<k>e ->dv +
V IL - r]

 

(2 .35)

 

fffV”Mic?”r1Vtez(i<k>'é'x~‘)~ve(r)]nv.
4:06 lL-I-T

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

Arfken,18 p. 44), i.e. for any scalar functions u and v,

fffv qudT - tjs uvdo - fffv vVudT ,

to the second integral in the above expression for Eg(L),

and noting that in our case the surface integral vanishes

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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2

e <‘x:>= 33%??- Eszfvexp(i<k>i“'” Mr)>exp<i<k>e adv -
S TL -rT

(2.36)

I')'V0€(r)]v[eXp(j-<k
> TL’-rj)]dv

T'f - rT

 

E0
Wfffv[§zexp(i<k>gxr'—

Since in most practical cases, the observation point L

is situated far beyond the small scattering volume V in

the Fraunhofer region, we can also express [E'- ET in terms

of r/L. In Figure 2.1, it is obvious that if TYT<<TLI,

.3 ._ ._ _. 2:

TI: — r] ~QL = [Li - 00 = |L| - |r|cos(rL)

or

ii: - r' : L-(l Lil—Leos(£f.)= L(1- g?) (2.37)

where fL is the angle between II and L and L = (LT

0L is the distance from the medium to the observation point.

With III- YT given by equation (2.37), we can rewrite

equation (2 .36) as follows:

 Eg(L)= igét>2e§§p(i<k>L)-)eszfvexpli<k>(ex-eL)r15€(r)dv -

(2. 38)

41:15:? exp( i<k>L)'€Lfffv {EZGXPTKD (Ex-EL) a .°Vde (r) )dv,

where EL is the unit vector along L2

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 6}

HIV uv-de = #3 ud-ds - fffv @de .

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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§;(f)-ES(L3L))=E0<k>2 exp(i<k>L)eszfvexp[i<k>(ex-eL )-r]ée(r)dv

 

E <k>2 (2.39)

_4;(€> exp£i<k>L)eeL(-é-z EL )vfff8Xp[i<k>('é-x-31, )fiée(f)dv.

However,

5L x (19'2 x EL) 2 a2 - silve—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 '3 :

 

12.015 )= 3323”“3519”?W5L>vmeXp(i<k>s-.,>5e<r>dv,

(2.40)

where 'E = 3* - 3L.

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 'E, i.e. also consider the

magnetic field of the scattered wave at 'f.

The first Maxwell equation shown in (2.18a) can be

written in the following manner for the scattered electric

and magnetic fields at 3':

._ _ _ _a ._ _ _ i-Q). _ _

v x ES(LeL) - (eLs-E)XES(LeL) . C uI-Is(LeL) . (2.41)

Substituting the value for §g(L3i) given in equation

(2.40) into the above expression, we Obtain:

o
2 V»!

fiS(LE'L)= ii. 200:) “fi[€g('zx ELM fffveXP(i<k>'é‘°'f)ée(?)dV'

ST exp(:<g>g . (2.42)

But, for L very large,

%_ exp( i<k>L) =i<k>exp£i<k>m __ W)m<k>exp£ifik>L);

L L L ‘

therefore, with the help of the vector identity:

EfiIefl(ezx eL)12<'é'L"e‘ >(3L*3L>-<3L'3L> (513‘ Ez)“(3L"Ez)'

equation (2.42) reduces to:

 

a

- —- _ Ho<k> exp(i<k>L)-— <— . -—;— .—
HS(LeL)- ZFKES- L (eLxez)fffvexp(i<k>s r)6e(r)dv,

(2.43)

where Ho = Efiggzs is the magnitude of the incident mag-

netic field.
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Now, we can evaluate the Poynting vector <§> of the

scattered wave. By definition, <§> represents the average

amount of scattered light energy which crosses a unit area

normal to E: (i.e. its direction of propagation) at 'E

and is given by:

.. 65¢ — _ _ _ ____c__ _

<9 - 35: 6L - Is(I'(:"L)eL 817‘ E'S(Le
L)xH:(Lé' ), (2.44)

L

where 13(DEL) is the scattered light intensity at 3' and

—* — . . -- -

HS(LeL) is the complex conjugate of H8(LeL).

Making the appropriate substitutions of Eg(EEL) and

fi;(L3L) in equation (2.44) with equation (2.40) and the

complex conjugate of equation (2.43) respectively:

(k)4 c— = I " - "" - ." .

eL 167r22<e>2La ‘§?E°H° ) [efi(°z" eL)]"(eLx ez)<§>=IS(D€L)

(2 .45)

fffV fffv . <56 ('r’i ) <56 (Yj )exp(i<k>§-fj)eXP(-i<k>§'-'r'i )dvidvj.

i j _

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.

§EEOHO = |<§o>| = 10 . (2.46)

Since,

'2

[efi(ezx_eL)1n(eLnez ) = eL |ezx' eL

it follows, therefore, from equations (2.45) and (2.46):
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I(L"e' =QLI-é-2'E

LeL)16W<€L>22

fffvivfffj5€(ri )5€(rj )eXP(i<k>S%)eXp(-i<k>s-orl)dv.ldvj,

Ll

or letting

T
H n fl
I I

H
I

and realizing that

)ezxe = sinzs ,”Ll

where B is the angle between the direction of the incident

electric field and the direction of observation, we obtain

for vertically polarized incident light:

4

<10 10 sinzfifff . éXP(i<K2§’3)dVi
'

(B)' 161rz<e>2L2 V1
8

(2.47)

fffvjé€(r)6€(?5)dvj.

Substituting equation (2.10) for the last integral in

equation (2.47), we obtain:

16?

4

18(5) = Io ¥?-§£2§ 6:2 sinzafffvF(p)exp(i<k>3p)dV. (2. 48)

Here V is the,illuminated volume of the medium and F(fi)

is the correlation 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, 66(5), are isotropic. In

this case, F(§) is a function only of p, i.e.
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PCS) =\F(p) ,

where p = ‘5}, and spherical polar co-ordinates with the

polar axis lying along §' can be introduced. Letting the

angle between E’ and p be y, the volume integral becomes:

Pmax

ffva('5)exp(i<k>§-5)dv = 2wa F(p)p2dp -

v

j; exp(i<k>sPcos y)sin y dy ,

or after performing the angular integration,

 ffva(5)exp(i<k>§~3)dv = 4vfjopzp(p)s<i£>(§:>93’ dp.-(2.49)

Here, the upper limit of p is set equal to 00 because

P(p) becomes negligibly small for p exceeding a certain

value, and s is given by:

s = (£1 = (E; - EL] = 25in (g) , (2.49a)

where 9 is 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 9:

 

3 .

15(3) = [10 %7-§:> E:§:>]5:325£IBF(p)sin(<k>ps)dp .(2.50a)

If the point of observation 3' 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, sin2 fi = |ezxeL| 18 equal to unity. Hence,
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3

15(3) = [10 {3%}; (:6: ] é£mpF(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 u<k>. The magnitude of the variance in permit-

tivity, (662), however, cannot be extracted absolutely from

the distribution, for with 18(3) 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 18(5) in equation

(2.50b), we see:

8 L2 <€>2 0°
F(p) = %<k>2 10V <é:r>fo"slé(s)sin(<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 00 as indicated in equation (2.51). In fact, what

we can determine in this fashion is only the function T(p)

which is defined as follows:

2

T(p)- %-<%52 ffé-Egéy§£ns18(s)U(2-s)sin(<k>ps)ds , (2.52)
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where U(2 - s) is the unit function:

1 , for 0 :.(2 - s) < 2

/

\\\\~0 , for (2 - s) < O .

2
. . 8 L2 e

S thince e Fourier transform of <k§2 10V z%2;5818(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 transé

form of U(2 - s), or

_ 2 sin (2099)
D — — ‘ o

(p) w <k>p

Now, it follows from the convolution theorem that

T(p) is also given by:

(2.53)

[
0CI)

T<p>= $5- I, F<t;)tn<lp-c|) - D(p + and: = F? * n.

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 angular distribution of the scattered light in-

tensity measurement.

Although, as we mentioned above, the variance in per-

mittivity, <5€2>, or the amplitude of the inhomogeneity of

the medium cannot be obtained from the distribution of the

relative scattered intensity, it can be estimated 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
I (5)L

_ _ V 3v s .
1: - g mama f0 f0 _ 10v 8111 dede, (2.54)

IS(B)L2
where R(B):-—I—\7— is called the Rayleigh ratio or the

o

scattering cross section per unit volume, 9 is the scat-

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

azimuthal angle measured from the y axis. Before we per-

form the angular integration, we notice that the term

sinzfi in equation (2.50a) is related to 9 and W by

the following equation:

sinzfi = 1 - sinze sinzw . (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 9 to s:

3 2 2 (D

T = $§2—-§§§S§{fo[() pF(p)Sin(<k>pS)dp]ds.-

1 2 CD .

Q. fo(4s2 -s4)[fopF(p)SJ-n(<k>p5)dp]d$] . (2.56)

But, according to the Lambert law, the turbidity is

also given by:

1(3) = I(O)GXP(-TE) .

or

T = %-ln 1191. (2.57)

where 1(3) is 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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z, and 1(0) the intensity of the incident wave. Thus,

knowing z, the turbidity of the medium can be determined

absolutely by measuring I(£) and 1(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, <0€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(f) =aJe(r)u ,

or for the medium under consideration which has a magnetic

permeability different from that for vacuum by a negligible

amount ,

e(r) = [n(F)]2 = [0.) + én('r')]2 , (2.58)

where én(F) is the deviation in refractive index from

the mean at any point 3' inside the medium.

Since

35$” = ((655) - (0)2) .. Q3) - (6)2

~<e <e>2 <€>2

and

<én(?)> = <n('f) - <n>> = 0 .

taking equation (2.58) into account, we obtain:
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mi; . 4$n23<ién)2>+4<n><(én)3>+<(6nj4>-<(6nE>2 . (2.59)

<€> ‘ <n>4 + 2<n>"<(an)2> + ((on)’>2

Within the framework of the Born approximation which

we have assumed valid,,

6n r << 1 ’

n

therefore, we can ignore the second and higher terms in

the numerator and denominator in equation (2.59). It

follows then

£0622 N,4<n>2§(<5n)3> = 4 on 2
<e>2 no . <n>4 -:%%;;}JZ . (2.60) 

We can also write equation (2.56) in the following

way:

2
OE _ T _ 1%
§_%_ - - 5712—3- . 2 .61
<6) ZkSJ n J ( )

where x0 is the wavelength of the incident wave in

vacuum and

2 2 00

J ' gEZ—{fo[£ pF(p)Sin(<k>ps)dp]ds -

1 2 (D .

g f0 (452-84)[£ pF(p)sin(<k>ps)dp]dS} . (2.61%!)

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

see

<(én)2> 2: TWO

or the standard deviation in refractive index of the medium,
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K(5‘n)2§ m/W . (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, e, (or refractive

index, n) of an isotropic medium which is non-conductive

and has a constant magnetic permeability different from

that for vacuum by a negligible amount can be characterized

in amplitude by the variance, (062) (or JZ13377573 and

in extent by the correlation distance, a, given 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 ((562) ornJZ(3377§ )

can be determined by measuring the turbidity of the sample.



CHAPTER III

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. Grotenhuis19 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 pr0perties 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. In 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,2°:21 the condition

for two chemically unlike high polymers to be mutually com-

patible, i.e. AGm < 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. vCrudely

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.

InhomogeneityiParameters
 

The theory presented in Chapter II is a general one

and is applicable to any isotr0pic inhomogeneous medium.

However, the two parameters used to characterize the inhomo-

geneity of the medium, namely the variance in permittivity,

<0€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 <5€2>. To the first approxima-

tion, we can regard the two components as being separately

homogeneous so that 61 and 62 are their electric permit-

tivities respectively. If ¢1 and $2 represent the volume

fractions occupied by each of them, the mean permittivity,

(a), of the medium is given by:

(e) = $161 + ¢2€2 . (3.1)

The local deviations in permittivity pertaining to each

component from the mean are then:
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5€1 €1 ‘ <€> ' (61 ' €2)¢’2

and (3.2)

56:2 52 " <€> = (‘32 ' €1)¢1 0

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

- 2 2 2

<é€2> : ¢1(O€1) + ¢2(6€2) = (GI-ea) ¢1¢2 o (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 ¢1 > $2, 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) B 1

and

lim _

p—>oo F(p) - 0

Following Porod,23 we allow the second component which

is distributed in a matrix of the first to have an arbitrary

form and a volume fraction $2. 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:

2(9) = <92 + (1 - <I>2)F(p) . (3.4)
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Integrating equation (3.4) for a range of p from

0 to L,

L L

f0 Z(p)dp = m2 + (1 - :92) f0 F(p)dp ,

or for L large enough,

L 00

f0 z(p)dp chpz + (1 - <92) [0 F(p)dp . (3.5)

According to Porod,

00

f0 F(p)dp 1C/2 , (3.6)

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, sz, 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 47pzz(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

1;) 47szz(p)dp = V<D2 + (1 - (1)2)fo 47rp2F (p)dp ,

or for R large enough,

R 00

f0 47rp22(p)dp 2v¢2 + (1 — ¢2)fo 47rp2F(p)dp , (3.7)

where V is the total volume of the polyblend.

Here again, by virtue of the conditional nature of

the probability function, z(p), the probable volume is

larger than the mean volume, V¢2, occupied by the second

component by (1 — $2)f:O4Wp2F(p)dp. We can define:

CD

f0 4WPZF(p)dp = vC . (3.8)

where vC 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, <0€2>,

(or the standard deviation in refractive index, :JZTEKTIS):

in extent by the correlation distance, a, given by the

correlation function, F(p), and the distance of hetero-

geneity, 1C; and in space by the volume of heterogeneity,

vc.

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,35'97, who 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) = fF1 + (1 - f)F2 , (3.9)

where F1 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, a1 and a2, 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 a2,

which they obtained by proposing the correlation function

F2 to be a Gaussian (i.e. 7F, = exp[—(p/a2)2]), with respect

to the structure of their materials. However, they showed

that with an exponential form for the correlation function

F1 (i.e. -F1 = exp(-p/a1)L the short-range correlation

distance a1 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 a1
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and f were in good agreement with those determined by

gas adsorption. Recently, by using Debye's functions for

F2 and F1, Moritani and coworkers26 characterized by

light scattering the inhomogeneities of a series of c0polymer

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 a1 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) is

represented by equation (3.9), the fractional contribution

factor f of the short-range correlation function -F1

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 a,a'-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 580°C; flushed with fresh aqua regia for half a day;

rinsed successively with distilled, demineralized and

triple-distilled water and finally dried at 110°C.

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 o.ooo1%,

0.001%, 0.005%, 0.01%, 0.03% and 0.05% polystyrene (by

weight) in polymethyl methacrylate were prepared.
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g!!g;-- 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

filtration 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

gig 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 at the constriction

while it was still frozen in a dewar of liquid nitrogen.

The liquid in the sealed tube was melted in cool

methanol. ,Then, the tube was introduced into a paraffin

oil temperature bath where the monomer was polymerized

thermally to a solid polymer at 50°C followed by a final
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Figure 3.2. Filtration apparatus.
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annealing at 101°C to complete the polymerization. Table

3.1 shows the thermal history which the sample has under—

gone.

Table 3.1. .Thermal history of pure PMMA.

 

 

 

sample T1 t1 T3 t2 T3 t3 T4 t4

(°C) (hr) (°C) (hr) (°C) (hr) (°C) (hr)

PMMA 40 4 51 14 71 5 101 5

 fl

PS/PHQA Blends:-- The blends were prepared in exactly

the same way as PMMA except:

1) in addition to the AIBN initiator, an appropriate

amount of polystyrene was also added to the distilled

methyl methacrylate monomer:

2) the liquid mixture was filtered through an ultra

fine sintered glass filter instead of a combination of a

very fine glass filter and a Millipore filter.

The amount of polystyrene used for the 0.001% and

0.0001% blends were obtained by successive dilution of the

0.005% polymer—monomer solution with monomer. Since it is

a well known fact that the degree of inhomogeneity of a

sample depends on the heat treatment it has undergone, the

blends were all subjected to the identical thermal history

of polymerization shown in Table 3.2.



Table 3.2.
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Thermal history of PS/PMMA blends.

 

 

 

 

 

 

 

Pg(§ggA (5é> (5%) <53) (5?) (33) (53> (56) (ii) (33) (E?)
(5)

0.0001 45 5 50 14 65 4 80 4 100 21

0.001 45 5 50 14 65 4 80 4 100 21

0.005 45 5 50 14 65 4 80 4 100 21

0.01 45 5 50 14 65 4 80 4 100 21

0.03 45 5 50 14 65 4 80 4 100 21

0.05 45 5 50 14 65 4 80 4 100 21

Table 3.3. Dimensions of pure PMMA and PS/PMMA blends.

Sample Diameter (cm) Length (cm)

PMMA 1.585 1.915

0.0001% PS/PMMA 1.595 1.910

0.001 % PS/PMMA 1.585 1.946

0.005 % PS/PMMA 1.593 1.923

0.01 % PS/PMMA 1.590 1.895

0.03 % PS/PMMA 1.582 1.930

0.05: % PS/PMMA 1.590 1.913
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Sample Polishing

After polymerization and removal from the glass_tubes,

the samples were fairly rough and were not suitable for

light scattering experiments. Thus, they were polished as

follows:

Each sample was cut into two portions. One portion

was machined in a lathe into a perfect cylinder, about 1.6

cm in diameter and 1.9 cm in length, with two flat ends,

while the other portion was milled into a rectangular tile,

about 2 cm in length, 1.5 cm in width and 0.5 cm in depth.

To preserve the thermal history of the sample, liquid nitro-

gen was blown at the cutting tool to minimize heating while

the sample was machined. The curved surface of the cylindri-

cal portion was polished carefully in the lathe first with

super fine emery paper and then with "Semichrone" plexi—

glass polish (a product of Competition Chemicals, Iowa) on

a clean cloth. Liquid nitrogen cooling was also used in

the polishing process to minimize heat. The flat surfaces

of the two portions of the sample were polished in exactly

the same way but on a flat table.

The polished samples were extremely smooth and were

almost completely free from.scratches or surface blemishes.

The interiors were completely free of bubbles and visible

defects. The cylindrical portion was used for light scat—

tering. The rectangular tile was used for refractive index

measurements. Table 3.3 is a representation of the dimen-

sions of the polished cylindrical samples.
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Isotropy of Sample

The scattering theory discussed in Chapter II is

based on the assumption that the sample is isotropic.

Therefore, to justify the use of the theory, the isotrOpy

of our samples must be confirmed. This was done in a

Brice-Phenix photometer. The green line from the mercury

arc source was incident normally on the flat end of the

sample and the scattered intensities at different angles

were measured as the sample was rotated about its cylin-

drical axis. The constancy of the galvanometer readings

at each angle (within experimental errors) shows the high

degree of optical isotropy of our samples.

ng-Angle Photometer

The photometer used to measure the scattered radiation

at low angles (Fig. 3.3) was a modified.Brillouin spectrom-

eter with no Fabry Perot interferometer. It was originally

designed by S. Gaumer28 and consisted of three basic sub—

systems as described below.

(1) Light source

The Optical source was a 2 w. Spectra-Physics

model 165 Argon ion laser which was energized by a model

265 fully regulated power supply and stabilized for single

frequency operation with a model 589 air-Spaced etalon.

By tuning a thumbwheel, the laser could deliver eight ver—

tically polarized emission lines of the following
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wavelengths (nm.): 514.5, 501.7, 496.5, 488.0, 476.5, 472.7,

465.8, and 457.9. The green line (514.5 nm.) was chosen

for the experiment because of its Spectral purity in com-

parison to the others and its total available power of

about 700 mw. With this line, the light mode output was

stable at a power higher than 125 mw with a beam diameter

of 1.5 mm.

The green light (about 200 mw.) from the laser

was first incident normally on a series of neutral density

filters to attenuate its intensity to within the scale of

the detection system and then reflected by two mirrors car—

ried on two separated and perpendicular optical rails into

the sample compartment.

The neutral density filters were housed in paral-

lel slots in a metal box which had been adjusted to center

the filters to the beam. The filters were supplied by

Special Optics Company and had the following suggested

transmittances: 0.9%, 1.0%, 4.5%, 10.0%, 24.8%, and 47.2%.

In combination, the filters provided an attenuation factor

of IEFi where Fi was the transmittance of the ith

filter.

The two mirrors which reflected the incident

light into the sample compartment were each fitted to a

Gimbal mount which was driven by two perpendicular micro-

meters. The first mirror, which was placed on the same

optical rail as the neutral density filters, was further

mounted on a small rotary table fitted to a precision
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translation stage. Since the Optical detection system was

fixed, the mirrors constituted the main feature for changing

the light course and hence, the scattering angle. The

mirrors did not affect the polarization state of the inci-

dent light.

(2) Sample compartment

The sample compartment consisted of a pair of

interlocked pinholes of 1 mm in diameter situated on either

side of a .2" x 2" sample holder bracket which was placed

at dead center on a Bridgeport rotary table. The angle of

observation could be read to an accuracy of five seconds of

a degree from the table scales. The compartment was not

confined by any boundary.

The two pinholes which had been lined up initially

with the optical axis of the photometer (see section under

”Alignment” served as standard references for the incident

radiation at a particular setting of the Bridgeport table.

By moving the two mirrors described in the last paragraph

along their respective optical rails, the incident beam

could be centered on both pinholes with the aid of the micro-

meters on each Gimbal mount. Since the detection system of

the photometer was fixed in position, the instrument did

not have a provision for continuous angular scan. However,

scattering angles from 3° to 135° could be obtained and

ascertained, one at a time, in the manner just described.
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The sample holder (Fig. 3.4) consisted of a

rectangular teflon housing piece (1.6" x 1“ x 0.76") sit-

ting perpendicularly on a cylindrical aluminum jacket

(1.75" x 2.28") which had a square base of the same dimen-

sion as the bracket on the Bridgeport table. The sample

which had a teflon O ring of 0.95" x 0.2" surrounding it

in front was housed and locked in position in a bore and

a recess of matching dimensions in the housing piece. Oval

shaped openings were milled out around the jacket and from

the two sides of the housing piece so that light could go

through the sample freely without reflection. To further

minimize reflection, the whole sample holder was sprayed

flat black.

(3) Detection system

The detection system (Fig. 3.3) was confined by a

front box; an empty Fabry Perot interferometer housing; and

a long rear box carrying a photomultiplier tube. The inside

of the boxes were painted flat black to absorb extraneous

light.

The scattered radiation from the sample was first

collected by a light pipe (Fig. 3.5) which was extended from

the front box to about 3.5" from the center of the Bridge-

port table. The entrance of the light pipe was guarded by

a rectangular slit (0.004" in width and 0.04" in length)

followed by another (0.0045" in width and 0.096“ in length)

0.05" away. The slits were constructed by screwing a circu-

lar insert, which had a hollow center and a sliced conical
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Figure 3.4. Sample holder.
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Slit, 0.004" in Width, 0.04" in Length
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Circular Opening

Adjustable Mount

Small Biconvex Lens, f = 50 mm

Aluminum Pipe

Small Plano Convex Lens, f = 136 mm

Figure 3.5. Light pipe.
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end, into a 60° conical nose-piece, which had a circular

aperture of 0.04" in diameter at the apex. The dimensions

of the slits depended on how far the insert was screwed

into the nosewpiece and were adjusted to the above values

on an optical comparator. The conical piece was set into

a mount which in turn was screwed and locked into a hollow

aluminum pipe of 15" long. The mount was made adjustable

only in the horizontal and vertical directions. To ensure

the slits oriented vertically, two matching sets of per-

pendicular lines were scratched separately on the mount and

on the front box. The first set was made with the aid of

the optical comparator while the second set with a height

gauge. Inside the aluminum pipe were two small lenses.

The first one was placed behind the adjustable mount and

was biconvex with a focal length of 50 mm. The second one

which was 35.8 cm away from the first was plano convex and

had a focal length of 136 mm. The conical nose-piece, the

mount and the inside of the aluminum pipe were all sprayed

flat black to minimize reflection. So constructed, the

light pipe assembly provided a resolution angle not bigger

then 0.6° on the horizontal plane.

After passing through the slits, the scattered

radiation was focussed by the two lenses of the aluminum

pipe to a large iris diaphragm inside the front box. The

iris was adjusted to pass only the image of the slit and

hence baffled out any extraneous light that might result

from diffraction. The radiation was then probed by a Kodak
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wratten gelatin green filter placed just behind the iris,

whereby the component due to fluorescence (slightly red

in color) was removed. Thereafter, the scattered light

propagated through the empty Fabry Perot interferometer

housing and was finally focussed by a large lens of f =

500 mm inside the rear box into the photomultiplier tube,

which was protected in front by another baffled iris dia-

phragm followed by a photographic shutter.

The photomultiplier tube (EMI 9558 B), which de-

tected the scattered light intensity, was housed in a re-

frigerated chamber and was powered by a Lansing model 80-010

high voltage linear ramp generator. The signal from the

photomultiplier tube was then amplified by a Keithley model

417 picoammeter and was finally recorded by a Sargent model

SRG recorder.

The characteristics of the photomultiplier tube

and its refrigerated chamber, the high voltage linear ramp

generator and the picoammeter have been discussed thoroughly

by So Gaumer28 and can be found in his thesis.

Experimental Procedures
 

Alignment:— Prior to any measurement, the crucial
 

alignment of the photometer was accomplished by sending a

beam from a small Spectra-Physics model 132 He-Ne laser

(Fig. 3.3) through two equal height, 1 mm pinholes which

were placed respectively on the Optical rail inside the

front and the rear box confining the detection system of
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the photometer. The laser was tapped laterally and raised

or lowered carefully by adjusting the two laboratory jacks

upon which it was anchored until the beam was adjusted to

the center of the pinholes. With the laser untouched, the

Bridgeport table was aligned with an alignment pin placed

at its center. After removing the pin, the Bridgeport

table was set at 180° so that the two pinholes on it could

be centered with respect to the beam and then locked in posi-

tion separately with a set screw. With the pinholes out of

the way by turning the Bridgeport table to a new position,

the light pipe assembly was placed into the front box. The

two sets of perpendicular lines on the adjustable mount of

the light pipe assembly and on the front box respectively

were lined up to one another. The slit at the entrance of

the light pipe was then centered with the beam by adjusting

the mount until the intensity of its image as seen from the

other end of the light pipe was maximum. The two baffled

iris diaphragms, the Kodak wratten gelatin green filter and

the large lens were then put into their proper places and

adjusted optimally as described before.

Angular Distribution of Scattered Intensity:-- With

the photometer aligned, the sample in its holder was placed

into the square bracket at the center of the Bridgeport

table. Normal incidence of the beam (A0 = 514.5 nm) on the

flat end of the cylindrical sample was achieved by rotating

the sample housing piece horizontally on its jacket until
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the beam coincided with its back reflection. The intensity

of the scattered radiation emerging from the other flat end

of the sample was detected and recorded as a function of

the scattering angle. The measurements were performed at

room temperature.

As discussed in the Appendix, the scattering angle

read off from the Bridgeport table scales before the sample

was placed into the system was only an apparent one. To

obtain the real scattering angle, this apparent value was

corrected for the effect due to refraction inside the sample.

The relative intensity of the scattered light was measured

in chart units by taking the difference between the recorded

signal line and the zero base line obtained with the photo—

graphic shutter in front of the photomultiplier tube in a

closed position.

At the onset of the measurement, the voltage of the

photomultiplier tube and the input scale of the picoammeter

were adjusted so that the scattered light signal at the

lowest scattering angle was displayed full scale on the

recorder. At higher scattering angles, when the scattered

intensity attenuated to a much smaller value, the signal

was amplified either by substituting a higher transmittance

neutral density filter in the incident beam or by changing

the input scale of the picoammeter. Each time this was

done, a corresponding expansion factor given by the ratio

of the intensity recorded after and before amplification

was noted. The subsequent intensities were then given by
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9. 6 . .
Ir'fl'Ri, where II was the recorded intenSlty at a scat—

l

tering angle 6 and Ri was the reciprocal of the ith

expansion factor. The scattered intensities so measured

were then corrected for the effects due to refraction, re—

flection and scattering volume (also attenuation for the

0.03% and 0.05% polystyrene samples) as discussed in the

Appendix.

Turbidity:-- For convenience and better reproducibil—
 

ity, the turbidity of the sample was determined with the

neutral density filters placed between the large f = 500 mm

lens.and the exit iris diaphragm in the rear box of the

photometer (Fig. 3.3). Two intensity measurements were

made at 0° setting of the Bridgeport table for the incident

beam: (1) with no sample in its path, and (2) after it

transversed through a sample of length E. Since exactly

the same combination of neutral density filters were used

for both measurements, the transmittance factor of each of

the filters was not important to the turbidity determination

and therefore calibration was not necessary. However, the

latter intensity measurement had to be corrected for re—

flection as shown in the Appendix. The results were (1)

1(0) and (2) 1(2) respectively. The turbidity of the sample

was then calculated from equation (2.57) with 3 shown in

Table 3.3.
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Refractive Index:-- Refractive index measurements
 

were performed on a Bausch & Lomb - 3L refractometer. The

refractometer was maintained at the same temperature as

that at which the angular distribution of scattered inten-

sity was measured by circulating water through the refrac-

tometer prisms from a Haake model FK constant temperature

circulator. The sample milled to the form of a rectangular

tile as described previously was placed in contact with the

illuminated prism with a drop of 1—bromonaphthalene. Time

was allowed for thermal equilibrium between the prism and

the sample before the refractive index and the position of

the compensator were finally read off from the refractometer.

The index so determined was for the sodium D line (n ), and
D

could be corrected for A0 = 514.5 nm as follows:

With the aid of the standard dispersion table supplied

with the refractometer and the compensator reading, the

value of (n n ), where n and nC were the indices
F—C F

for the blue (486 nm) and red (656 nm) hydrogen lines re-

spectively, was first determined. Two constants B and A

given by:

= 6 ..B 0.52364 x 10 (nF nC)

and

A = nD — 2.8796 x 10'6 B,

were computed. The index of refraction at AX = 514.5 nm

was then calculated from the following equation:



The above procedure was repeated with the other sur—

face of the sample in contact with the illuminated prism.

,The mean refractive index of the sample was then evaluated

by taking the average of the two corrected indices. Table

3.4 summarizes the results.

Data Analysis and Results

From equation (2.50b), it is seen that there are two

methods by which the correlation function can be determined

from the angular distribution of the scattered intensity.

The first one which involves deconvolution of the Fourier

transform of the measured intensity was discussed in

Chapter II. The second one is the method of trial and

error: trial expressions are assigned to the correlation

function until its corresponding power spectrum (equation

(2.50b)) matches with the experimental intensity distribu—

tion function. This method is comparably simpler and there-

fore was adopted.

.The trial expressions for the correlation function must

be positive—definite as required by the WieneréKhintchine

theorem (equation (2.11)). They must also satisfy:

lim F(p) = 1

P_’OO

II 0lim F(p)

P->00



63

Table 3.4. Meaarl refractive indices of pure PMMA and

ps/pMMA blends at A0 = 514.5 nm.

 

 

 

Sample (“>514.5

PMMA 1.4942

0.00015 PS/PMMA 1.4943

0.001 5 PS/PMMA 1.4943

0.005 5 PS/PMMA 1.4944

0.01 5 PS/PMMA 1.4946

0.03 5 PS/PMMA 1.4947

0.05 5 PS/PMMA 1.4948
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The following is a representation of those which have been

proposed for isotropic samples and selected from the litera-

ture by Ross5I25:

F1 exp(-p/a)

52 - eXPI-(p/a)”]

53 1/[1 + (p/a)3]2

F4 - (1 + p/a)exp(-p/a)

F5 eXPI-(p/BIZ/Zl

F6 (p/a)K1(p/a) ,

where K1(p/a) in F6 is the modified Spherical Bessel

function of order 1 and a is the correlation distance

discussed previously. Since ‘F1, F4, and.F6 can be gener-

ated with v = 1/2, 3/2, and 1 respectively from:

F7 = (p/a)VKv(p/a)/[2v—1P(V)] .

where F(v) is the well known Gamma function and .KV(p/a)

is the modified spherical Bessel function of order v, F7

has also been suggested29 as a general expression for the

correlation function. .Figure 3.6 Shows the behavior of F1

to F6 as a function of (p/a).

Among the first six types of correlation functions,

F1 and F2 are by far the most common.11I24o3° For experi-

ments whose angular distribution of scattered intensity re-

quires two expressions for the correlation function (see

equation (3.9)), F2, which was originally introduced by

Debye, Anderson and Brumberger?4 for porous materials, has



 

I
l
l

 
 

0
.
8
§ \
\
 

0
.
6

(5):

 
 

(
1
4

\

 

 

0
.
2

\

\
\
\
\

\
\
\
\
\

\
%

 

 
 

 
 

 
 

 
 

 
 

 
 0

0
.
2

0
.
4

0
.
6

0
.
8

1
.
0

1
.
2

1
.
4

1
.
6

I
.
8

2
.
0

.
£ a

F
i
g
u
r
e

3
.
6
.

B
e
h
a
v
i
o
r

o
f

s
i
x

t
y
p
e
s

o
f

c
o
r
r
e
l
a
t
i
o
n

f
u
n
c
t
i
o
n
s

(
F
1

t
o

F
6
)

p
r
o
p
o
s
e
d

f
o
r

i
s
o
t
r
o
p
i
c

s
a
m
p
l
e
s
.



66

always been suggested and found in agreement with the small-

angle portion of the distribution.25‘27I31'53 There is

some controversy over the type of correlation function for

the large-angle portion, however. Although F1, which was

first proposed by Debye and Bueche,11 is still the most

popular, great controversy exists about its physical

validity because: (1) it is related to a completely dis—

ordered structure or a Markov process (see equation (2.13))

and (2) its derivative is discontinuous at the origin.

For this reason, in the preSent study, all seven cited

types of correlation functkns were employed and whenever

necessary F2 was added to account for the small-angle part

of the distribution of the scattered intensity.

Table 3.5 lists the expressions for the corresponding

power spectrum, I(s), and turbidity, T, of each of the

seven types of correlation functions. These expressions

were calculated in terms of a dimensionless quantity

q = 2<k>a (3.10)

instead of the correlation distance, a, from equations

(2.50b) and (2.56) respectively. In the expressions, the

parameter A is represented by:

A =— 24::
and s, as defined in equation (2.49a), is given by:

s = 2 sin(%) 5
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where 9 is the scattering angle. From the power spectrum

expressions, it is obvious that if the experimentally deter—

mined intensity, I(s), is plotted according to the scheme

shown in the third column of Table 3.6 for each type of

correlation function, a straight line will result for the

correct type.

The analysis was performed on a CDC 6500 computer with

a.Kinfit program written by Nicely and Dye.3‘ The program

was based on the Taylor series expansion and the least

square principle. Before fitting with the computer and in

order to determine whether the angular distribution of the

scattered intensity could be characterized by a single cor-

relation function, the scattering data of each sample were

plotted with I(S) yg’s according to the scheme shown in

the third column of Table 3.6 for each type of correlation

function. It was found that except for the pure PMMA

sample, the data of all PS/PMMA blends needed to be charac-

terized by a sum of two correlation functions (see discus-

sion preceding equation (3.9)).

The large-angle intensity data (with PMMA, all intensity

data) were supplied to the Kinfit program and were first

fitted nonlinearly with each of the power Spectrum eXpres-

sions shown in Table 3.5. By comparing the sum of the

- I(s) ) ofsquare of the residual (residual = I(s) exp
calc.

the outputs, the correct type of correlation function was

immediately established. Knowing the correlation function,

the data were fed once more into the computer with the
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same program. This time, the fit was performed linearly

according to the equations outlined in the second column

of Table 3.6. This is shown in Figures 3.7-3.13 for each

of the seven samples under study. From the plots, and with

reference to the fourth and fifth columns of Table 3.6, the

parameters, ql and A1 (the subscript 1 is used in ac—

cord with al discussed in equation (3.9) and signifies

the association with the large angles) could be calculated.

Moreover, from equation (3.10), the short-range correlation

distance, a1 (see equation (3.9)), was also determined.

To treat the small-angle data, the difference between

the observed intensity and that calculated from the power

Spectrum expression just established for the large angles

was first computed. The resultant data were then fitted

linearly with the equation shown for F2 in the second

column of Table 3.6. Figures 3.14-3.17 Show the plots so

obtained for the blends ranging from 0.0001% to 0.01% in

polystyrene. With the aid of the expressions for F2 in

the fourth and fifth columns of Table 316 and equation

(3.10), the parameters qz and A2 (the subscript 2 is

used in accord with a2 discussed in equation (3.9) and

signifies the association with the small angles) and the

long-range correlation distance, a2 (see equation (3.9)),

were computed.

Substituting equation (3.9) into equation (2.50b), it

--can be seen that the two parameters, A1 and A2, which

have just been determined for the PS/PMMA blends are actually

given by:
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A1 = fA

and (3.11)

where f is the fractional contribution factor (see equa-

tion (3.9)) and A, as defined in Table 3.5, is:

 

I V
A = 02<k> <552>

(65>2

Thus, f was evaluated from A1 _and A2 by the following

equation:

f =A1/(A1 +A3) . (3.12)

With the knowledge of a1, a2, f and the complete cor—

relation function, F(p) (see equation (3.9)), the distance

of heterogeneity, 1c, and the volume of heterogeneity, vc,

were calculated immediately from equations (3.6) and (3.8)

respectively. Integrals involving F7 for different order

of V were solved with the aid of the following equation:

CD

Io tu‘KVItIdt = 21*‘11‘I9-12‘1’iIPI-LL—‘7V‘11-I . (3.13)

if R(I_L..t v) > -1.

The knowledge of q1, q2, f and the complete correla-

tion function AF(p) also enables the quantity J, as defined

in equation (2.61a), to be determinable from the turbidity

expressions shown in Table 3.5. With J. the standard devia-

tion of the refractive index of the sample, 'J25333 , was

Obtained from equation (2.62) with the experimentally
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determined turbidity, T, and the mean refractive index,

(n), as shown in Table 3.4.

Table 3.7 summarizes the results obtained for the

various inhomogeneity parameters pertinent to each of the

seven samples under study.

Discussion
 

It has been mentioned in the last section that if the

experimentally determined intensity is plotted according to

the scheme shown in the third column of Table 3.6, a

straight line should be expected for the correct correlation

function. This condition is seen to have been satisfied

both by the correlation function determined for the large-

angle portion of the intensity distribution (Fbmi 3.7-3.13)

and F2 (F2 - exp[-(p/a2 )31) presumed to be describable for

the small-angle portion (Figs. 3.14-3.17).

It is unfortunate that the small-angle data of the

0.03% and 0.05% PS/PMMA blends could not be used to yield

a physically significant correlation function and hence a

long-range correlation distance, a2. As is apparent from

Figs. 3.12-3.13, the data distribute in an opposite fashion

from those in the other samples (Figs. 3.8-3.11) even after

correction has been made for the effect due to simple at-

tenuation (see Appendix). In View of the extended nature

and the opacity of the samples, this phenomenon must be due

to multiple scattering and interparticle destructive inter-

ference35 between the scattered intensities.
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In spite of the great controversy about F1 (F1 =

exp(-p/al)), as mentioned previously, it is found to be

the best correlation function for the pure PMMA and, at

large angles, for the PS/PMMA blends up to a concentration

of 0.005% in polystyrene (see second column of Table 3.7).

Since F1 is associated with a Markov condition,the former

must possess a completely random structure. This simple

exponential type of correlation function (F1) was also es-

tablished for commercial PMMA (Lucite) by Debye and Bueche.11

However, their measured correlation distance (28008) was

smaller by a factor 2.3 than that obtained in this study.

The discrepancy, as can be seen by comparing against the

al value for the 0.0001% PS/PMMA blend, must be due to

the impurities associated with the commercial stock. Also,

since the Debye sample may not have the same thermal history

as ours, the discrepancy is not unexpected. The change in

the correlation function (at large angles) from ,F1 for

the blends of 0.01% polystyrene and above definitely implies

a more regular structure of these samples than those con-

taining a lower concentration.36 This is not too surprising,

for, as will be discussed below, phase separation has oc—

curred among these samples and so, a change in texture is

expected.

The dependence of the inhomogeneity parameters on

morphology has been elucidated by Moritani and his coworkersz.6

The authors characterized the inhomogeneities in a series of

carefully controlled film specimens of block copolymers
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(styrene and isoprene) and graft copolymers (butadiene and

styrene-acrylonitrile) from the angular distribution of the

scattered intensity by using a correlation function, ,F(p),

identical to the one obtained in this study for blends of

0.005% polystyrene and less, namely

F(P) = f eXP(‘p/a1) + (1 - f) eXp[-(p/az)2] .

They then discussed the inhomogeneity parameters in rela-

tion to the structures of their Specimens observed from

electron micrographs. Although the Moritani et al. speci-

mens all have a definite two—phase structure, it is felt

that their results can be applied in general to any blend

systems of two components characterizable by a common cor—

relation function. The reasoning comes from the fact that

a mixture of two polymers of different chemical composition

.will never truly attain one single homogeneous phase (see

"Introductiod'of this.Chapter). Some of the Moritani con-

clusions which will be used in the succeeding discussion

are as follows:

(1) The larger the size of the domain of the dis-

persing component, the larger the correlation distances,

a1 and a2;

(2) the more uniform the dispersion of the domains,

the larger the fractional contribution factor "f" and the

long-range correlation distance "a2”.

Comparing the values of a1 and a2 for the first

three blends in our series, as shown in the fifth and sixth
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columns of Table 3.7 respectively, it is seen that the

extent (i.e. range or distance) of inhomogeneity increases

steadily with concentration. This signifies a decrease in

compatibility22 (see'Introduction'of this Chapter) as more

polystyrene is present in the polymethyl methacrylate

matrix. (Moreover, in accord with the Moritani results,

this increase in the two parameters may be attributed to a

size enlargement of the polystyrene domain which results

from the larger concentration and the poorer affinity with

the polymethyl methacrylate matrix. .The diminution in the

fractional contribution factor, f, with the 0.005% blend

(see column 7 of Table 3.7) reflects a more pronounced long-

range fluctuation in the sample. This suggests that the

concentration of polystyrene in this blend is approaching

the critical value. The same trend is also suggested by

the values of a1, a2, and f for the 0.01% polystyrene

sample. Following Moritani again, the sudden decrease in

the al value** can be explained in terms of precipitation

of the polystyrene particles, which is always accompanied

by a reduction in size. Furthermore, the value of f being

so close to unity shows the extremely uniform diSpersion of

the praticles in the sample and also accounts for the

 

**

Should the short—range correlation function be taken as

represented by F1 = exp(-p/a1), although the data fitted

much better with the power spectrum of F2'= exp[-( /a1)2],

the value of a1 would even be smaller being 1200 E
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increase in the long-range correlation distance, a2 (see

.Moritani's second result; last paragraph). The values of

the short-range correlation distance, al, for the 0.03%

and 0.05% blends are smaller than that for the 0.01% sample.

However, interpretation and comparison of these values are

rendered difficult by the insufficient information obtained

for the former two samples. The possibility that the dif-

ference in the correlation distance, a1, is related to the

size or the distribution of the molecular weight of the pre-

cipitated polystyrene particles is ruled out by the conclu-

sions reached by Bueche.37 The author studied the effects

of concentration and molecular weight on the size distri-

bution of polystyrene "dnxflets" in polymethyl methacrylate-

polystyrene copolymer and that of docosane in polyethyl meth-

acrylate. He found that the size distribution of the drOp-

lets was insensitive to these two variables.

.Blends containing 0.005% polystyrene or less are trans-

parent, while those containing more than 0.01% are opaque.

.This fact in conjunction with the changes in the short- and

longrrange correlation distances‘al and a2) at the 0.01%

polystyrene level, as just discussed, suggests that blends

of the former kind are compatible while those containing

0.01% or more of polystyrene have undergone phase separa-

tion and are therefore incompatible.

The geometrical significance of the distance of hetero-

geneity, 1c, and the volume of heterogeneity, vc, have
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been discussed (see section under'Inhomogeneity Parameters").

Substituting equation (3.9) into equations (3.6) and (3.8),

it can be seen that these two parameters are strongly de-

pendent on the value of the fractional contribution factor,

f. That is the smaller the value of f, the larger are

the parameters. This is illustrated in the eighth and

ninth columns of Table 3.7.

The turbidity, T, and the standard deviation of the

refractive index, 1J2133775 , of each of the samples under

study are shown in the tenth and eleventh columns of Table

3.7 respectively. The amplitude of the inhomogeneity (i.e.

JZ133775) in our PMMA sample is smaller than that reported

by Debye and Bueche11 for commercial Lucite (1.7 x 10-4).

This is a direct consequence of the larger extent of the

inhomogeneity (measured by the correlation distance, a1)

present in our sample. This can easily be seen from the

first turbidity expression shown in Table 3.5. Among the

blends, the amplitude of the inhomogeneity is seen to in-

crease with the concentration of polystyrene. This general

increase in the amplitude with respect to concentration is

predicted by equation (3.3).

.Conclusion

The inhomogeneities of pure amorphous PMMA and its

blends with various concentrations of amorphous polystyrene,

subject to an identical thermal history, have been charac-

terized by studying the angular distribution of the



89

scattered light intensity. The following conclusions are

made.

(1) The simple exponential correlation function of

Debye and Bueche is associated only with pure PMMA and at

large angles, with the blends containing respectively

0.0001%, 0.001%, and 0.005% of polystyrene. At a concen-

tration of 0.01% polystyrene and above, the blends require

a more complex correlation function.

(2) Both the short- and long-range correlation dis-

tances (a1 and a2) are long with the latter much larger

than the former.

(3) The compatibility of the blends decreases with

higher concentration of polystyrene.

(4) A trend of behavior opposite to that of the com-

patibility is observed for the standard deviation in refrac-

tive index.

(5) While pure PMMA is completely disordered, blends

containing 0.01% or more of polystyrene exhibit a more

regular structure than those containing less. Moreover,

blends containing 0.005% or less polystyrene are compatible,

while those containing 0.01% or more have undergone phase

separation and are therefore inbompatible.

(6) A size enlargement of the polystyrene domain with

concentration is observed among those blends which are com-

patible. A shrinkage in the domain size is, however, seen

after phase separation occurs.



CHAPTER IV

BRILLOUIN SCATTERING IN POLYMETHYL METHACRYLATE

AND POLYSTYRENE/POLXMETHYL.METHACRYLATE BLENDS

introduction

Longitudinal acoustical waves are present in every

form of matter. They are produced by the adiabatic density

fluctuations which are driven thermally by the heat con-

tent.38 .When a beam of monochromatic light falls on them,

it is scattered when the Bragg condition is satisfied:

x£/<n> = 2x8 sin(6/2) , (4.1)

where k2 is the wavelength of light, ks the wavelength

of the sonic wave, (n) the mean refractive index of

the medium and e the angle of scattering. Since the

sonic disturbances are prOpagating in all directions, they

can be regarded as sets of "moving mirrors". Based on

this principle, L. Brillouin,39 in 1922, suggested that the

scattering of light from these sonic disturbances would be

DOppler shifted in-frequency according to:

Av = i 2vo<n>(Vs/c)sin(9/2) , (4.2)

where Av is the frequency shift of the scattered light,

v0 the frequency of the incident light, Vs the velocity

90
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of sound in the medium and c the velocity of light. The

factor 2 is included in the equation because the sonic

wavetrains form both a moving receiver and a moving source.

_Substituting equation (4.1) into equation (4.2), it can

easily be seen that

Av = vs/xs = $2 . (4.3)

where Q is the frequency of the sound wave. From equa-

tion (4.1), we also see that-the sound wave that can be

detected with visible light will have frequency within the

gigahertz region.

In addition to the adiabatic disturbances, there are

also random entropy fluctuations in a medium. -These varia-

tions are, however, stationary and hence scatter light

quasielastically with no change in frequency. Thus, a

typical Brillouin spectrum is a triplet consisting of a

central component with the same frequency as the incident

light and a pair of Stokes and Antistokes (or just Bnfllouin)

satellites of shifted frequency as given by equation (4.2).

What has been said applids to simple nonrelaxing

fluids (i.e. ahTR<<1,.where wk is the angular frequency

of the sound wave and TR is the relaxation time of the

fluid). .For a structurally relaxing liquid, such as a

polymer, the relaxation time of the molecules at high sonic

frequency may be so large (i.e. mbTR>>1) that many of the

adiabatic modes of motion will be damped and become non-

ocillatory. Thus, there are relatively fewer phonon states
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in solid polymergwthan in simple fluids accounting for a

much weaker pair of Brillouin components therein. The

rmnocillatory adiabatic modes of motion will supplement the

entropy fluctuations in giving rise to the central peak of

the Brillouin spectrum. For polyblends which consist of

two components, the central peak should also owe a contri-

bution due to the stationary concentration fluctuations.

But this contribution is bound to be small at room tempera-

ture (i.e. below the glass transition temperature) because

of the extremely low value of the diffusion coefficient

under this condition.“1

Although satisfactory theories of Brillouin scattering

in solid amorphous substance are still not available, those

in liquids are abundant. The theory of Mountain42 for re-

laxing liquids is especially valuable and provides a reason-

able description for polymers. According to Mountain, the

spectral distribution of the Brillouin components is ap-

proximately represented by a sum of two Lorentzian curves:

 6' (k w) [1-c21(V:(1‘1/7)1[nga*°:/V:T§1-(°Zb-c3)kz} x

B
Cg/Vng + ng2

P
I‘

B + B ‘ . (4.4)  

I" +( -Vk)2 (I;2 + (ao+Vk)21
B (D s B s

where 0é(k,w) is the approximate frequency distribution

function of the Brillouin component, co is the low fre-

quency adiabatic sound speed, VS the phonon Speed under
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observation, y the ratio of the specific heat at constant

pressure to that at constant volume, c00 the infinite fre-

quency sound Speed, TR the relaxation time of the medium

and Pb the half width at half height of the Brillouin

peak. From equation (4.4),-it follows that the intensity

of the Brillouin component is:

2 2 2 2 2

IBonoI‘B/sz - w.) + (213,)01 . (4.5)

where

2_ 2 ‘2.2 2

(1)0 (kvs) +PB 01B+PB

has been substituted.

The half width at half height of the Brillouin com-

ponent, P , is the temporal attenuation coefficient,

whose reciprocal represents the life time of the sound

wave giving rise to the Brillouin effect. The relation-

ship between the spatial attenuation coefficient, a,

and the velocity of sound, V8. is hence given by:‘3

a = PB/Vs . (4.6)

It is obvious that Brillouin scattering is a powerful

technique in the study of the acoustical properties of a

medium in the gigahertz frequency region which exceeds the

limit of 108 Hz available to the conventional ultrasonics.

-By just measuring the shift of the Brillouin component with

respect to the central component and the Half width at half

height of the Brillouin peak, information on the phase

velocity of the sound waves in the medium and the sonic at-

tenuation can be obtained from equations (4.2) and (4.6)
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respectively. In addition to this well established appli-

cation, recently Stoicheff,44 Peticolas,4O and Romberger“5

reported that the so-called "Landau-Placzek" ratio, that is

the ratio of the intensity of the central component to that

of the two Brillouin components, was a sensitive probe for

structural changes in polymers. Stoicheff, Peticolas and

coworkers studied the Landau-Placzek ratio of polyethyl

methacrylate and polycyclohexyl methacrylate as a function

of temperature and observed a sharp discontinuity in the

ratio at the glass transition temperature of the polymer.

Romberger extended the study to polymethyl methacrylate and

observed a similar break in the ratio at T9. The values of

the ratio they obtained at room temperature are, however,

too large to be accounted for by thermodynamical considera-

tions which predict the Landau-Placzek ratio to be given

by:46

Ic _ [(p ggoi. (BT - Bsnstatic

21 [(p 3%); £55th

 (4.7)

where p is the density of the medium, 6 the electric

permittivity, T the temperature, BT the isothermal com-

pressibility, BS the adiabatic compressibility and the

subscripts, static and he, refer to the low and hypersonic

frequency conditions respectively. Accordingly, based on an

observation of the Krishnan effect, Romberger suggested

that the large value of the ratio at room temperature was

due to a nonthermodynamical contribution of the frozen-in
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Spatial strain which resulted from the volume changes during

the polymerization process.

Since spatial strain is in affect the inhomogeneity of

a medium, it suggests that samples whose inhomogeneities

have been fully characterized (e.g. by the method discussed

in-Chapters II and III) would be excellent candidates to

verify Romberger's point of view. .This is one of the pur-

poses of the experiment to be described below. .In addition

to determining the acoustical properties of the sample, the

experiment also attempts to check on the claim that the

Landau-Placzek ratio is a sensitive probe to structural

changes.

Experimental

Sample Preparation

The samples used in this investigation were pure poly-

methyl methacrylate and a series of its blends with poly—

vstyrene of different concentrations. .Details on their

preparation and the concentration of the blends have been

discussed in Chapter III.

Instrument
 

The Brillouin Spectrometer used in this experiment

was the same instrument as described for the low-angle scat—

tering work in Chapter III (Fig. 3.3). Several changes in

the collecting optics of the detection system were made,

however:
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(1) Light pipe

A shorter aluminum pipe of 12 inches was used to col-

lect the scattered light in this case. The pipe was hollow

inside but was attached to an adjustable mount on either

end. Anchored to each mount was a small variable iris

diaphragm which could be adjusted to give a smallest aper-

ture of about 1 mm in diameter. The inner surface of the

pipe was painted flat black to minimize reflection.

(2) Fabry Perot interferometer

This unit was the prime resolving device of the Spec-

trometer and was put to function for this investigation.

It was a piezoelectric-scan type of interferometer and was

manufactured by Lansing Research Corporation. .The same

company also made the High voltage and linear ramp genera—

tor which powered the piezoelectric trnslator. The Fabry

Perot mirrors were supplied by Coherent Optics, Inc. They

consisted of a pair of matched "Dynasil" plane parallel

plates with a flatness of l/200, a wedge smaller than 1.0

arc second, 1 inch diameter and thickness of 0.375 inch.

.The front surface of the plates was coated with "Broad

Band Krypton" coating of 1.5-3.0% transmission and 0.1%

absorption, while the back surface was with "Antireflection

MgF’" coating of 1/4 flatness and 98.5% transmission.

The front mirror was housed in a Gimbal mount and could be

adjusted in orientation by two micrometers. The back

mirror was positioned in front of the piezoelectric trans-

lator so that it could be translated during Scanning.
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The scattered light collected by the light pipe was

collimated on entering the Fabry Perot interferometer by

a 500 mm focal length lens. The entrance of the inter—

ferometer was guarded by a large iris diaphragm which stOp-

ped the extraneous light. The resolved light rings were

focussed by a 1000 mm focal length lens, which was placed

right behind the interferometer, to the photomultiplier

tube (EMI 9558 B) after passing through an exit pinhole of

2mm in diameter. The pinhole permitted only the center

ring of the scattered light pattern to enter the photomulti-

plier tube and therefore enhanced the resolution of the

instrument. Between the lens and the exit pinhole was

another large iris diaphragm adjusted to further baffle out

the stray light.

Experimental Procedures

Alignment

Before any spectra were obtained, the instrument was

first checked for its alignment using the method discussed

in Chapter III. After placing the back Fabry Perot mirror

in position, the interferometer was adjusted by turning two

coarse adjustment knobs until the back reflection of the

He-Ne alignment laser beam (Fig. 3.3) coincided with itself.

The 500 mm focal length lens was then placed so that the

center of the Bridgeport table was on its focal plane. The

lens was again centered with respect to the alignment beam
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by the back reflection technique. The apertures of the

front and the rear iris diaphragms on the light pipe were

then adjusted to 1 mm and about 1.5 mm in diameter respec-

tively. With the two Fabry Perot mirrors set at the de—

sired separation and the 1000 mm focal length lens in place,

the interferometer was fine tuned with the two micrometers

driving the Gimbal mount of the front mirror until a series

of concentric rings of high symmetry was obtained. The

lens was adjusted to center the ring pattern onto the exit

pinhole.

Brillouin Spectra

After the spectrometer had been carefully aligned, the

sample in its holder was placed at the center of the Bridge-

port table and was illuminated by the green line (lo =

514.5 nm) of the Argon ion laser. The scattering was per-

formed at room temperature (22.59C) and at a scattering

angle of 90°. The beam with an output power of 400 mw was

incident normally along the cylindrical axis of the sample

and the scattered light was observed through its curved

surface. Throughout the investigation, the Fabry Perot

mirrors were set at a separation of 5.09 mm. The voltage

to the photomultiplier was adjusted so that the central peak

of the spectrum was within the scale of the recorder chart

paper.

Figures 4.1 and 4.2 are representatives of the Spectra

obtained at a ramp slope of 2.5 v/sec and at full speed of
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the recorder. They are for pure PMMA and the 0.005%

PS/PMMA blend respectively. As can be seen, the central

peak is quite symmetrical indicating a nearly perfect align-

ment of the interferometer. .The two side peaks are the

Brillouin components which arise from the propagating sonic

disturbances. They have been amplified by ten fold because

of their small size in comparison to the central peak. The

amplification was achieved by changing the input head set-

ting of the picoammeter from an initial value of 10_9 amp

to 10-10 amp.

With the chosen separation between the Fabry Perot

mirrors, the Brillouin peaks were well resolved from the

central one and the zero level of the Spectrum was very flat

(Eryn 4.1-4.2). Using the definition of "fineness" by Born

and Wolf‘7 as the ratio of the separation between the cen-

tral peaks of two successive orders (i.e. the free spectral

range) to the full width at half height of the same peak,

our spectra all yielded a resolution of about 45.

.The Brillouin frequency shift, the full widths at half

height of the Brillouin and the central components and the

free Spectral range were obtained by successive geometrical

biseections of the peak height (i.e. the distance between

the peak apex and the zero level line of the peak) and the

fuIlpeak width at half height, and were then measured care-

fully with a pair of calipers. The true width of the

Brillouin component was taken to be the difference between

its observed Spectral width and that of the central peak.48
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This is based on the fact that the recorded spectrum is a

convolution product of the true Spectrum with the instru-

mental response function; since the true central peak, which

is very narrowly spread in frequency, cannot be resolved

with the interferometric technique, the observed central

component represents essentially the response function.

The approximation is further rendered possible by the almost

Lorentzian line shape of the Brillouin component. The

shift and width measurements were converted to frequency

units by the following equation for the free Spectral range

of the Spectrum:

Af = c/(Zlo) Hz , (4.8)

where Af was the free Spectral range in Hz, c the

velocity of light and 10 the Fabry Perot mirror separa-

tion in cm. The average values of the Brillouin frequency

shifts and the linewidths from three orders of the spectrum

were used to calculate the velocity and the attenuation co-

efficient of sound in each sample from equations (4.2) and

(4.6) reSpectively using the refractive index listed in

Table 3 .4 .

,To obtain the intensity of the central peak and the

Brillouin doublet, a base line was drawn by extending the

zero level line on one side of the peak to that on the other

Side. The area so marked off under each peak was carefully

measured with a planimeter until reproducible readings were

Obtained. The Landau-Placzek ratio was then calculated by
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taking the average of the intensity ratkm.of the central

peak to the sum of the two Brillouin components over four

orders of the spectrum (three were Obtained with a ramp

slope of 2.5 v/sec while the other one was with 0.75 v/sec).

Polarized andvgepolarized Brillouin Spectra

With the operation condition of the instrument remaining

unchanged, these spectra were obtained by placing a cali-

brated analyzer behind the exit pinhole of the spectrometer.

The analyzer consisted of a piece of green Polaroid framed

on a graduated and rotatable mount. When the analyzer was

rotated to 0° position, only the vertically polarized com-

ponent of the scattered light would be admitted to the

photomultiplier tube and the polarized spectrum was traced

by the recorder. The depolarized (i.e. horizontally polar-

ized) Spectrum was obtained with the analyzer set at 90°

position.

‘ Figures 4.3A and B illustrate respectively the

polarized and the depolarized spectra obtained for pure

PMMA, while Figures 4.4A and B for the 0.005% PS/PMMA

blend. As can be seen the triplet characteristic is still

obvious with the polarized spectrum but disappears in the

depolarized spectrum. This shows the completely polarized

nature of the Brillouin satellites.5 Throughout the experi-

ment, for the reason and by the method discussed in the pre-

vious section, the polarized Brillouin peaks and the depolar-

ized central peak were recorded with a ten fold amplification.
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By measuring the total area under the three peaks in

the polarized spectrum in the same manner as described for

obtaining the Landau-Placzek ratio in the last section, the

total intensity of the scattered light whose polarization

vector, like that of the incident beam, was oriented per-

pendicular to the scattering plane (i.e. Vv) was obtained.

Similarly, the area under the only central component in the

depblarized Spectrum was determined and represented the

total intensity of the horizontally polarized (i.e. polari—

zation vector in the scattering plane) component of the

scattered light, Hv' The depolarization ratio, pv’ of

the sample was then calculated by taking the average of the

ratios of Hv to VV over three orders of the Spectra.

Results and Discussion

With reference to Figures 4.1 and 4.2, it is obvious

that our Spectra are characterized by a triplet structure.

There are no peaks whatsoever in the immediate neighbor-

hoods between the central component and the two Brillouin

satellites indicating that the scattering which arises from

the transverse sound waves in the medium, as seen by Flu—

bacher et al.‘9 in fused quartz, has not been observed in

our case.

The hypersound phase velocities of the longitudinal

sound waves in pure PMMA and in the various PS/PMMA blends

under study, as determined from the Brillouin frequency

shifts, are listed in the second column of Table 4.1.
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.Table 4.1. Observed velocities, temporal attenuation co-

efficients, life times and' spatial attenuation

coefficients of the longitudinal sound waves in

pure PMMA and PS/PMMA blends.

 

 

 

Sample VS P/Zw T x 1010 a x 10"2

(m/sec) (MC/sec) (sec) (cm-1)

PMMA 2913 1 47 65 1 20 24 1 7 14 1 4

0.0001% PS/PMMA 2926 1 34 57 1 15 28 1 7 12 1 3

0.001% PS/PMMA 2920 1 23 56 1 17 29 1 9 12 1 4

0.005% PS/PMMA 2937 1 23 41 1 20 39 1 19 8 H
-

A
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Within experimental errors, they do not depend on the con-

centration of polystyrene in the PMMA matrix. Rather, they

vary by less than 0.5% about an average value of 2924 m/sec.

.Friedman et al.50 reported a value of 2870 m/sec at 20°C

(or 2862 m/sec at 22.5°C) for PMMA when studied with a He-Ne

laser source of 632.8 nm in wavelength which corresponded to

a sound wave frequency of 9.58 x 109 Hz. (Since our experi-

ment was done with a 514.5 nm wavelength Argon light source

prObing an average sound wave frequency of 1.21 x 1010 Hz,

the 2% difference between our value and that of Friedman et

al. must be associated with the diSpersion of the sound

velocity between the two frequencies.

In the same Table as the velocities, but in the third,

fourth and fifth columns respectively, are the temporal

attenuation coefficients, the life'fimes and the spatial

attenuation coefficients of the longitudinal sound waves

in the samples investigated.‘ AS can be seen, the

smallness of the Brillouin doublet of our Spectra, even

after a ten fold amplification, barely enables us to measure

their half widths at half height, I‘/21T, prescisely. Al-

though this temporal attenuation coefficient appears to

range from 65 Mc/sec for pure PMMA to 41 Mc/sec for the

0.005% PS/PMMA blend, the trend is just not obvious because

of the huge uncertainties involved. The same argument also

applies to the life time, T, and the spatial attenuation

coefficient, a. ,In fact, the constancy of the sound velo-

city among the samples implies little effect on their
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viscosity due to the inclusion of the various amounts of

polystyrene in the PMMA matrix. Since the behavior of the

longitudinal sound velocity and its Spatial attenuation

coefficient with respect to viscosity are similar‘11 (i.e.

they increase as the viscosity increases), it is more

reasonable and safer to say that no trend of any change

exists among the temporal attenuation coefficients, the

life times and the Spatial attenuation coefficients of the

longitudinal sound waves in the samples. As a result, it

would be better to report their average values as 55 Mc/sec,

30 x 10-10 sec and 1162 cm.1 respectively.

The i values associated with the parameters shown in

Table 4.1 represent their respective root mean square devia-

tion from the average obtained over three orders of the

Spectrum. -For a reason which will become obvious below, it

was extremely difficult to Obtain any Brillouin spectra for

PS/PMMA blends higher than 0.005%. .Hence, no results on

their acoustical prOperties are reported in Table 4.1.

In spite of the large uncertainties in the Brillouin

half width measurements, fairly good precision was obtained

with the Landau-Placzek ratios which are summarized in the

second column of Table 4.2. As can be seen, they are large

in value as Stoicheff,44 Peticolas4o and Romberger45 have

found with methacrylate polymers. Our ratio of 21.8 for

pure PMMA is comparable with Romberger's 30 for commercial

PMMA for the following two reasons. Firstly, our experiment

was performed at a temperature of 2.5°C higher which,
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Table 4.2. Observed Landau-Placzek ratios and depolariza-

tion ratios for pure PMMA and PS/PMMA blends.

 

 

 

Sample Landau-Placzek Ratio pv

PMMA 21.8 1 0.8 0.016 1 0.001

0.0001% PS/PMMA 42.2 1 0.7 0.014 1 0.001

0.001% PS/PMMA 30.8 1 0.7 0.022 1 0.001

0.005% PS/PMMA 33.6 1 0.6 0.013 1 0.001

 

Table 4.3. Comparison between the observed Landau-Placzek

ratios and 1/2(q2 + ql) for pure PMMA and

PS/PMMA blends.

 

 

 

1 d - 1 kSample ql Q2 §(q2+q1) Lan ggtioacze

PMMA 23.1 23.1* 21.8

0.0001% PS/PMMA 7.62 50.0 28.8 42.2

0.001 % PS/PMMA 8.13 56.0 32.1 30.8

0.005 % PS/PMMA 11.2 61.6 36.4 33.6

 

1(-

Since the complete correlation function for PMMA is repre-

sented by one simple exponential function, the q obtained

may be regarded as equivalent to 1/2(q2 + ql).
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according to Romberger's results,should have a Slightly

lowering effect on the ratio. Secondly, commercial PMMA

may contain impurities. The effect of foreign inclusions

on the value of the ratio is obvious from our results for

the PS/PMMA blends. .For instance, it only takes 10 ppm

of impurities to alter the ratio to the value obtained by

Romberger.

Recalling the result we obtained in the last experi-

ment (Chapter III), namely the inhomogeneity of the sample

increases with the polystyrene concentration in the PMMA

matrix, it is apparent already, except for the 0.0001%

PS/PMMA blend, that the Landau-Placzek ratio iS dependent

on the inhomogeneity. .This fact is even more obvious when

the ratio is compared with %(ha + q1), where q2 .and q1,

like the ratio itself, are dimensionless and are related

respectively to the long- and short-range correlation dis-

tances, a2 and al, of the sample discussed in Chapter

III by the following equations:

q2 I 2<k>a2

‘11 a 2<k>a1 ; with <k>. = 27T<n>/)‘0 '

where (n) is the mean refractive index of the sample

and X0 is the wavelength of the incident light in vacuum.

Table 4.3 restates the values of q: and q1 obtained

for each of the samples (see Table 3.7) and Shows the com-

parison between the Landau-Placzek ratio and %(q2 + ql).

A least square fit between the two quantities, assuming a
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direct proportional relationship, yielded an astonishing

.lepe of unity (i.e. L.P.R. = A %(q, + ql), with A -

1.0 i 0.1): As yet, there is no theory that can account

for this correspondence. It seems that the failure of the

Brillouin scattering theory and the theory of light scat-

tering in amorphous solids in providing a prediction of

this kind is associated with the fact that the former is

developed without regard to the Spatial correlation while

the latter neglects the time correlation entirely. In other

words, the imperfection is inherent with their concern only

with the autocorrelation of the fluctuations in the electric

permittivity in space and time domain reSpectively, and not

with the cross correlation at two space-time points, which,

as VanHove51 has pointed out,is exactly what the scattered

intensity should depend on.

On the attempt to record the Brillouin Spectrum of the

0.01% Pq/PMMA blend, it was found that the central peak in-

creased so much in intensity that the voltage to the photo—

multiplier tube had to be reduced considerably in order to

include it within the scale of the recorder chart paper.

AS a result, the Brillouin doublet could be seen only with

a 100—fold amplification and the Landau-Placzek ratio took

a huge value of about 4800. Taking equation (4.7) into ac-

count and recalling that near the critical point 6T in-

creases strongly while as changes only slightly, the

abrupt increase in the ratio must imply, as our first experi—

ment (see Chapter III) predicts, that phase separation has
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occurred with such a concentration level of polystyrene in

the blend. This interpretation is, to some degree, also

supported by a Landau-Placzek ratio of about 4000 obtained

by Mohr et al.52 for SFG in the vicinity of the critical

point.

Listed in the third column of Table 4.2 are the de-

polarization ratios, Pv’ obtained from the depolarized and

polarized Spectra of the samples. AS can be seen, they are

very small and are practically unaffected by the polystyrene.

The i values indicated in the the Table are again the root

mean square deviations about the average ratios. Since the

depolarization ratio is a measure of the molecular aniso-

tropy, it is concluded that the molecules of our samples

are highly isotropic.

Conclusion

The investigation of the Brillouin Spectra of pure

PMMA and a series of PS/PMMA blends with a maximum poly-

‘Styrene concentration of 50 ppm indicates that the longi-

tudinal sound waves in the samples are propagating and de-

caying with about the same phase velocity and attenuation

coefficient. The depolarization ratio measurements from

the depolarized and polarized Brillouin Spectra also sug—

gest a high scale of molecular isotropy in the samples.

In conjunction with the results obtained from the regular

light scattering experiment, the Landau-Placzek ratio is

seen to be a sensitive probe to structural changes in
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amorphous polymers, as Stoicheff, Peticolas and coworkers

have suggested, and is related, at least qualitatively,

with the inhomogeneity (or the frozen-in Spatial strain

concluded by Romberger) present in the sample. A quanti-

tative correspondence between the intensity ratio and the

extent of the inhomogeneity is speculated to exist, although

the present status of the light scattering theories is not

adequate enough for its prediction or Subsequent analysis.



CHAPTER V

PROPOSALS FOR FURTHER STUDY

The experiment discussed in Chapter III has demon-

strated the possibility of characterizing the inhomogeneity

in a medium. The difficulty involved in obtaining the long-

range correlation function for the 0.03% and the 0.05%

PS/PMMA blends suggests that thin films of these cloudy

samples should be investigated. In principle, multiple

scattering and destructive interference are less severe in

films than in extended cylinders and therefore, more pre-

cise measurements on the scattered intensity at small angles

would be feasible. However, with films, some correction

factors to be described in the Appendix for the scattered

intensity will no longer hold and reference should be made

to the article by Stein and Keane.53

The supermolecular nature of the short- and long-range

correlation distances is obscure in physical reality in

comparison to the end—to-end distances of the polymethyl

methacrylate and polystyrene molecules. Enlightenment in

this respect is therefore very desirable. Electron micro-

scopy which can measure down to 0.01 n scale is the most

powerful technique for this purpose provided that success—

ful microtone sections of sample can be prepared and stained.

115
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The electron micrographs not only will provide a direct

visual evidence on the inhomogeneity, but also show the

fine structures of the sample. The knowledge on the latter

will help to develop a model whereby the correlation func-

tion can be formulated with a more precise basis and hence,

eliminate many difficulties in the interpretation of the

results.

One other aspect of the experiment that deserves a

further investigation is the thermal history dependence of

the inhomogeneity. In Chapter III, the samples have been

prepared with an identical thermal history and the effect

of composition on inhomogeneity has been studied. But it

is a well known fact that the degree of inhomogeneity in

polymers or polyblends is also greatly affected by differ-

ent heat treatment. Thus, a study in this respect will

provide another realm of useful information on the mOrphol-

ogy of amorphous solids and its evolution so involved.

The Speculation on the correspondence between the

Landau—Placzek ratio and the simple average of the long and

short extent of inhomogeneity (i.e. %—(q2 + q1)), as dis—

cussed in Chapter IV, definitely needs more experimental

and theoretical verification. A new rigorous Brillouin

scattering theory taking into consideration the cross cor-

relation function of the permittivity fluctuations at two

Space-time points should be developed for the prediction

of the mutual relationship of this kind.
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APPENDIX



APPENDIX

CORRECTION FACTORS FOR ANGULAR SCATTERED INTENSITY

In Chapter III, the relative scattered intensity was

studied as a function of the scattering angle. To obtain

the actual intensity, I(s), from the apparent measured

value, I corrections must be made for the effects(8):
meas

due to (1) the refraction of the scattered light at the

exit surface of the sample, (2) the angular dependence of

the scattering volume and (3) the reflection of the inci-

dent and the scattered light at the interfaces of the

sample. Denoting the correction factors by Cn’ CV, and

'CR respectively the actual intensity is given by:

I(S) = Imeas(s) x Cn x CV x CR . (A.1)

Refraction Correction

There are two sources of error due to refraction that

may affect the angular intensity mesurements. The refrac-

tion at the exit surface of the sample (see Fig. A.1) ren-

ders the scattering angle, a, read from the Bridgeport

table only apparent. If (n) is the mean refractive

index of the sample at the wavelength of the incident light,

120
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Figure A.1. Ray diagram for scattering angle correction.
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it follows from the Snell law that the real scattering

angle, 9, is given by:

sin 6 - sin a/(n)

or

e = sin-I(sin a/<n>). (A.2)

The quantity S defined in equation (2.49a) is therefore:

5 = ZSin(e/2) = 25in[sin-1(sin a/<n>)/2] .

The other error that is due to refraction arises from

the fact that the cone of light perceived by the light pipe

in the presence of the refracting sample is dependent on

the apparent scattering angle, a. In Figure A.2, the angle

confining the cone of light on the horizontal plane is

represented by 2y for the case of no refraction and by

(e + 0) when there is refraction. From the figure, it can

be seen that

BA >> AY

and

CS >> SR .

Hence,

a >> y (A.3)

and

6 >> 0 . (A.4)

From triangles CS0 and CSP, it is apparent that

CS CO tan a (A.5)

and

CP CS/tan 9 . (A.6)
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1‘ kinc

 

 

 

 
 
 

 
Figure A.2. Ray diagram for refraction correction.
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Substituting equation (A.5) into equation (A.6) and with

the aid of equation (A.2), it is found that

 

J<n>2 - sinza
COS a ] . (A.7)CP = C0[

Furthermore, as is obvious from triangle CQO,

CO = C0 tan(a - y) . (A.8)

Since 1

tan (9 - e) = CQ/CP ,

it follows from equations (A.7) and (A.8) that

e = 9 _ tan_1[ COSQ tan(a - y) 1 . (A.9)

J <n>2~l sinza

 

By considering triangles CRP and CR0, the following can

also be easily obtained:

cosa tan(a + y)
tan(9 + 0) =

J<n>2 - sinza

 

CI

—1[ cosatan(a + y) 1

~/<n>z - sinza

(Adding equation (A.9) to equation (A.10) gives:

6 = tan - 9 . (A.10)
 

1[ cosa tan(a + y) 1
(e + 0) - tan-

JZR>2 - Sinza

 

-1 [ COSa tanla - y) ]

J<n>2 - Sinza

A Taylor series expansion of tan(a + y) yields:

- tan . (A.11)
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tan(a + y) = tana + ysecza + yzseczatana + ... .

(A.12)

Since 7 << a (see equation (A.3)), terms higher than the

second in equation (A.12) can be neglected and hence,

tan(a + y) = tang + ysecza = (sing + y/cosa)/cosa. (A.13)

By the same token, it is found that

tan(a — y) = tana — ysecza = (Sina - y/cosa)/cosa.(A.14)

Substituting equations (A.13) and (A.14) into equation

(A.11) gives:

(6 + 5) = tan-1[ Slna + Y

J<nSf—sin2a COSQ'J<n>2-sin2a

 
 

  

  

   

  
 

  

 

 

  
 

  
 

  

 

 

'— tan-1[ Sin“ - Y -—1.(A.15)

J<n>2 -Sin2c( C050 'Jfln}2 -Sinza

BUt,

tan'1[ Sina _+ Y ] = tan_1[ sina

J<n>2-Sin2a COSQ'J<n>2-sin2a J<n>2-sinza

1 /

+ sina 0 Y + 0172) + °°°

”* <n>2-...2.1 .os..<n>2_m2,, (mm

and

tan-1[ sina ‘ Y ]= tan—11 sina

J<n>2-sin2a COSQ'J<n>2—sin2a_ J<n>2-sin2a

- 1 .1... ° Y .sz.

[1+-<n>2-sin2q] COSQ'J<H;2‘Sin20
(A-17)

Terms higher than the second in equations (A.16) and (A.17)

can again be neglected. Hence equation (A.15) reduces down to:
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27 __2yJ<n§2-sin2&

sinza <n>2cos a

n -sin2a

 (6 + 0)-

 

C050¢Zn>2-sin2a[1+

or

 

 

1.34437 : <n>2cosa . (A.18)

J<n>2-sin2a

Equation (A.18) takes care of the effect on the hori—

zontal plane. It is apparent that the factor takes the value

of <n> when normal incidence (i.e. when a = 0) is achieved

and is unity in the absence of the refracting sample. Since

the photometer described in Chapter III restricts the scat-

tered beam to be probed on the horizontal plane, the beam

is always perpendicular to the vertical plane of the sample.

.Thus, for this plane, the error can be corrected for by a

factor (n).

From the above considerations, the correction factor,

Cn’ for the effect due to refraction is therefore given by:

<n>3 cosa

I1 J<n>2- sinza

 

or

c = <n> COSQ . (A.19)

n /’1 _ sinza

 

 

Volume Correction

Since the scattered light intensity is directly pro-

portional to the scattering volume (see equation (2.50b)),

any relative intensity measurements must be performed with
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an identical volume in order to be meaningful. It can

easily be visualized that probing the scattered intensity

on a horizontal plane (see Chapter III) will involve a

different Scattering volume at a different scattering angle

and thus, a correction must be applied to the measured in-

tensity so that such an angular dependence of the volume

can be taken into account.

In accord with the experimental set up described in

Chapter III, the diameter of the incident beam (1 mm) is

Slightly smaller than the length of the entrance-rectangular

slit of the light pipe (1.02 mm). Moreover, the scattered

light perceived can be regarded as parallel having a width,

W, equal to that of the Slit. As a result, depending on

the length and the mean refractive index of the sample,

the scattering volume will assume several different shapes

within the range of angles under study as follows:

Case I:- At a large real scattering angle, 9. (or ap—

parent angle, a), when both of the elliptical cut sections

of the incident beam lie within the sample, the volume seen

by the light pipe will be a slanting elliptical cylinder

ABCD (Fig. A.3). By simple geometrical arguments, it is

apparent that the volume, ABCD, is given by:

v9 = 1rr2(AD) , (A.20)

where r is the radius of the incident beam. From the

figure, it is also obvious that



 

 
 

  
   

   
Figure A.3. Ray diagram for volume correction at large

scattering angle.
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AD - AT/sine = PR/sine . (A.21)

The relationship between PR and the width of the perceived

scattered beam, W, can be obtained by considering the tri-

angles PRQ and PSQ as follows:

PR = PQ cose = SQ[cose/cosa] = W[cose/cosa] .

Thus,

AD = W[cos e/(sinecosa)],

and

V9 =‘Fr2W[COSG/(Sin9COSQ)] . (A.22)

Case II:- At a smaller real scattering angle, 9', the

elliptical section, DC, (Fig. A.3) will cut the incident

beam outside the sample. In this case, the scattering

volume, V9,, will be represented by ABCEFG as shown in

Figure A.4—A and is given by:

v9, =vA -vB , (A.23)

where VA is the volume bounded by ABHF with the incident

beam and V the volume bounded by GCHE. Introducing the
B

rectangular co-ordinates and denoting the distances from

the entrance surface, FGHE, of the sample to the centers of

the two ellipses, AIBJ and LGCE, by x1 and x2 respec-

tively, it is seen that for any given 2, points on the

former ellipse can be described by:

:3 .

x aamz + x1 , (A.24)

8

while those on the latter one satisfy:
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AX

 

 

 

 

 

 

 
 
 

 

 

 
 

 

 
 

volume at small scattering angle.ScatteringFigure A.4-A.

 

Projection of scattering volume at small

scattering angle.

Figure A.4-B.
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x - mz + x2 , (A.25)

where m is the slope of either AB or DC and

m a — cot 9' . (A.26)

The volume, VA’ is obviously equal to that of a circular

cylinder with a height x1 and is given by -

vA = vrle . (A.27)

To compute VB, it will be convenient to cosider the pro-

jection of GCED onto FGHE as Shown in Figure A.4-B. From

the figure, it is apparent that

or since V2 and V3 are symmetrical,

VB = v1 + 2v2 . (A.28)

The volumes V1 and 2V2 can be calculated as follows:

 

/ r3431)!- '92-
m

V1 = (mz + x2)dzdy

‘ Jrz- :33)" W

 

 

2 2

a - mrzr +-— 13 - :ZT + xzrzy , (A.29)

and m
T'r r 'Y —

2V1= 2 ' (mz + x2)dzdy

J 2.. 352. I 1/"‘""2'_"2

  
2

= vrzxz - 2r2x2y + 2%13- . (A.30)

x
(
A
R
I
E
J
‘
B
'
u
o
.
n
-
'
—
1
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where

 

T =4r2 - (x27m>=

 

_4[ Jr“ - (xz/m)2]

I

 y sin (A.31)

and m is as defined in equation (A.26). Adding equa-

tions (A.29) and (A.30) yields:

VB = wrzxz - rzxzy - mrzr + gwa . (A.32)

Hence, from equations (A.23) and(A.27), the scattering

volume, V9,, is given by:

‘V . = wr2(x1 - x2) + (rzxzy + mrzT - gf3) , (A.33)
G

where x1 and x2 can be easily shown to be related to

the length, Z, the mean refractive index, (n), of the

sample and the width, W, of the entrance slit of the light

pipe by the following equations:

  

E _ <n>£cose' +‘Wcose'

  

X1:
.

2cos a' ZSinG'cosa'

I I

x2 = 2 _ <n>£cos6 _ Wcose . (A.34)

2cos a' ZSlne'COSa'

Case III:- At an even smaller real scattering angle,

9", one will encounter the situation when both the ellipti-

cal sections, AIBJ and LGCE (Fig. A.4-A), cut the incident

beam beyond the entrance surface, FGHE, of the sample.

Only the case when the intersections of both ellipses with

the entrance surface lie on 2 > 0 (Fig. A.4-A) will be of
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importance to the eXperiment described in Chapter III, for

the other case, when the intersection of LGCE with the

entrance surface lies on 2 j,0 occurs at an apparent

scattering angle, a"'. much smaller than 1° and is prac-

tically unobtainable with the instrument.

In the same way as V was obtained (equations (A.29)
B

and (A.30)), the scattering volume, V9", can be shown to

be given by:

. 3

(TTr2X2 - r2X2yZ - mr2T2 '1‘ $4.2) , (A035)

where

m = - cot 9"

 

Ti -’Jr2 - (xi/m)2

 

Jrz -»(xi/m)2]- - -1
7i Sin [ r

and x1 and x2 are as defined in equation (A.34) with

6' and a' replaced by 6" and a" respectively.

From the above considerations, it follows that there

will be three different volume correction factors, namely

»C . C , C . Since the scattering volume seen at
V V . V n

9 9 6

900 is a constant:

V90n =‘1rr'2W";"

it can be used as a reference for V9 , V6, and V9". Thus,

one obtains:
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CV6 = Vgo/Ve - cos 9/(sin6cosa)

CV = vgo/ve, wrzw/ve,

C - Vgo/Ve" = Trr2W/V9" . (A.36)

Reflection Correction

The reflection of the incident and the scattered light

at the interfaces of the sample renders the measured scat-

tered intensity lower than its actual value, I(s). To

correct for this effect, let 6 be the angle the E; vector

of the scattered beam makes with the plane of incidence

(i.e. xy plane) at the exit surface of the sample as

Shown in Figure A.5. It follows then

I(s)" -'Jscoszfi

 $ - = cotZB , (A.37)

I(s) Jssinaa

where JS is the amount of energy in the scattered wave

incident on a unit area of the boundary per second and the

superscripts, (f and l_, refer to the components parallel

and perpendicular to the plane of incidence reSpectively.

Denoting the transmissivity at the exit surface of the

sample by Te , the ratio of the two components of the

scattered intensity is also given by:

I(s)“ T I (s)”

I(SVL = T: Imeas (S); O (13.38)
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"
W

B 1 PLANE or INCIDENCE

Figure A.5. Diagram for reflection correction.
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Here I s) is the measured scattered intensity.
meas(

Since the incident laser beam used for the eXperiment

(see Chapter III) is vertically polarized, therefore, by

definition,

N

meas(s) .

Imeas(s)i

I

 

pv ’
(A.39)

where pv is the depolarization ratio of the sample. Com-

bining equations (A.37), (A.38), and (A.39) gives:

11.

Te
2 = _——cot B pv T" ,

m

or since the sum of the reflectivity, Re , and the trans-

 

 

 

missivity, Te , is unity,

, L

2 _ (l—Re) .
cot B - pv I . (A.40)

(1 - Re)

Hence,

1

sinza = “ i

' 1 - Re

1+F’v1- 11')

Re

and

1-11:

9" (1 R")
C0525 _ e ‘l o (A.41)

1 - Re

1 + PV1I—-——W9
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Following Born and Wolf,47 the total reflectivity,

Re(6), of the scattered light at a real scattering angle 9

is then given by:

 

 

Re(9) = cos”BR2(6) 1 SinafiR:(e) , (A.42)

where

H = tan2(9-g)

Re(9) tan2(6-+a)

and '

32(9) = Single ‘ “1 . . (A.43)
sin2(6 + a)

It is obvious that R:(9) > R:(6) and Since the de-

polarization ratiasof the samples under study are much

smaller than unity (e.g. see Chapter IV), it can easily be

seen that

1 - R1

Pv(—————f') << 1 . (A.44)

1 "Re .

Therefore, from equation (A.41), it follows that

sinaa ‘6 1

and

cosZB ‘5 O .

Hence, the reflectivity in equation (A.42) becomes:

1
Re(6) zRe(9) = sin2(e - a)/sin2(6 + a)

Re(9) ais1n2(a - 9)/sin2(e + a) . (A.45)

Thus, the factor by which the measured scattered intensity
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must be multiplied in order to account for the reflection

of the scattered light at the exit surface of the sample is:

1 .

1 _ Re(9) . (A.46)

The reflectivity of the incoming beam incident normally

on the entrance surface of the sample, Ri(0), is independ-

ent of the scattering angle and is given by:

31(0) = (§§§—$—%>2 . (1.47)

where (n) is again the ' mean refractive index of the

sample. Hence, the total correction factor becomes:

1 .

(l-Ri(0))(1-Re(9)1

 (A.48)

Since it is the relative scattered intensity that is being

examined, it will be more convenient to normalize the cor-

rection factor at any scattering angle, 9, to that at 0°

(i.e. the factor for the directly transmitted beam). Thus,

 

_ <1 - R,(o>>(1 --Ri(o>)

CR ‘ (1 - Ri<9>><1 - 39(9))

4<n> (A.49)

2 _ sin2(a - 9)

(<n> + 1) [1 sin2(e + a)]
 

Attenuation Correction

In view of the Opacity of the 0.03% and the 0.05%

PS/PMMA blends, it is also appropriate to correct for the
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effect due to attenuation within these two samples. (Fol—

lowingvequation (A.1), if the attenuation correction factor

is denoted by Ca the actual scattered intensity, I(s),
tt'

can be obtained from the measured value, Imeas(s)’ by:

I(s) = Imeas(s) x Cn x CV x CR x Catt . (A.50)

Assuming the Lambert type of attenuation within the

sample, the incident intensity, Ignc , at a scattering

element P within the scattering volume, ABCD (Fig. A.6),

which is at a distance x from the entrance surface, 1H1.

of the sample is given by:

Ignc = 10 exp(- TX) , (A.51)

where Io is the intensity of the incident beam before

transversing the sample which has a turbidity, 7. A por-

tion, f, of this intensity will be Scattered, however,

along PQ whereupon attenuation again occurs. If PQ

represents a path length y, the intensity at Q, where the

scattered light leaves the sample, is therefore:

goat = f Ignc exp(-Ty) = f 10 exp[-T(X+Y)]

or since

y = (Z - x)sec 6

Igcat = f 10 exp{-1[x(1 - sece) + z sec9]} . (A.52)

The measured intensity, ’Imeas(s)' must be represented by

scat

Q over all possible path lengths of 'the average of I

(x + y). Thus,
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1‘ scat

 
 

 

   

 
 

   
  

   
Figure A.6. Ray diagram for attenuation correction.
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I = f Io<exp{-T[x(1-Sec6) + E sece]]>x.(A.53)
meas(s)

An exact evaluation of the average in the above equa-

tion will be very difficult because of the slanting nature

of the scattering volume and hence the complexity of the

weight function that has to be used. A calculation of the

exponential function in equation (A.52) over the range of r:

x (i.e. between x . and x ) in the scattering volume
min max ,

Shows that it varies by at most 13% from the simple average

of its extremes (e.g. at large 6). Since the function is

 varying very smoothly and monotonically over the range of

1
“
"
.
.
.

.
1
.
'
4
.
~

‘

x and the weight function is almost as mild-mannered, the

exactly calculated average (equation (A.53)) may be expected

to lie well within the extremes. In fact, in the case

where the Spread of the exponential function between the

two extremes of x is largest, the weight function is seen

to be symmetric and thus will have the least effect in

shifting the exact average away from the average of the

extremes. Hence, the uncertainty involved in taking the

average of the extremes as the exact one may, with confidence,

be estimated to be less than 1% . Furthermore, since cal-

culations also Show the difference between

exp{-T(<x>(1 - sece) + z sec9])

and the average of the extremes over the regions investi-

gated to be in the order of 0.1% or less, it follows then:
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(eXp{-T[x(1 - sece) + 2 sece] px z

exp(-1[<x>(l - sece) + 2 sec9]) . (A.54)

From Figure A.6, (x) is the distance of the center of the

scattering volume from the entrance surface, PR, of the

sample and is given by:

<x> = 2(1 - §“>'“°se>
-2cosa ’ (A.55)

where (n) is the mean refractive index of the sample,

and 9 and a are the real and apparent Scattering angles

reSpectively. Thus, equation (A.53) can be written as:

I = f IO expi—T£[(1 —M )(l-seC9)+sec9])

meas(s) - 2cosa

 f Io exp{-'r£[1 + §n>2(:O;acose)]} . (A.56)

Since in the absence of any attenuation, the scattered in-

tensity is equal to f 10 , it follows then the attenua-

tion correction factor,

)2 exP{-T£[1+ éngu - cosel] ].

C = f I°/I -cosaatt meas(S

(A.57)
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