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ABSTRACT

STUDY OF PHASE SEPARATION IN BLENDS OF SEMI-FLEXIBLE

AND FLEXIBLE COIL POLYMERS
FEBRUARY

1996

MURALI SETHUMADHAVAN
M.
M.Tech.,
Ph. D.,

Sc.,

ANNA UNIVERSITY

INDIAN INSTITUTE OF TECHNOLOGY

UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Richard

S. Stein

A series of semi-flexible, wholly-aromatic, para-linked polyamides were
synthesized at Polaroid Corporation for various optical applications. These polymers were

unique

in the fact that they exhibited rodlike nature

as well. This unique property

was found

to be

and were soluble

in

common

solvents

,

due to the presence of 2,2 -disubstituted

biphenyl group in the backbone of these materials. Blends of one of these

polymers(PolymerI) and

flexible poly(4-vinyl pyridine)

were prepared by using solution

blending and semi-interpenetrating network(SIN) formation methods. Both the methods of
blends preparation gave rise to completely transparent and clear films over a wide range of

composition of polymer!

The blends were

characterized by thermal, spectroscopic, microscopic and

scattering techniques.

The amorphous nature of polymerl with no

transition temperature

and small electron density and refractive index difference between

two polymers precluded
phases

in the blends.

detectable glass

the attempts to get any quantitative information on the size of the

The Fourier-Transform

infra-red results

showed

that there

were

hydrogen bonding interactions between two polymers.

A second blend system containing another para-linked polyamide
(Polymerll)

was

studied to obtain information about phase morphology.

The

flexible

polymer used was poly(N-vinylpyrollidone). This system also gave
transparent films.
interactions

The FTIR

results indicated that there

rise to

were hydrogen bonding

between the two polymers. Light scattering and cloud point measurements

were able to detect the phase separation

in the system.

The

light scattering

and the theoretical model used to analyze the results did not match very
for this

was

completely

measurements

well.

The reason

believed to be due to mixed composition of the phase separated regimes.

The

compositions of the phases were measured by comparing the turbidity values obtained

from the theoretical model and the UV-transmittance measurements.

It

was found

that

composition of one of the phases had to be around 72/28(polymerl/polymer2) to account
for the experimentally observed transmittace value. This led to the belief that even the

phase separated regimes probably contained both polymers and the
difference
results

between the phases was not large enough to give

confirmed the presence of phase separation

vi

rise to

in the system.

final refractive

cloudy

films.

index

TEM
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CHAPTER

1

INTRODUCTION AND LITERATURE SURVEY

1.1 Introduction

The

scientific

and commercial progress

past decades has been tremendous. This

simpler and economical process for

is

in the area

of polymer blends during the

driven by the realization that blending

is

a

much

the needs of new materials than their

fulfilling

synthesis. Especially, the interest in the blends

of rigid rod and

flexible

experienced an enormous growth for two decades since Helminiak

polymers
1

2

et al

and Takayanagi

first

proposed the concept of molecular composites(MC). Conceptually,

MC are mixtures

of a

rigid

rod polymer homogeneously dispersed

The

interest in

MC

is

in a flexible coil

based on the anticipated unique

set

polymer matrix.

of optical, thermal and
3

mechanical properties that might result from systems of this type. For example, with
regard to mechanical properties, the composite theory suggests that the modulus of a

molecular composite should be
This

is

would

much

higher than that of regular fiber reinforced plastics.

because the reinforcement would take place
find applications in high value

at a

microscopic

level.

Oriented

MC

added optical devices. These devices would take

advantage of the superior optical properties(such as birefringence, dichroism) of the

MC.

Since heat conduction occurs more efficiently intramolecularly (through bonds) than
intermolecularly (across vanderWaals distances),

l

it is

likely that orientation

of the rodlike

molecules in a composite would impart anisotropic thermal conductivity to molded
parts

which might

find application in microelectronics.

mechanical properties can be obtained only
certain extent. This

is

very

difficult to

4

However, the improvement

if there is

in the

mixing of the two polymers to a

achieve as can be realized by a brief revisit to the

basic thermodynamics of polymer blends!

1.2

Basic Thermodynamics
Equilibrium-phase behavior of mixtures

given by Eqn.

1

.

1,

and

how this free energy is

AG^x = AHU,
For

5 8
'

miscibility,

however;

AG^x

model

governed by the free energy of mixing,

affected

by composition and temperature

TAS^

AG,™ must be negative.

This

of most immiscible systems

The Flory-Huggins
sufficient

-

is

(1.1)

is

not a sufficient condition for miscibility,

fulfills

the

same

1

condition.

solution theory, although inadequate for

some purposes,

for the preliminary understanding of polymer blends.

only contribution to the entropy of mixing per unit volume

given by eqn.

.2 for

mixing a volume fraction

(|>a

is

of polymer

It

-R(VA + VB )

a

combinatorial in origin and

A with volume fraction

(1.2)

2

is

assumes that the

polymer B.

AS mw =

T:

<|>

is

B of

Here Vj

refers to the

and density by the

molar volume of i. This molar volume

For

relation Mj/Pi

simplicity,

9

In this equation,

final

1.1.

Some

when

is

assumed to be

polydispersity

The heat of mixing of two polymers follows a van Laar-type

ABU

The

related to molecular weight

each component

monodisperse. The treatment becomes more complicated

considered.

is

B

is

=

VA

(

+

VB

)B<|) A

<t)

B

is

relation:

(13)

an interaction energy for mixing segments of the two components.

expression for

AG,™

is

obtained by inserting equations 1.2 and 1.3 into equation

important conclusions can be

made from this model. For polymer blends,

does not depend on molecular weight for high molecular weight polymers. The
entropy to be gained by the intermixing of polymer molecules

is

very small. This

is

due to

the fact that the polymer molecules have very high molecular weight and the mixing

involves small

number of molecules. Furthermore, AS,™ decreases with

molecular weight. The mixing of a pair of polymers,
the great majority of cases

is

endothermic.

An

like the

almost

increasing

mixing of simple

trivial positive

liquids, in

enthalpy of

interaction suffices to counteract the small entropy of mixing. Hence, chemically dissimilar

polymers are generally observed to be incompatible, compatibility being a
gain becomes even smaller

when one of the components

tendency for self-alignment.

10, 11

is

rarity.

Entropy

a rigid polymer due to

its

Thus these blends are thermodynamically very unstable

and often undergo phase separation.

The majority of the

initial

research in the

MC field involved attempts to prepare

these blends from dilute ternary solutions by rapid coagulation or co-precipitation.

3

However, these methods often
processed.

12

led to phase separated systems

Another disadvantage

in this research

was

when heated

or melt

the fact that harsh solvents had to

be used to dissolve the rodlike polymers.

The motivation
class

for the research

on

MC in our laboratories was the discovery of a

of semi-flexible, wholly aromatic, para-linked polyamides, polyesters and

polyesteramides by Polaroid Corporation, Cambridge,

crystalline

the

initial

and extremely soluble

phase of our

in

common
on

earlier research

MA. These polymers were

organic solvents.

The

non-

strategy followed in

MC was to prepare homogeneous solutions of

these rodlike polymers with flexible chain polymers in low boiling solvents. Unfortunately,

phase separation occurred

at

very low concentrations of rodlike polymer in flexible chain

polymer, and vice versa, as demonstrated by light-scattering techniques used for defining

the state of dispersion of these blends.

14 ' 15

These studies defined phase diagrams for the

rod/coil/solvent system and confirmed the theoretical predictions of Onsager and Flory for

such systems.

1.3

Attempts

Many
worldwide to

to

Prepare Homogeneous Molecular Composites

attempts have been

made

in the recent years

by a number of researchers

find techniques for minimizing or eliminating the aggregation

of rigid-rods.

These involve: 4
a)

Selecting solvents and rodlike and coil molecules with specific interactions to

enhance the enthalpy of mixing,

4

b)

Increasing the flexibility of the rods in an effort to increase their entropic mixing,

c)

Grafting of flexible chains onto the backbone of the rods to prevent the entropy
driven demixing, and

d)

Controlling the kinetics of aggregation.

Although method

(b)

met with some success due to the

fact that increasing the

flexibility

of the rods enhances the

flexibility

of the rodlike polymers reduced the reinforcing effectiveness of the rods.

solubility

and increases the entropic mixing, more
16

17

Ballauf

demonstrated that by appending

flexible side-chains

(method

c) to the

rigid-rod backbone, miscibility in a wide range of composition could be obtained. Heitz et

all 8, 19

grafted

low

MW poly(styrene) or poly(methylmethacrylate) as a co-monomer

in

the synthesis of liquid-crystalline polyesters obtaining improved miscibility with the

homopolymers.

A slight modification of this technique was used by Tsai et al 16 to

synthesize block copolymers of rod/coil components. However, both these methods were

not as successful as the other two methods which will be considered in detail here.

1.3.1

Thermodynamic Approach
For polymer blends, the enthalpy of mixing plays the most important

role in

causing polymer-polymer miscibility, since the entropy gain in a polymer blend

non-existent.

The enthalpy

factor in

MC

rodlike macromolecules to aggregate.

is

even more

critical

is

almost

because of the propensity of

A variety of chemical bonding forces such as ionic-

5

interactions,

this

hydrogen bonding

and enhance the

miscibility.

have been invoked

etc.

L.S.Tan

et al 20

in

many

overcome

have obtained a nearly complete molecular

dispersion of 50wt% of poly(p-phenylene benzobisthiazole)

acrylamido-2-methyl-propane sulphonate)

laboratories to

(HAMPS)

(PBZT) and

poly(2-

form of films and

in the

coagulating a methane sulfonic acid solution of the polymers in water.

No

fibers

by

phase

morphology within 50nm resolution was detected by Scanning Electron
Microscopy(SEM). Strong coulombic

interactions

PBZT

in

and pendent sulphonate groups

between protonated thiazole rings of

HAMPS were found to be responsible in

preventing the phase separation. Painter and coworkers

21

investigated the phase behavior

of blends of poly(glutamates) [a-helical rigid-rods] and poly(vinyl phenol) (PVPH) by
using

FT-IR and

optical microscopy.

glutamate)/chloroform and

were evaporated
hours.

esters

An

PVPH/THF

in dry air for

equilibrium

The

onto

were

cast

from mixtures of (L-

KBr windows

or glass

24 hours followed by vacuum drying

number of H-bond

of the rigid-rods and

films

interactions

slides.

at

solvents

130-140°C for 10

was found between

OH groups of poly(vinyl phenol).

The

the side chain

This invention led to

miscible blends displaying anisotropy at higher concentrations.

More

recently,

Weiss

poly(benzyl L-glutamate)

22
et al

(PBLG) and an ionomer,

The blends were prepared by mixing
in a

vacuum oven

at

reported the preparation of melt processable

individual

lightly

MC of

sulphonated polystyrene(SPS).

polymer solutions

100°C for 24 hours. The blends remained

in

chloroform and drying

optically clear after the melt

process and exhibited only a single, composition dependent, glass transition temperature.

6

The

SEM also failed to detect any heterogeneties in fracture surfaces.

and/or hydrogen bonding interactions between

SPS and

Specific acid-base

PBLG were reported to be

responsible for the success of this investigation.

1.3.2 Kinetic

Approach

The second phase of

initial

research on

simpler strategy to attain the goal of true

kinetics rather than the

The motivation

MC.

MC

in

our labs was begun based on a

This involved controlling the aggregation

thermodynamics of mixing.

for this research

was an

interesting

work done by O.Aoki

at

University of Massachusetts. Amherst 23 on semi-interpenetrating network blends. This

work was an

extension of the previous

work on

24

phase-equilibria

and phase-separation

of poly(styrene)(PS)/ poly(vinylmethylether)(PVME) blends. The blends
critical solution

temperature behavior.

It

was found through

exhibit

25

lower

the observation of the cloud-

point by light scattering that miscibility decreased with increasing molecular weight of the

individual polymers.

In the

work of Aoki,

divinylbenzene

PS network

PVME was dissolved in a mixture of styrene and

monomers which were then photochemically polymerized

surrounding the

PVME linear polymer.

This

was done

at a

so as to form a

temperature

corresponding to the miscible region so that a molecular semi-interpenetrating

network(Semi-IPN) was formed. The temperature was then increased and

7

light scattering

measurements were done

was found

that the

significantly

Tq

in

order to observe the cloud point

occurred at a

slightly

(Tq) of phase

separation. It

lower temperature and the scattering was

reduced relative to that observed for a mixture of linear polymers.

Furthermore, the scattering observed above

cross-linking of the network.

It

was found

Tq decreased with increasing degree of

that cross-linking retarded phase separation,

and reduced the compositional difference between the separating phases. This
minimized the refractive index differences and hence reduced the scattered

from the blends. From these

results

it

was concluded

complete separation of the components
that a similar strategy,

i.e.,

in turn

light intensity

that cross-linking restrained

at the cloud-point. This observation led to the idea

prevention of aggregation via a rapid buildup in viscosity and

stabilization via crosslinking,

might avoid rod/coil separation

in rod/flexible coil

system

and generate a molecular composite. This technique has been used by other researchers
also.

Kozakiewicz

26
et al

reported the preparation of composite of a cellulose diacetate

(CDA)/N-vinyl-2-pyrrolidone (NVP) composite. This was prepared by dissolving

NVP and then polymerizing NVP upon irradiation with UV.
(CDA)/(NVP)

liquid crystalline

composite with a single

homogeneous intermixing of the two polymers. The
observed under crossed polarized

crystallinity

of the composite.

light at

They obtained a

T of 137°C,
g

CDA in

indicating

characteristic texture

of this film

temperatures up to 137°C confirmed the liquid

Solubility studies

were conducted to determine whether the

anisotropic morphology obtained in the composites

8

was

attributable to the intertwining

of

the polymerizing

monomer with the

CD A or

it

was a

Dioxane and pyridine both dissolved the composites,
linking occurred during polymerization.

result

tied together but physically entangled in the matrix

CD A.

indicating that negligible cross-

CDA chains,

The

of cross-linking with

therefore,

of the random

were not chemically

coil

polymer.

A European patent application described the sequential polymerization of a rodlike
azomethine polymer

in

polymerization of the

molten caprolactam. This was followed by the

latter.

The composite obtained showed

insitu

significant

improvement

in

mechanical properties than either homopolymers. 27

In another very recent paper, 28 Fitzgerald et

cellulose(CELL)/ poly(2-hydroxyethylmethacrylate)

composites were prepared by dissolving
coagulating

it

(PHEMA)

composites. These

CELL in dimethylacetamide-lithiumchloride and

rise to the

above mentioned composites. In the case

CELL/PHEMA composites rich in PHEMA (>

measurements revealed
than that of pure

component acted
strong.

have reported the preparation of

with the 2-hydroxyethylmethacrylate. The subsequent bulk polymerization

of the resulting gelatinous films gave
of the

al

While the

that the composites

PHEMA.

It

was

had glass transition temperature values higher

from the

also found

as an effective reinforcing agent to

CELL rich composites also

the intermediate compositions

showed

80%wt), the dynamic mechanical

tensile

measurements that the

make the polymer

materials

CELL

more

showed the properties of ultimate mixing,

a double glass transition temperature indicating the

phase separation.

9

In another work, films containing various ratios of a
liquid-crystalline polymer and

a Afunctional acrylate(monomer) were exposed to

behavior in the semi-IPN (Type

indicating

II)

some degree of intimate

was

UV. The

liquid crystalline

retained although phase transitions

were depressed

mixing. 29

The reported success of Kozakiewicz's work and
encouraged the next phase of this research

in

a rodlike polymer soluble in polymerizable

our

labs.

the interesting results of O.Aoki

However,

monomers was

for the kinetic approach,

necessary.

The

initial

of rodlike, para-linked, wholly aromatic polyamides by a group of researchers

was very

phase

discovery

at Polaroid

useful in this regard. These polyamides exhibited several rodlike

characteristics(like high birefringence)

and were soluble

in

common

same

solvents at the

time.

In this phase of our research on

vinyl

monomers along with

MC,

a photoinitiator.

these polyamides were dissolved in

The

solutions

common

were subsequently exposed

to

UV light for photopolymerization of the vinyl monomers. These insitu methods produced
films

which were completely

transparent.

The samples remained transparent even on

heating up to 200°C for 2 hours. Attempts were also

made

the rodlike polyamides and the vinyl polymers(of the same

to prepare blends by dissolving

monomer used

in the kinetic

approach) in a low boiling solvent. The subsequent evaporation of the solvent gave
surprisingly transparent films. This

selective flexible polymers

was even more

intriguing because

of the

fact that only

gave transparent films on mixing with these polyamides.

10

rise to

These surprising
main aim of this

thesis

results

was

were the

done for

to prepare these samples and characterize

as possible using a variety of techniques.

state

basis of the research

It

of dispersion of the rodlike polymers

this thesis.

them

was the purpose of this work
in the flexible

The

as completely

to determine the

polymer matrix by using various

techniques.

An enormous number of experimental
polymer blends.

5 "7

Some of the more
on those used

particular emphasis

1.4

Methods

techniques are available to characterize

important ones are briefly reviewed here with

in the present thesis.

to Characterize

Polymer Blends

Unambiguous methods of studying polymer-polymer

compatibility are hard to find.

Films or molded objects from two mutually miscible or compatible polymers are optically

clear

whereas those made from incompatible polymers are usually translucent or opaque.

However, a simple
relative to the

visual inspection

may

not be reliable, since the domains

wavelength of light or have similar refractive

extent of light scattering.

'

Incompatible blends

the phase separated components

is

much

larger than the wavelength

which

scatters light

and reduces transparency.

ll

may

small

indices, thus limiting the

may appear transparent

other hand, a blend with a miscible amorphous phase

may be

if the size

of light.

32

of

On the

also contain a crystalline phase,

1.4.1 Transition

Behavior

One of the most unambiguous
a single glass transition

the

whose temperature

two component polymers. This

usually composition dependent.

used to describe

blends

this

criteria

of polymer compatibility

theoretical

characteristic

Tg

,

for miscible blends

is

and empirical relations have been

39

composition dependence of Tg.

show two Tg's

the detection of

intermediate between those corresponding to

is

glass transition temperature,

Numerous

is

On the other hand,

of each phase. Techniques

like

immiscible

thermal optic

analysis(TOA), differential scanning calorimetry(DSC), dynamic mechanical

relaxation(DMA), dielectric relaxation and dilatometry have been used to measure Tg.

Among these,

the

DSC and the DMA are the most popular ones.

1.4.1.1 Differential

DSC

Scanning Calorimetery

has been widely used in the study of blend compatibility as well as in the

determination of crystallinity in crystalline-amorphous polymer blends.

thermograms are

plots

40 "42

DSC

of heat capacity(Cp) versus temperature. Tg can then be defined

either as the intersection point

of the projection of the baseline with the tangent to the

discontinuity(intersection method), or the temperature corresponding to the midpoint of

discontinuity(ACp).

ability to

The

work with very

principal advantages

small samples, and availability of rapid temperature scans, which

permits the study of heat sensitive polymers.

powder form can be

of DSC are the rapidity of the measurement,

studied.

An

43

In addition, coprecipitated blends in

additional advantage

12

is

that

from the measured Tg's and

heights(ACp) of the glass transition, a quantitative determination of the
composition of

unknown multiphase

1.4.1.2

or compatible blends can be made. 44

Dynamic Mechanical Analysis

Dynamic mechanical measurements have been widely used
compatibility.

With

this technique,

may be

45

at the

main

Tg

In these measurements, the

defined as the temperature corresponding to the

G" or tan5(tan8 = G7G')

of polymer

dynamic modulus(G') can be measured as a function of

temperature over a range of frequencies

blend

in the study

relaxation. This

maximum

(or Tg's

in loss

marks the onset of main chain
oc-

amorphous polymers).

relaxation in

or fibers

of the

modulus,

segmental mobility corresponding to the glass transition (often designated as the

One

)

disadvantage of the

(i.e.,

not powders)

particular attention

DMA compared to the DSC technique

made from

the blends can be studied. This

must be paid to the thermal history of the

test

is

that only films

means

that

specimen and that

in the

case of cast films or spun fibers the choice of solvents could be important in the

interpretation of results.

A principle advantage of this method over DSC is that the effect

of blending on the low-temperature secondary relaxations of both component polymers

may be

studied.

Such secondary

motions such as the Schatzki

46

arise

from small

scale, limited

crankshaft motion or torsional and rotational

of substituent groups. O'Reilly and Karasz

measurements such as those by

may

relaxations

DSC

47

segmental

movements

have concluded that heat capacity

do not show such relaxations because they are not

13

sufficiently co-operative to

relaxations are

more

occur over a narrow temperature range. These secondary

sensitive to small-scale local environment

and as such, may be a more

revealing measure of the intimacy of mixing between different polymer molecules
in the

compatible

state.

This criterion of single

transitions

Tg

is,

of course, of limited usefulness when the glass

of the two polymers are very close together and cannot be adequately resolved.

Similarly, crystallinity

may reduce the baseline

making

hard to detect.

this transition

It is

not

shift

expected

uncommon to

blends to be broader than that of the pure components,

fluctuations in the mixture.

identical to those

these phases.

When two

48,49

at

Tg by thermal

find the glass transition

of

owing to composition

glass transitions are observed, they

of the pure polymers,

analysis,

if there is partial miscibility

may

not be

of the components

in

50 "54

i

i

Another complication to the use of the

may be
more

compatibility determinations

a suppression or an apparent absence of any glass transition in blends of one or

crystalline polymers.

regions,

Tg criterion in

it

is

For certain polymers with well-defined crystalline-amorphous

possible to detect both a melting endotherm and a glass transition by

calorimetric methods.

T g with increasing

However,
55

crystallinity.

in

most of the

cases, there

Similarly, for blends

56

14

disproportional decrease in

of amorphous and

polymers, the glass transition of the amorphous region(s)

crystallinity.

is

crystalline

may be obscured

at

high blend

If different techniques are responsive to cooperative molecular motions occurring

over different region

sizes,

one may be led to

different conclusions concerning the

compatibility of the blend or see differences in the

Tg - composition dependence on using

a combination of these techniques. For example, there might be an instance where the

molecular process responsible for the discontinuity

in heat capacity

observed by

DSC

involves longer range motions than the segmental microbrownian motions responsible for

the dynamic mechanical loss peaks. In this case, a particular blend

compatible by

full

may be judged

DSC but heterogeneous by dynamic mechanical measurements. 57 Hence,

assessment of blend homogeneity

may

a

require the use of several techniques for

comparison, as well as obtaining supplementary information concerning, for example,

domain

1.4.2

size

by electron microscopy or from

scattering experiments.

Microscopy
Microscopy has been a standard technique

for characterizing

polymer blends.

It

aids in determining not only the presence but the connectivities of the phases. Several

microscopy techniques have been used for the study of polymer blends.

1.4.2.1 Optical

Microscopy

provide
Optical microscopy techniques which use the visible wavelengths of light

information

down

to a scale of about 0.5 microns. Large scale phase separation

is

easily

uses a pair of
detected by transmission microscopy. Polarized light microscopy which

15

polarizing filters one above and one
58

mixtures of crystalline polymers.

microscopy techniques

is

not

below the specimen has been used

However, the contrast obtained

good when polymers have

Using

These

back focal plane of the objective lens or

in the

special condenser

and objective

in these regular

close refractive indices. In such

cases, special phase sensitive microscope systems can be used.

image processing

for studying

lenses, the

rely

on some form of

in its objective conjugate.

phase contrast microscope

first

separates light passing undeviated through the optical system from light deflected or
redistributed

by

interaction with features of the specimen(diffraction, refraction or

The phase

scattering).

and undeviated
contrast.

its

relationship

light are

The end

and

limitation

is at

still

between the

result is that morphological features in the

best unchanged

applies.

redistributed light

then modified to be more favorable to the generation of image

considerably easier to see. However,

microscope

intensity difference

The phase

techniques for polymer blends.

it

phase object become

should be noted that the resolution of the

by the image processing, and the usual resolving power
contrast microscopy

is

one of the most widely used

59

Differential Interference Contrast microscopy, used in both transmitted

reflected light form, generates contrast

images of the specimen

The displacement
image only

is

is

seen.

in

small

such a

by the combination of two

way that

laterally displaced

optical interference takes place

between them.

compared with the resolving power of the system so

Image contrast

is

and

that

one

a function of surface gradient in reflected light or

16

optical path length in transmitted light.

It is

based on a standard polarizing microscope and

objectives, but requires a special condenser unit and access for the insertion of a

Wollaston prism

at the

back foacl plane of the

contrast in one direction only and since the

optics, the

objective.

beam

The

shearing

is

lateral

image shear generates

carried out using polarization

image produced by birefringent polymer specimens can be

Thus the system

is

best confined to unoriented,

Microscopy

at

amorphous

wavelengths just shorter than those

proved to be out of some value

in the

blends.

difficult to interpret.

60

in the visible

spectrum has

examination of polymer systems. Imaging in the

ultraviolet(UV) involves the use of special optics in the microscope, the normal lenses

having too low a transmission factor

of

UV have been employed. In the

at the short

first,

wavelengths.

image contrast

is

Two approaches to the use

a function of

UV absorption and

gives information on the distribution of absorbing species in the specimen. The image

viewed

either

through a

is

UV to visible image converter or by the use of a UV sensitive TV

camera. Photomicrography can be used to obtain permanent images. The other approach

is

to irradiate the specimen with

fluorescence.

are

more

UV radiation and to image any visible light emitted by

Both transmitted and

reflected light systems are available, although the latter

popular, at least at the higher magnifications, because of the greater efficiency

61

offered.

17

1.4.2.2 Electron

Microscopy

Electron microscopy has become one of the most widely used techniques for
characterizing blend morphology.

62

Among the microscopy techniques,

microscopy (SEM) offers the simplest procedure.

63,64

In

SEM,

Scanning Electron

a specimen

is

scanned with

a focused fine beam. Using the signals from successive points in the specimens which
rastered with the beam, the image

raster in the

is

displayed

on a

TV monitor.

In this case, the scanning

TV is perfectly synchronized to the slow-scanning electron beam in the

microscope; that

is,

the deflection coils of the cathode ray tube in the

TV monitor are

synchronized with the scanning coils of the incident illumination on the specimen

microscope column. The brightness
proportionally to the

at

a certain point on the

number of collected

electrons

in the

TV screen is modulated

which are emitted from the

corresponding position of the specimen. There are two kinds of scanning electron
microscopes.

One

is

the so called

SEM for surface observation using some of the

secondary electrons emitted from the specimen surface. The second

is

scanning

transmission electron microscopy(STEM) using electrons transmitted through thin

specimens.

The

contrast in

SEM is formed by several mechanisms. Some are briefly

introduced here:

1.

Effect due to angle between the incident

tilt

beam

contrast); the surface normal to the incident

18

direction and specimen surface(surface

beam

direction

is

the darkest.

2.

Edge

effect;

protuberances on the specimen surface show bright contrast(diffiision

contrast).

3.

Secondary emission

rate;

the image contrast depends on the amount of secondary

electrons, namely, the difference of the kinds

of constituent atoms

in the

specimens(material contrast).

4.

Effect of metal coating; to suppress the charging of insulating specimens and/or to

increase secondary emission rate, heavy metals such as gold are used to coat the specimen
surface, for example, using a sputter coater. In this case, rather large fluctuations in the

thickness of evaporated metals induce an additional contrast as an

Recent advances

gun(FEG)

in

SEM equipment technology have introduced a field emission

SEM which is capable of operating with good resolution at low voltage (4nm at

IkeV). Overall resolution limits in the
the traditional tungsten hairpin gun

analysis

FEG SEM are significantly improved over those of

SEM. The FEG

SEM has excellent potential for

of polymer blends candidates because of the capability for

uncoated surfaces
operating modes.

at

low voltages and because of the improved

is

scanned with an electron beam

transmission electron microscopy(TEM), the specimen

beam

direct observation

resolution limits in

of

all

64

While a sample

electron

artifact.

for morphological observation.

The

is

in

SEM,

in the case

illuminated rather widely with an

contrast in

TEM can be classified

roughly into two types; amplitude contrast and phase contrast. There

19

of

is

almost no

absorption of high energy electrons

when they

a small opening(objective aperture)

at

pass through the specimen.

By

introducing

the back focal plane of the objective lens, electrons

scattered by the specimen outside of the opening will be trapped.

Thus

this absorption

effect induces amplitude contrast.

There are two ways of introducing an objective aperture; a bright field(BF) mode
in

which an aperture

field(DF)

mode

in

is set

to introduce the unscattered primary

which one

is set

to cut the primary

electrons scattered in a certain direction.

that gives

Bragg

It

beam

off and to

can be seen that

reflections appears as a darker area in

BF

beam into

in

it

and a dark

make images with

TEM a crystalline material

and as a brighter area

in

DF, on

the fluorescent screen.

Phase contrast
scale.

The

and phase.

electron

is

waves passing through a specimen

When the modulation

an objective aperture, a
the Guassian image.

difference

related to high resolution observation at an atomic or molecular

of the amplitude

sufficient contrast is not

is

are modulated in their amplitude

small and a large opening

expected

in just the

is

used as

focus image, namely

A proper amount of defocus brings forth the optimum phase

between the transmitted wave and the wave scattered

specimen, and gives the contrast to the image,

i.e.,

elastically

phase contrast.

Selected area electron diffraction(SAED) together with

TEM may be used to

determine the orientation and crystal structure of crystalline regions

20

by the

in a sample.

Phase

separation of size, and orientation of amorphous regions of a molecular composite

candidate can be studied with

TEM-BF

imaging, using mass-thickness contrast. Analytical

electron microscopy(AEM), which uses a fine electron probe,

10-30nm) compositional

resolution(e.g.

analysis using

EDS

is

capable of high

and electron energy loss

spectroscopy (EELS) and high resolution structural analysis from electron

However, the current density

damage

in

in the finely

focused probe usually causes significant

polymer samples giving polymer

beam

AEM limited usefulness.

TEM requires viewing thin sections of material. Normally,
for

diffraction.

it is

not useful directly

polymer blends because of insufficient contrast between most organic polymers

in the

electron beam. Electron opacity differences are often achieved by selective chemical
65,66

reaction

or by annealing in the electronic beam.

65,67

Treatment of soluble polymer

systems with any chemical agent should be regarded with caution, or
separation. Heating or cooling can have similar effects.

useful stain and

For modified

is

PVC

Reaction with

Osmium

it

may cause phase

tetroxide

(Os0 4 )

is

primarily limited to polymers with double bonds or other reactive

and other saturated polymers, chemical etching methods are

Os0 4

causes hardening, which

for viewing. In addition, this stain

facilitates

makes the craze

a

sites.

68

utilized.

microtoming of ultrathin sections

structure visible in stress-whitened

polymers.

Since 1980, ruthenium tetroxide(Ru0 4 ) has been used for staining a number of

heterophase polymers for

TEM.

69
It

seems to be a more

21

versatile staining agent than

Os04

.

Crystalline polymers can also be stained with

Ru04

70

In the recent years, confocal

microscopy and atomic force microscopy are evolving as potential techniques
for blend
characterization.

1.4.3

Spectroscopy
Spectroscopic techniques have been used to investigate the solvation of

molecules

70

•

i.e.,

the interaction of the molecule with

its

environment and also as a tool for

analyzing composition and size of the phases in a polymer mixture.

1.4.3.1 Infrared

Spectroscopy

Fourier transform infrared(FT-IR) has most often been used for a number of blends

to investigate the mechanisms of specific interactions involved in their miscibility.

reasoning generally followed in the application of FTIR

will

is

that systems

of high

71 " 75

The

miscibility

produce spectra showing strong deviations from an average of the spectra of the two

components. This

is

true for cases

The degree of deviation

where the

miscibility arises

from

specific interactions.

as a function of miscibility cannot be satisfactorily predicted

beforehand, however. This technique, therefore, can only substantiate the findings from
other methods for demonstrating miscibility. However,

into the nature

it

does provide valuable insight

of the specific interactions between the macromolecules and can often be

used a good tool for the improvement of miscibility.

22

1.4.3.2

Nuclear Magnetic Resonance

Knowledge about

structure and

(NMR)

morphology

at a

molecular scale can be obtained

using distance sensitive techniques like electron spin resonance, 76 nonradiative energy
77

transfer

single

and

NMR.

Tg has been

These techniques have revealed heterogeneities

which a

observed.

Of these techniques,
alteration

in blends for

NMR

is

one of the few techniques

that

does not require

of the blend such as the incorporation of probe molecules.

can be designed to abstract

spatial information ranging

NMR experiments

from molecular scale up to several

tens of nanometers. Spin diffusion plays an important role in various

NMR processes like

relaxation processes of the nuclei. In miscible polymer systems, for instance, a single

longitudinal relaxation rate

is

often observed. This relaxation time

is

intermediate between

the relaxation times of the individual homopolymers, indicating that the respective

relaxation processes are averaged due to proton spin diffusion. This ability of proton spin

diffusion to average relaxation times in polymer blends can be used to distinguish between

miscible and immiscible systems.

79

78

Caravatti et

al

j

have applied these techniques to blends

of poly(styrene) (PS) and poly(vinylmethylether) (PVME). In the case of blends cast from
chloroform, no spin diffusion between

homopolymers
in

PS and

PVME was detected,

exist in separate domains. In contrast, strong spin

blends cast from toluene, indicating intimate mixing.

23

indicating that both

exchange was detected

The other technique of NMR uses a magnetization

between two nuclei of

transfer

polymers effected by magic-angle spinning cross-polarization methods. The measurement

of the signal intensity

after the cross polarization gives a direct idea

about the mixing.

80

0

This technique can provide information up to approximately 10 A.
13

C

cross-polarization experiments on poly(methylmethacrylate)

poly(vinylidenefluoride)

The average

(PVF2)

Maas

81

et al

used

19

F-

(PMMA)/

blends to prove that they are mixed on a molecular scale.

distance from a fluorine of PVF 2 to a carbonyl or

methoxy carbon of PMMA

o

was estimated

to be about 3 A, independent of the composition of the blend. These

estimated distances were approximately equal to the

Through changes
polymer

in chemical shifts

interactions, such as

it is

der Waals

radii.

sometimes possible to detect polymer-

hydrogen bonding.

interactions has been obtained

sum of the van

82

by two-dimensional

Specific information

NMR studies.

83

The

on polymer

sensitivity

of

NMR linewidths to motions has been used to study the nature of the glass transition in
polymer blends.

84

1.4.4 Scattering

Techniques

The study of the
scattering

may

scattering properties of polymer blends

is

of interest because the

result in the blend being turbid or cloudy in appearance.

scattering conveys information about the structure

understanding of its mechanical,

electrical,

of the blend that

is

Moreover, the

desirable for the

thermal and other physical properties.

24

The

scattering energy of light and X-rays after impinging

on a sample may be

represented in the form

(E a )j = KjexpEKfi*-*)]

where the subscript j

refers to the scattering

from the jth

angular frequency of the incident radiation and §

E =
s

is

is

object, Kj

is

a constant,

©

is

the

the phase factor. For a collection of

must be obtained by summing the

scattering objects the total scattered amplitude

amplitudes of the contributors and

(1.4)

given by:

e^K.e * =
1

e

i£

*F

(1.5)

j

F

is

referred to as the form factor and

system.

The

intensity

a property of the structure of the scattering

of the scattered wave

I

where the

is

s

is

= (c/4^)E E; =

(c/4;r)FF*

s

asterisk represents the

given by:

complex conjugate and c

(1.6)

is

the velocity of light in

vacuum. The scattering power may be conveniently expressed

in

terms of the Rayliegh

ratio defined by:

9?

where

V

s

is

I 0 is

the

the incident intensity,

volume of the

in

r is

2

Isr

/I 0

V

s

(1.7)

the distance between the object and the detector and

scattering system.

The problem of describing
form factor

=

the scattering from a system

is

one of calculating the

terms of its geometry. There have been two approaches to

25

this

problem.

The

the model approach in which the summation of eqn. 1.5

first is

is

evaluated based upon a model of the scattering object. This approach

specifically

is

of greatest value

for a system consisting of a dilute, randomly dispersed arrangement of discrete scattering
particles

of definite shape.

distribution

of interparticle distance can be

For a more
and

may even be

approach

is

Interparticle interference effects can

ill-defined scattering

fluctuations

system

in

which the scattering regions are

from the uniform properties of a medium, a

power and

if the

specified.

preferable. In such a case, the system

fluctuation in scattering

be included

is

diffuse

statistical

defined in terms of the mean-squared

correlation functions.

The

correlation functions

describe the probability that fluctuation occurring in volume elements separated by a
distance r will be correlated. These fluctuations for polymer blends are primarily

fluctuations in composition.

However, when components may

exhibit local orientation,

fluctuations in the magnitude and principal axis direction of anisotropy

relative contributions

may

occur.

The

of composition and anisotropy fluctuations may be determined from

an analysis of the polarization of the scattered radiation. Since anisotropy of outer
electrons of atoms does occur by valence interactions, such anisotropy of scattering

is

seen for visible light but not with x rays, which primarily involve inner electrons.

•

The

chain conformation can be elucidated by small angle neutron scattering;
86

local order can

be studied by electron and Brillouin

scattering,

85

the

whereas the morphology

can be studied by means of light scattering and small-angle X-ray scattering. The small

26

angle X-ray scattering and light scattering will be discussed at length in a later
chapter.

The

applications of neutron scattering to the polymers are described briefly
here.

Neutron

scattering measures the differential neutron scattering cross section of

protonated polymer dispersed

in a

matrix of deuterated polymer. This allows a rather

precise determination of the conformation of the tagged polymer, even in bulk. Hence,

neutron scattering was one of the

first

thermodynamics of polymer mixtures

87

•

Kirste et

al

have used

this

experiments successfully used for examining the

critically

and unambiguously.

technique for characterizing completely miscible

blends. In the experiments of interest here, one polymer

may be regarded

polymer(the two

via neutron scattering in a

solvent.

solutions.

The

analysis

dissolved in a different

The

results

in treating light scattering

sense. Furthermore, the radius

This

one expects

was

the

in

first

substantially the

were subsequently
from

dilute

polymer

gave the correct molecular weight for the solute polymer, which

confirms that these solutions are classical ones, having miscibility

size

were then measured as

deuterated. Scattered intensities

Zimm plot used

were studied

to classical light scattering of polymer in a

a function of solute concentration and scattering angle.

analyzed by the familiar

was

as solute and solvent), and the solutions

manner analogous

One of the polymers was

87 " 88

in

a true thermodynamic

of gyration of the solute polymer was found to be of the

bulk or dilute solution and has a similar molecular weight dependence.

evidence that confirmations in polymer-polymer solutions are

same as those

in other better

understood polymer

27

states.

This implies that

the segments of the

two polymers

more or

are

molecules and polymer segments mix

less in

in solution.

random contact just

The main disadvantage of the neutron

scattering techniques has been the requirement of deuterated polymers.

to obtain for

most of the polymers and

been found to be thermodynamically
polymers.

89

However,

this

as solvent

They

are difficult

also blends containing deuterated polymers have

different

from those containing the protonated

can be corrected by studying a series of deuterated polymer

compositions and extrapolating

it

to zero deuterations.

A stable homogeneous mixture, which is transparent, can be brought to a turbid
state

by variations

in temperature, pressure, or

composition of the mixture. The cloud

point corresponds to this transition point, which

separation.

is

defined as the point of incipient phase

For polymer mixtures, these cloud point curves are usually measured using a

thin film observed through a microscope illuminator for low-angle back- or forward-

scattering relative to the incident light.

temperature

the blend.

at

90,91

which the

first faint

This cloudiness

is

The sample

is

then heated at a slow rate and the

cloudiness appears

is

the cloud point temperature of

manifested in the sudden increase of the scattered

intensity.

The main

applications of the cloud point measurements are the determination of the

lower(LCST) and upper
associated with the

critical solution

temperatures(UCST). The cloud point curve

UCST is convex upward while that for the LCST is convex

downward.
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1.5 Introduction to Thesis

As

discussed in the previous sections, researchers at Polaroid
Corporation had

obtained completely transparent films for blends of semi-flexible
polyamide(PolymerI) and
poly(N-vinyl pyridine) (P4VP) prepared by both kinetic and
thermodynamic approaches.

The purpose of this

By using

dissertation

is

to characterize these films as completely as possible.

a variety of characterization techniques,

it

was decided

to explore the

reasons for getting these clear films and also the state of dispersion of the semi-flexible

polymers
light

in the flexible coil matrix.

on the reasons

polymers

like

P4VP

selective

thermal, spectroscopic and microscopic techniques to achieve the

is

discussed in Chapter

systems, another similar blend

which

is

2.

To

get

more information on these

was developed. This system involved using
of similar nature as the polymer

were prepared only by thermodynamic approach
vinyl

few

some

and poly(N-vinyl pyrollidone) (PNVP).

above mentioned goal

II)

also expected to shed

for getting clear blends of this polymer with only a

Use of various

polymer(polymer

The experiments were

I

a semi-flexible

and P4VP. These blends

as the polymer II

was not

soluble in the

monomers. Chapter 3 discusses the use of thermal and spectroscopic techniques

for

the characterization of this blend. Chapter 4 describes the wide angle light scattering and

microscopic techniques used to get the information about the domain size of the phases
the blends. Final conclusions and future

work suggestions
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are discussed in Chapter

5.

in

1.6
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CHAPTER 2
STUDIES

ON BLENDS OF SEMI FLEXIBLE POLYAMIDE I AND
POLY(4-VINYLPYRIDINE)

2.1 Introduction

Highly birefringent polymeric films have been used as the primary element
various optical devices such as polarizers,

3

1*

filters etc.

The devices were used

in

for the

generation of polarized light by means other than absorption. Several years ago, the
usefulness of the devices

was

greatly limited

by the

availability

of polymeric materials

exhibiting the extremely high birefringence(greater than 0.4) required to maximize

The most

polarization efficiency.

useful polymer available at that time

poly(ethyleneterephthalate) which,

birefringence of about

4

0. 17.

when

In the last

unidirectionally oriented, exhibited a

two decades, the development of processable,

highly oriented polyamides has been realized.

polarizability, rodlike

was

5

The combination of high

inherent

geometry, and high orientation of these materials generated

unusually high birefringence(~0.7). Unfortunately, the

crystallinity, biaxial optics,

and

straw-like color of these polymers precluded their use for most optical applications.

Another disadvantage of these polymers was the
concentrated acids and hence were
para-linked polyamides

difficult to

fact that they

manipulate.

was developed few years ago

circumvent these disadvantages.

5 "7
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at

were soluble only

in

A series of wholly-aromatic,

Polaroid Corporation, to

These polymers developed
highly refractive and birefringent.

at Polaroid

Corp. were colorless, optically uniaxial,

They were almost completely amorphous. The

specific

structural parameter primarily responsible for this unusual combination of properties

was

the 2,2'-disubstituted 4,4'-biphenylene diacid or diamine moiety. This substitution forced

non-coplanarity between the phenyl rings which significantly affected the intermolecular
interactions while maintaining the rodlike conformation of the backbone. In addition, the
I

steric

and electronic nature of the 2,2'-substituents themselves affected the

spectral, thermal

it

was decided

matrix.

The

to

solubility,

and optical properties of these polyamides. As an extension of this work,

make molecular composites of these polymers

dispersed in a flexible coil

of these composites were expected to be dramatically manifested

benefits

highly oriented systems. For example, the oriented composites

would

in

find applications in

high value added devices which utilize optical properties such as birefringence, dichroism,

and nonlinear

optics.

During the

initial

polyamide(polymer

phase of this research, a semi-flexible para-linked

I) (Fig. 2. 1)

was chosen

for

making the

blends. This

was due

to

two

important considerations:

1.

The

stretched film of this polymer

was

highly birefringent indicating rodlike

nature.

2. It

was

soluble in

common polymerizable vinyl monomers.

36

Blends of this polymer with poly(4-vinylpyridine)
kinetic

and

it

(Fig. 2.2)

were prepared using both

and thermodynamic approaches. 4- Vinyl pyridine was a good solvent for polymer

gave

rise to

completely transparent films upon irradiation with

methods used to characterize these blends

chapter, the various

deemed necessary

to characterize the rigidity of this polymer.

The

UV light. In this

be discussed.

will

initial

is

It

was

section of the

present chapter describes the synthesis and characterization of this polymer. This

followed by the methods for blends characterization. The chapter

I

is

completed with

|

conclusions from these results and possible future work.

2.2 Characterization of the

Polyamide

I

Polyamide

and the monomers for the same were synthesized using the procedure

described elsewhere.

The polymerization was a low temperature

solution

polycondensation of a diamine and diacid chloride. All the subsequent characterizations of

this

polymer using wide-angle

light scattering

and

intrinsic viscosity

collaboration with A.Shere, another graduate student of Prof. Stein.
8

details

and treatment of the data are described

fully in this thesis.

were done

The experimental

The main

pertinent to the present thesis obtained from these studies are given in Table

different molecular

weight batches were used for

this

in

results

1.

Three

purpose and are labeled A, B,

the table.

The

studies

showed

that the polyamide could

be

satisfactorily

modeled as a

Kratky-Porod worm-like chain with a persistence length of 220 A. Fractional chain

37

C in

extension(f)

is

the ratio of the root-mean-square end-to-end distance

contour length of the chain(L). This ratio

for a Gaussian coil with n k

Table

2. 1

shows

Kuhn

that this ratio

is

is

statistical

(V< R

unity for a rigid rod, and

is

2

>) to the

equal to

segments. For the polyamide

I

1 /

^

studied, the

approaching unity indicating the semi-flexible nature of

the polymer.

2.3

Experimental

2.3.1

Preparation of Blends

Semi Interpenetrating Networks

2.3.1.1

The polyamide

I

was

dissolved in 4-vinyl pyridine(4VP-Aldrich Chemical Co.)

which contained a benzoin ether photoinitiator (1-5 mol% based on 4VP) such

as 2,2-

dimethoxy-2-phenylacetophenone(Aldrich Chemical Co. or E.M. Chemicals,

Darocurel 173). The polymer was very

sensitive to moisture

and formed aggregates

through H-bonding with water. Extra caution had to be taken to keep the polymer and the

monomer
for

completely dry. This was done by storing the polymer

few days before using

distilled

it.

The monomer,

in a

vacuum oven

4-vinylpyridine, in this case,

at

70°C

was vacuum

over calcium hydride and kept under nitrogen atmosphere before use. However,

the photoinitiator did not require purification. At higher concentrations of rod-like

polymer,

e.g.,

20 wt%, solution

viscosities

stirred using the regular laboratory mixer.

were so high

To

that the solution could not

be

aid dissolution, a solvent such as

tetrahydrofuran(THF-Aldrich Chemical Co.) was added and subsequently evaporated prior

38

to polymerization. During evaporation, small but
undetermined amounts of the
also got evaporated

which made the actual rod-like polymer concentrations

monomer

slightly higher

than reported. The polymer solutions were either sandwiched
between two microscope
slides or while

making large samples, were poured

into couvettes.

exposed to an ultraviolet(UV) lamp, under a blanket of nitrogen

The samples were then

at

room

temperature.

A

250W medium pressure Hanovia lamp placed in a water cooled quartz cavity was used as
the

UV source.

microscope
this

After one to several hours, depending on the blend composition, the

slides

were pried apart or the couvettes broken open. The blends obtained

manner can be

semi-flexible

referred to as semi-interpenetrating networks(SINs) containing the

polymer

Monomer

in the flexible coil

polymer network.

conversions for the in-situ procedure were probably low and variable as

evidenced by the

Tg

sample of P4VP,

e.g.,

2.3. 1.2

in

values for a photopolymerized sample compared to a commercial

132 versus 138°C respectively.

Regular Blends

The

regular blends were prepared by dissolving the polymers in pyridine(Aldrich

Chemical Co.). Pyridine was vacuum
nitrogen at

room temperature

preparation of blends.

The

distilled

over calcium hydride and kept under

or slightly elevated temperature before being used for the

solution of the polymers

was

stirred overnight to ensure

complete dissolution. The films were obtained by casting the solution onto a glass plate

and then evaporating the solvent by

air

drying for 24 hours followed by

39

vacuum drying

at

65°C

for

4 days. Very

specific combinations

of polymers, solvent and evaporation rate

generated completely non-scattering films which were identical to blends prepared by the
in-situ

method.

2.3.2

DSC
Differential scanning calorimetry data

DSC-2.

Calibration of the instrument

were obtained by means of Perkin-Elmer

was done with

measurements was approximately lOmg. The glass
temperature at which half the change

in heat

indium.

The sample

size for

transition temperature

flow occurs. For

all

all

was taken

materials, at least

the

as the

two

samples were run to check reproducibility. The samples obtained from both techniques

were used

directly for

DSC measurements.

Data points were taken

after

one complete

heating/cooling cycle at a rate of 10°C/min. under nitrogen atmosphere.

2.3.3

DMA
DMA was performed on an Autovibron (IMASS, Hingham, Ma) operating at

1

1Hz over a temperature range of -150

to +200°C, at a heating rate of 2°C/min. Typical

dimensions of the sample used for the measurements were 4x0.3x0.001cm. Samples were

either

used as obtained from the two preparation methods or molded

at

temperatures

above 150°C and pressure under vacuum to obtain the correct dimensions. The storage
recorded.
and loss modulus curves for the samples as a function of the temperature were

40

Small Angle Light Scattering

2.3.4

The SALS experiments were performed

at the laboratory

of Prof. Stein, University
o

of Massachusetts, using a Spectra Physics (2mW) He-Ne

laser

(X=6328 A) equipped with

an one-dimensional optical multi-channel analyzer(OMAl). The optical system consisted

of a

set

of neutral density

filters

beam and

to attenuate the

a set of lenses.

The

combination of lenses determined the scattering angle range to be covered. The scattering
i

pattern

was scanned by

a vidicon camera which

was connected

to a computer for data

processing. Thin specimens from both methods of preparation were used for these

measurements. The samples were held

beam

stop

was used

in

to prevent the main

the apparatus can be found elsewhere.

9

between a glass

beam from

slide

and a micro

slide cover.

A

entering the detector. Details about

The angular range was

calibrated using a

diffraction grating.

2.3.5

Cloud Point Measurements
The schematic of the cloud

shown

in Fig. 2.3.

The

optical

point apparatus at the University of Massachusetts

geometry of the instrument was arranged

in

such a

was

and collected by an integrating sphere. The

of the technique can be found

review

10 ' 13

articles.

The sample used was a

that

reflected at the glass-to-air surface

the scattered light at angles between 42° and 138°
details

way

is

thin film cast

on a microscopic

slide

in several

and taken

samples were heated
over a high temperature to ensure good contact between them. The

from room temperature to 275°C

at the rate

monitored with the apparatus shown

of 5°C/min while the scattering

in Fig. 2.3.
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intensity

was

2.3.6

FTIR
The FTIR experiments on

Cambridge using

20DXC

the blends were done at Polaroid Corporation,

spectrometer. Thin films were used for these measurements.

These films were then coated on sodium chloride and were analyzed
an

MCT detector.

The

The

resolution of the instrument

quantitative results

was 2cm"

were calculated using the

via transmission using

1
.

curve-fit

program contained

in

Spectracalc-2.20. This program calculates the pure Guassian or Lorentzian bands which

make up

a complex set of overlapping transitions.

An

iteration process

the combination of band heights, positions and widths which best

2.4

fit

was used

the data

to find

file.

Results and Discussions
The mixtures of semi-flexible and

were completely non-scattering to the

flexible

eye!

polymers prepared by both methods

When heated to

blends prepared by both the methods could be pressed into

that neither

their softening points, the

films.

TGA results indicated

of the blend types had any unreacted monomers or solvent and the

decomposition temperature was equal to or
Table 2.2 shows the

DSC

results for

slightly

above that of the

transition.

The

more than 25% of polyamide

I

It

decomposed above 350°C before

glass transition, as obtained

was

The

both types of blends. The polyamide did not exhibit

any glass transition temperature as detected by DSC.

undergoing any

flexible polymer.

by DSC, for the SINs with

also not detectable. This might be because of the
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extensive cross-linking of the

is

clear

from the

table that the

concentration. This

the polyamide

P4VP upon photopolymerization.

shows

it

I

some kind of reinforcement of P4VP by

I.

which do not correspond to
lie

increases with increase in Polymer

that there is probably

The thermomechanical

the blends

T g of P4VP

For the regular blends,

analyses of the SINs exhibit softening points(table 2.2)

either

between the two

of the individual components. The softening points of

individual components.

between the two types of blends probably

The discrepancy

reflects the lack

in the

data

of control of molecular weight

during the photopolymerization of 4VP.
i

The

Fig. 2.4

shows the

DMA results for the SINs of polyamide

solution-cast and melt-pressed samples of the pure

integrity for

P4VP

I

with 4 VP. Both

lacked the required mechanical

dynamic mechanical analysis and hence could not be analyzed. Three main

relaxations, namely, a, P and y have

been

identified

on the tan8 curve for

flexible chain

polymers. For amorphous polymers, the y and P-relaxations are attributed to

range motions of the chains, while the a-relaxation

The y and P-relaxations
from the

are either

weak

is

identified with the glass transition. 14

or non-existent for the polyamide.

figures, the a-relaxation for the blend containing the lowest

concentration

is

about 120°C and

is

local, short-

polymer

well above the working range of the

present measurements for the higher concentrations. This indicates

As we can

see

I

DMA used in the

some kind of

reinforcement by the rodlike polyamide on the P4VP. Moreover, the positions of the y and
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p relaxations have increased
broadening

is

structure

and broadened somewhat

on a

local level the rodlike

However, these

results

flexible

These

transition.

polymers might be strongly

do not provide confirmatory evidence about the

spectra of films of the blends and the

2.5 and 2.6. In Fig. 2.5, top curve, the free

clearly seen in the

vibrations. This

in the

are

shown

of the amide group of polymer

band disappears completely for the blends
is

as

shown

I

bottom

in Fig. 2.5,

probably a strong enthalpic interaction between two

form of hydrogen bonding between hydrogen atom of N-H group of the
ring.

The amide carbonyl band of the polyamide I

get quantitative information on the hydrogen bonding between the

polymers. This

in Figs.

1

amide and nitrogen atom of pyridine

was used to

N-H band

homopolymer

3400-3500 cm" range along with the hydrogen bonded

curve. This indicates that there

polymers

and

P4VP. Peak

of the blends.

The FTIR

may be

relative to

an indication of a larger range of relaxation times for the

results indicate that

interacting.

slightly

was done by

amide carbonyl group

in

two

calculating the percentage of 'free' versus hydrogen-bonded

both the pure polyamide

bands which corresponded to the

'free'

I

and the blends. The area under the

and hydrogen-bonded carbonyl was calculated

using the curve-fit program contained in Spectracalc.2.20. However, there were
differences in the absorptivity coefficients between the 'free' and hydrogen-bonded

carbonyl band. Hence, a correction factor, K(defined as the ratio of the area under the

hydrogen-bonded and free carbonyl bands), as proposed by Coleman
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15

et al

was

applied to

calculate the actual area under each curve.

sample containing 30wt%.

The
groups are

P4VP

The

results

are given in Table 2.3 and Fig. 2.6.

results indicate that in the carbonyl region

free,

and therefore

of these analyses for the blend

64%

of polyamide

36%

I,

of the carbonyl

must be bonded to amide hydrogens. The

groups (Fig 2.6b) however have increased

significantly to

strongly suggest that the basicity of the nitrogen

85% in the blend.

atom of the pyridine

free carbonyl

These

results

ring coupled with

its

high molar concentration(30wt%=74mol% P4VP), competes successfully with the
carbonyl oxygen atom of the amide group for hydrogen atom. Hence, the amide

hydrogens are predominantly bonded to the

free radical

polymer thereby freeing the carbonyls. This indicates

between the two polymers which would have given

two polymers. However,
domains

The

the flexible matrix

that there are strong interactions

risen to

some

miscibility

between the

these results do not give any information about the size of the

point curves for the polymers and the

scattered intensity from the

indicating their

intensity

in

in the blends.

The cloud
Fig. 2.7.

of nitrogen

amorphous nature and

two types of blends

are given in

homopolymers and the blends are very low

miscibility

of the blends. Moreover, the scattered

from the blends does not show any detectable change up to a temperature of

275°C. This shows that the blends are miscible up to the temperature studied by these
experiments.

The SALS experiments

also indicated that there

obtained from the blends compared to pure components
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at

was no excess

low

angles.

scattering

The

films obtained

when examined under an

from

either technique

optical microscope.

were very homogeneous and

Another surprising observation was that the

composite films remained optically unchanged, even

120°C

for

20

days.

The

surfaces of the films

were

after storing

featureless

them

at

scanning optical microscope measurements were done by Dr.

by

scientists at

The

a temperature of

when observed under the

near-field scanning optical microscopy and scanning electron microscopy.

AT&T Bell labs.

isotropic

Mohan

The

near-field

Srinivasarao at

This microscope was an experimental instrument indigenously developed

AT&T and was based on the detection of evanescent waves from the films.

origin of contrast for this technique lies in the difference in the refractive indices of

the constituent polymers. This technique allows a transverse and lateral resolution of 300o

o

400A

and 200-300A respectively.

To

confirm the molecular dispersion of polyamide

compare the persistence length of the
states.

However, the SALS on the

scattering(less than

scattering

semi-flexible

solid blend

of vinyl pyridine was very

THF. The

polymer both

solvent

of this high

it

was decided

in solution

to

and solid

samples showed very small excess

high. This

was vacuum

was due

to the very high compressibility

ratio for this solvent is

distilled

an order of magnitude higher

twice and the Rayleigh ratio was measured.

matched well with the reported values thus confirming the
result

P4VP,

2 times) compared with pure polymers. The inherent solvent

of this solvent. The reported Rayleigh
than

in

scattering, very high concentrations

purity of the solvent used.

of polymer had to be used to get

any excess scattering from the solution of the semi-flexible polymer
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As

in

4VP. At high

It

a

concentrations, filtering the solution

was very

Hence, other monomer systems were

tried.

difficult

and the data were not very

Three important

criteria for

reliable.

a potential

monomer had

to be considered before they could be used for the composite studies.

monomer had

to:

1)

The

be a good solvent for the polyamide;

2) have a relatively

low inherent solvent

scattering;

and

3) be readily polymerizable through free radical mechanism.

The Table
of each of them.

2.3 gives the

list

of monomers which were

tried

and the characteristics

THF was the first choice for these studies because of the fact that

solution state experiments had already been done in this solvent. These experiments had

provided quantitative information about the persistence length of the polyamide

solvent.

THF has been polymerized photocationically by researchers using

catalysts.

80%

However,

this reaction is

I in this

special

an equilibrium reaction and hence can never go beyond

conversion. This would be undesirable for the present purposes and hence

was not

pursued further.

As can be
most promising

inferred

material.

from the

table,

methyl vinyl ketone(MVK) seemed to be the

The blends were prepared using

this

monomer. In

the sample cell containing the dried polyamide and a photoinitiator

distillation

column and a measured amount of monomer was

the required

amount was

collected, the cell

was
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this

method,

was introduced

collected into the

sealed under vacuum. This

cell.

into the

After

was done

to

prevent moisture and
ultra violet lamp.

air

from entering the

Then the

cell.

The lamp was cooled by a continuous

was introduced under an

cell

circulation

of water. The samples

thus produced were clearly phase-separated. This was probably
due to the fact that the

polymerization rate of

rate

MVK was very low.

Two methods were adopted to

of polymerization. One was to use an accelerator/cross-linking

the phase separation of the cross-linking agent itself above a

agent. This resulted in

critical

did not enhance the rate of polymerization below this concentration.

was

to use a

more

efficient initiator.

acylphosphine oxide

Lechtken

initiators for the synthesis

16

et al

benzoin ether(currently used

is

concentration while

The second method

have reported the use of

of thick

reported to have a rate of decomposition which

increase the

films.

These

initiators

were

an order of magnitude higher than the

in the study).

This initiator was synthesized using the procedure described in the above

mentioned reference.

16

could not be used for

Unfortunately, this

its

compound was not

soluble in

MVK and hence

polymerization. This prevented the possibilities of fulfilling our

goal with the present system, namely, compare the persistence length data of the

polyamide
dispersion.

I in

the flexible-coil

monomer and polymer and hence

The blends obtained using

determine the level of

the kinetic approach in the present case were

miscible probably because of the enthalpic interactions or the kinetics of polymerization

being faster than the kinetics of phase separation or both. In order to resolve

this,

needed a monomer which would not form hydrogen bonds with the polyamide

However, our attempts

for obtaining such a system
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were not

successful.

I.

we

it

From the above

studies

we

can conclude that the two polymers considered

in the

present study were miscible due to hydrogen-bonding interactions. However, the

amorphous nature of the polymers and absence of high enough
refractive index differences

between the two polymers made

it

electron density and

very

difficult to

measure

the size of the rigid rod polymer domains in the flexible coil matrix. At this juncture,

it

was

decided to try another system which would have large enough contrast between the two

polymers to achieve

this goal.

The

description of the system and the results obtained

therefrom are given in the next two chapters.

49

2.5 References

1.

Rogers, H.G., U.S.Patent, 3213753 (1965).

2.

Land, E.H., U.S.Patent, 3506333 (1970).

3.

Rogers, H.G., U.S.Patent, 3610729 (1971).

4.

Wlochowicz, A., Rabiej,

5.

Gaudiana, R.A., Minns, R. A., Sinta,
Prog.Polym.Sci., 14, 47 (1989).

6.

Gaudiana, R.A., Minns, R.A., Rogers, H.G.,

Kalyanaraman,

7.

P.,

and

S.,

Janicki,

J.,

J.ApplPolym.Sci., 28, 1335 (1983).

R, Weeks,

N., and Rogers, H.G.,

Sinta,

R,

Taylor, L.D.,

and McGowen, C, J.Polym.Sci.Polym.Chem., 25, 1249 (1987).

Rogers, H.G., Gaudiana, R.A., Hollinsed, W.C., Kalyanaraman, P.S., Manello,

McGowan, C,

J.S.,

Minns, R.A, and Sahatjian, R., Macromolecules, 18, 1058 (1985).

8.

Shere, A.J., Ph.D. Dissertation, University of Massachusetts, Amherst, (1992).

9.

Koberstein, J.T., Ph.D. Dissertation, University of Massachusetts, Amherst, (1979).

10.

Hashimoto,

T.,

11. Russell, T.P.,

Kumaki,

J.,

and Kawai, H., Macromolecules,

16,

641 (1983).

Hadziioannou, G., and Warburton, W.K., Macromolecules, 18, 78

(1985).

12.

Okada, M. and Han, C.C., J.Chem.Phys., 85, 5317 (1986).

13. Sato, T.,

14.

and Han, C.C., J.Chem.Phys., 88, 2057 (1988).

McCrum, N.G., Read,
Polymeric

15.

B.E., and Williams, G., Anelastic

Solids, Wiley,

Coleman, M., Lee, K., and

16. Daly,

and Dielectric Effects in

NY (1967)

Painter, P.,

Macromolecules, 19, 2149 (1986).

W.H., Encycl.Polym.Sci.&Engr., 17, 548 (1989).

50

CHAPTER 3
STUDIES

ON BLENDS OF POLYAMIDE II AND

POLY(N-VINYLPYROLLIDONE)

3.1 Introduction

In our studies on the blends of polyamide
to get a quantitative information

on

amorphous nature of the polyamide
difference

their

I

I,

we were unsuccessful

in the

attempts

morphology. This was due to the completely

and small electron density and refractive index

between the two polymers. In order to circumvent

to study another system using a similar polyamide.

this

problem,

One could then

it

was decided

extrapolate the results

from the new system to the previous one.

One of the

best and easiest

ways to introduce

contrast in a polymer blend system

through optical means. This can be achieved by having a large difference

is

in the refractive

indices of the individual polymers. This contrast could then be exploited to get structural

information about the blends. Techniques like microscopy, scattering,

this contrast

etc.,

which

utilize

could be used to get the quantitative information about the morphology of

the blends. In the present study, the large optical contrast could be achieved by choosing

a semi-flexible polymer of a

flexible

group

much

higher refractive index than polymer

polymer refractive index constant or vice

at

I

and keeping the

versa. In this regard, the research

by

Polaroid Corporation on high index lenses was very useful. The researchers had
1

synthesized a polymer with a refractive index as high as 1.89 for these applications.
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This

polyamide II(Fig 3.1) was quite similar to the polyamide
biphenyl group in polyamide

I

was being replaced by

I

differing only in the fact that the

stilbene.

This polymer

was

characterized by the researchers at Polaroid using wide angle light scattering and intrinsic
viscosity

and was found to have a persistence length of 22nm ! This polymer also

exhibited similar kind of physical characteristics as the polymer

I.

Hence

this

was an

ideal

model system to elucidate information about the previous blend system. Another
advantage of this polymer was that the double bond

in the stilbene

group of this polymer

could be stained by agents like osmium tetroxide. The stained structure under transmission
electron microscopy investigation

morphology of the

The

was

polymer

II

was not

Hence, semi-interpenetrating networks

films

some information on

soluble in

solvent.

common

polymerizable vinyl monomers.

similar to first system

The blends of this polymer

on evaporation of the

II

were not obtainable using

with poly(4-vinyl pyridine) produced cloudy

However,

it

was found

that transparent films

polymer were obtained on blending with poly(N-vinyl pyrollidone)(PNVP

blend system containing the polyamide

PNVP has refractive index of 1 .52

as

II

and

was

Hence, the

PNVP were chosen for further studies.

compared to 1.89 for the

difference in refractive indices should give rise to very

it

of this

- Fig. 3.2).

PNVP gave rise to completely clear films on blending with the polyamide I too.

However,

the

blends.

stilbene

the polymer.

also thought to provide

good

intriguing to find that the films obtained
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semi-flexible polymer. This

contrast in the blends.

from these blends were

The next two chapters

transparent.

describe the attempts undertaken to quantitatively

characterize these blends and provide an explanation for obtaining such transparent films.

3.2 Experimental

3.2.1 Stilbene-polymer

The

stilbene

Film Formation

polymer was very

sensitive to

oxygen and gave

cloudy films on

rise to

exposure to oxygen. Hence, various other methods were tried to obtain clear

Completely transparent films were obtained by a novel, unique process. In

3%

solution of polyamide II in dimethyl acetamide/lithium chloride

solution

was then spread over

a glass plate by a glass rod.

stand in the ambient atmosphere for sometime.

humid by introducing wet towels on the
minutes after letting

it

side.

The

film

was

films.

this

method, a

prepared. This

was then allowed

to

The ambient atmosphere was made more

This was done to plasticize the film. Fifteen

under humid atmosphere, the film was taken out and introduced

between the vices of a stretching

The

device.

minutes. After about 20 minutes, the film

taut film

was then soaked

was then introduced

iso-propanol or acetone to remove water. The solvent

in

water for 20

into a beaker containing

was removed from

the film finally

by drying with a heat gun.

3.2.2 Preparation of Blends

The blends were prepared by
polyamide

II

and

The polyamide

II

regular solution blending method. Here, the

PNVP were dissolved
was very

at

room temperature

sensitive to moisture.
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in tetramethyl

urea(TMU).

Hence, the solvent was previously

vacuum

distilled

over calcium hydride. The polymers were also kept in a vacuum oven

90°C to keep off moisture from the system. The blend
and the solvent was evaporated by drying

glass plate

vacuum

drying at 70°C for 4 days. The polyamide II

was done under

were then

room temperature

at

was

turned yellow during the evaporation of the solvent in
blends

solutions

sensitive to

air.

Hence, the

at

cast over a

for a day and

oxygen and the
initial

films

drying of the

nitrogen atmosphere inside a glove bag.

3.2.3 Characterization

The blends obtained by

TMA, FT-IR and

the above

method were characterized by DSC,

DMA,

cloud point measurements. The experimental procedures for these

techniqueshave been described in the previous chapter hence will not be detailed in this
chapter.

3.3.

Results and Discussions
The

Table

3.1.

DSC

No

and

TMA data for the blends of polyamide II and PNVP are given in

detectable transitions could be found by

points of all the various compositions as obtained from

individual polymers.

polyamide

TMA,

lie

results are identical to those obtained

the softening

between those of

from the blends of

I.

The
flexible

These

DSC. However,

DMA plots for the blends are shown in Fig. 3.3. The oc-relaxation of the semi-

polyamide

II

exceeded the working range of the

54

DMA instrument and hence could

not be measured.

have increased

The y and p

slightly in

relaxations for the blends however, as

temperature compared to

shown

PNVP. Moreover,

in

Fig 3.3,

the intensities of the

transitions

have diminished and broadened. This broadening can be attributed to

interaction

between the polymers

less

at local level.

However, the

dramatic as compared to those for blends of polyamide

The FT-IR

spectra for the 50/50

figures 3.4 and 3.5. Figure 3.4 gives the

blend.

The

free

results for this

system are

I.

wt% blends of polyamide II/PNVP are shown in
N-H

stretching vibrations of polyamide II and the

N-H stretching vibrations of polyamide II at

1

3440 cm" have disappeared

completely in the blend. This indicates that the amide groups are probably involved in

hydrogen bonding with the carbonyl of the PNVP. The carbonyl stretching of the
polyamide and the blends are shown
shifted to higher

in Fig. 3.5.

wave numbers for the blends

as

The carbonyl

stretching vibration has

compared to the pure polymer

However, we could not get the kind of quantitative information obtained
system. This

is

due to presence of the carbonyl groups

in

II.

for the previous

both the polymers. These

individual carbonyl transitions are difficult to separate in the spectra of the blends.

infrared spectra, however,

the

do

indicate that there are indeed enthalpic interactions

The

between

two polymers.

PNVP is known to form a complex with iodine on mixing with dry elemental
iodine or in

homogeneous aqueous

found to have wide use

in

solution of an iodine

2

salt.

This complex has been

pharmaceutical applications and hence
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is

one of the well

characterized complexes of PNVP.

3

This gave us an idea that on exposure of the blend to

molecular iodine, one would get preferential attachment of iodine to

PNVP. The PNVP

-

h complex in the blend would then provide the necessary contrast in the studies using Xray scattering. However, this

method would be

inert to iodine. In order to study this, the stilbene

overnight.

iodine.

The

The

polyamide

film

II.

The

was then

to

characterized by

results are given in figures 3.6

scattering vibration

polymer was exposed to iodine vapor

was then washed with acetone

resulting film

of the polyamide

at

3440cm

wash off the

and

3.7.

N-H

(Figure 3.6), has disappeared completely

at

1

shifted for the iodine treated film to

of the

transition

stilbene

leSOcm'^igure

was some kind of reaction between the

stilbene

3.7).

This

polymer and

Hence, iodine staining would not give the anticipated contrast for the present

system and was not pursued

shown

clearly see, the

_1

polyamide

iodine.

the effect of iodine on

As we can

exposed to the iodine vapor. The carbonyl stretching

clearly indicated that there

physically adsorbed

FT-IR to check

in the film

1672cm" has

was

useful only if the stilbene polymer

further.

The cloud

point curves for the 50/50

in Fig. 3.8.

The

again are very low.

wt%

blends of polyamide

II

scattered intensities(even though arbitrary) for the

The

and

PNVP

are

homopolymers

scattered intensities for the blends are at least an order of

magnitude more than that of homopolymers. This indicates that there
structure in the blends. This

was

separation in the present system.

the

first

The

evidence

we

is

probably some

have obtained for the phase

structures in the blends

seemed to be

stable

temperature of 275°C as observed by the flatness of the intensity curve up to
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this

up to a

temperature. This result gave a

new

direction for characterizing these blends.

measure correlation length for the mixture by measuring the scattering

One could

intensity as a

function of angle. This could then be used to get the quantitative information about their

morphology. These experiments
the polyamide II has a double

will

bond

be explained

in the stilbene

in the next chapter.

group.

One could

As

indicated earlier,

stain this

by reacting

with osmium tetroxide. This could then be used as a contrast for studying these films with

TEM.

This will also be explained

in

the next chapter.
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CHAPTER 4
LIGHT SCATTERING AND TRANSMISSION ELECTRON

MICROSCOPY STUDIES ON BLENDS OF
POLYAMIDE II AND PNVP

4.1 Introduction

4.1.1

Light Scattering Theory

When

a

beam of particular

radiation

some absorbed and some

transmitted,

incident

is

scattered.

The

on a sample, some of it gets

scattered fraction depends

on the

type of radiation and the composition of the sample. Over the years, scattering methods

have been used extensively to study polymer blends. The commonly used types of
radiation include light, X-rays, and neutrons.

1

These scattering methods convey

information about the structure of the blend that

is

desirable for the understanding of its

mechanical, thermal and other physical properties.

The

intensity

be described

is

=

KSS

Z ZjexpOq.ijj)

is

above can

(4.1)

i

concerned with the interference between scattering elements located

and having scattering powers Zj and Zj

points. q.

listed

in general as:

I(q)

Here, one

of the scattered beam for the three kinds of radiation

respectively, q

the scattering vector(its definition
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is

is

at

i

and j

the vector connecting the

given in Fig. 4.1),

whose magnitude

two

is:

q;

=

[47Csin(0/2)]/X

(4.2)

where 0

is

and X

the wavelength of the radiation used in the medium.

is

the scattering angle(defined as the angle between incident and scattered beams)

K is a constant which will

depend on the type of radiation used and the experimental conditions.
measure the scattered

intensity in terms

R(q) =

where the

of a Rayleigh

(Is (q)

S

ratio R(q),

2
)/(I 0

which

V)

is

the distance between the sample and the detector.

different for the different types

is

convenient to

defined as:

(4.3)

subscripts s and o refer to the scattered and incident beams.

volume and S

It is

of radiation. In case of neutron

V is the scattering

The

scattering

scattering,

it

is

power

associated

with the nature of the scattering nucleus. For X-ray scattering, the scattering power
proportional to the electron density. For light scattering,

polarizablity

it

is

is

is

proportional to the

and depends upon the refractive index. Since these three properties

differ for

a given system for the different sorts of radiation, various structural elements will be

weighted differently through

their use. In this

work,

light scattering

techniques have been

used.

The

description of the scattered intensity as a function of the scattering angle, 9,

for a particular system involves the estimation of the double

summation

approaches can be used to perform the calculations for the structure
a) Calculation

of the structure factor

the system. Such an approach

is

analytically

most applicable

wherein inter-particle interferences are
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Eqn.

factor.

(4. 1).

These

Two

are:

from a predetermined model for

for dilute

negligible.

in

random

dispersions of particles

b) For non-particulate systems or at high concentrations of inclusions,
a statistical

approach

is

preferable. In this method,

fluctuations in the scattering

The second approach

power and

scattering

z\

one considers the scattering which

power throughout the

will

arises

from

material.

be followed for most of this work. If z

is

the average

the local scattering power, the fluctuation in scattering

power will

be:

rj

=

z -z

(4.4)

{

For

isotropic,

inhomogenuous materials one has the

familiar

Debye

result for the Rayleigh

2

factor

:

R(q)

Here <

2
tj

>

is

function which

the

is

mean squared

defined

>r

distance

r.

2
rj

> f>(r)
Jo

2

r

dr

(4.5)

qr

fluctuation in the scattering power. y(r)

is

a correlation

as:

Y(j)

where <

= 4nK <

—y-

=

represents averaging over

all

In terms of a material having a

y(r) represents the probability that a

(4.6)

>

<tj

scattering elements

two phase

and j separated by a

i

structure, the correlation function

rod of given length,

r,

will

have both

its

ends in the

same phase.

For a system with no long range

order:

at r

=

0, y(0)

at r

=

oo, y(oo)
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=
=

1

0

(4.7)

Therefore, such a function contains

all

the information regarding spatial correlations of

scattering elements within the material under study.

defined in terms of the

mean squared

The

scattering

fluctuation in the scattering

is

then completely

power and the

correlation function y(r).

The

correlation function can be obtained

from the scattering data by taking the

inverse fourier transform of the scattered intensity as:

1

(4.8)

Typically,

one needs scattering data over a reasonably wide q to extract such a function.

Also, one has to take into consideration the termination error arising out of the

value of q(qmax

4.1.1.1

=

4tc/X).

The Exponential

Correlation Function
two phase systems with sharp boundaries, Debye,

In the case of random, isotropic,
3

Anderson and Brumberger have shown

that the correlation function can

be expressed as

an exponential function:

=

y(r)

where ac

is

maximum

a correlation size which

exp(-r/a c )

(4.9)

is:

ac

=

4V(()

(j)

1
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2

/A

(4.10)

where

(|>i

and

<|>2

are the

of the volume to the

Debye-Bueche

volume

fractions

of the two phases and (V/A) represents the

internal surface. Substitution

ratio

of eqn. 4.9 into eqn. 4.5 gives the

2

result:

R(<!)

If the data

is

2

=

b)

For the
measure of the
correlation size

<

2
77

is

(1

+

q

(41,)

V)'
1

plot

i.e.

9

10

R(q)

vs q

,

one can

obtain:

slope/intercept

> from

the intercept

dilute dispersions

size

-

Debye Bueche

plotted as a

a) ac

8;rK<7/ 2 > a c 3

of the

dilute

of one component

in another, ac

may be taken

as a

component. For a random concentrated dispersion, the

best interpreted in terms of the chord lengths as given by

Porod and

4

Kratky

-1 =

*L + *L

ac

L,

(4.12)

L2

where Li and L2 are the average lengths of the random chords passing through the two

phases. In eqn. (4.11), at large q, R(q)

~

1/q^ in agreement with Porod's law(valid for

sharp boundaries). Negative deviations from such a behaviour can be used to estimate the

finite size

of the boundary thickness between the two phases.

5 '6

Although the exponential form of the correlation function
a random, isotropic,

two phase system with sharp boundaries,
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it

is

defined rigorously for

can be used to adequately

random multicomponent systems without sharp boundaries

describe the scattering from

except at small

r.

However,

in

such a case, the interpretation of ac becomes somewhat

ambiguous.

In certain cases, especially at moderate concentrations of inclusions or the second

phase,

it is

found that a single correlation function can be described by

at least

two

correlation sizes'

y(r)

= u exp

where the correlation
correlations.

sizes ai

However,

correlation function.

this

(-r/ai)

+

(1 - u)

exp

(-r

/a2

and &2 are associated with

equation

Yuen and

is

intra

8

eqn. 4.8. Therefore, the correlation function

i.e.,

sizes.

This can be represented in

as:

r(r) =
uj represents the fraction

The

inter-particle

Kinsinger have listed several functions which satisfy the

could be considered in terms of distribution of correlation

where

and

only empirical and not a rigorous relation for

basic properties of correlation functions

terms of discrete distribution

(4.13)

)

Zu

expc-r/aj)

(4.14)

i

of terms with

size

ai.

correlation distributions can be alternately expressed in terms of a continuous

distribution as:

00

(4.15)
0
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Such a representation

is

analogous to the representation of the spectrum of relaxation
9

times in polymer viscoelasticity or in quasi elastic light scattering. Therefore, standard
analytical

methods can be used to obtain the

available over a

distribution

of correlation

sizes, if data is

wide q range.

Transmission Electron Microscopy

4.1.2

Transmission Electron Microscopy(TEM) represents one of the ultimate

techniques in terms of resolution and analysis of materials.
fine structure

The microscope

is

similar in principle to the scanning electron microscope.

Specimen Preparation

4.1.2.1

Samples for transmission electron microscopy must

which
sizes

provides information on the

of materials down to atomic or molecular levels and elemental analysis from

small volumes.

known

It

as a grid or screen. This grid

fits

into the

a metal

mesh

onto a specimen support

screen, generally 2-3

specimen holder of the microscope. Grids come

and shapes. Sizes

holes per inch.

is

fit

The

in

grid

in a variety

general use range from 50 to 400 mesh, that

mesh used

is

typically square; but for

some

mm in diameter,

is

of mesh

from 50 to 400

materials, slotted

screens, rectangles, hexagons, or single holes might be preferred. Grids are

made of

copper, for the most part, but beryllium, gold, polymer and nickel grids are used for
various applications, for their chemical resistance and for X-ray analysis. Microtomed

sections,

grid.

which contain polymer embedded

Very small

in a resin, are usually directly

sections or sections which break apart
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may require

supported on a

a support to hold

them

onto the

emulsions and other fine materials are placed on an

grid. Particles, crystals,

electron transparent support film

on the

TEM grid.

Specific preparation for

TEM

generally involves the preparation or formation of a thin film of the material less than

lOOnm

thick.

polymer and

The methods used
its

for this preparation

depend upon the nature of the

physical form. In the case of thick or bulk specimens,

microtomy

is

generally used. In the case of solutions, powders or particulates, simpler methods like

dispersion, disintegration and spin casting can be used.

4.1.2.2 Staining

In

TEM,

image contrast

is

structures present. Unfortunately,

elements, thus they exhibit

little

the result of variations in electron density

among

the

most polymers are composed of low atomic number

variation in electron density. In addition, the

production of very thin specimens, by microtomy, for example,

is difficult.

TEM

micrographs of multi phase polymers often do not provide enough contrast to image the
phases clearly. Hence, one needs to enhance the contrast in order to gain useful
information from the

TEM. Methods which

have proven useful in contrast

enhancement include shadowing or staining by the addition of heavy atoms
structures.

Shadowing

is

used mainly for crystalline structures while staining can be

used for amorphous polymers

Staining, in the

atoms

to specific

also.

most general terms, involves the incorporation of electron dense

into the polymer, in order to increase the electron density
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and thus enhance

contrast. In this general sense

of the term, staining

will refer to either the chemical or the

physical incorporation of the heavy atom. Although there

polymers, there

is

no source book of the various

stains

is

a strong need for stains for

matched with

their reactive

functional groups. Several authors have provided reviews which include

used for polymers.

The

some of the

stains

10 " 12

staining agent

most widely used

in

polymers

is

osmium

tetroxide.

The

staining

of polymers containing unsaturated double bonds was introduced by Andrews and Stubbs

who

stained synthetic rubbers to

unsaturated latex particles.

bonds

in unsaturated

11

show

the morphology of rubber modified plastics and

Osmium tetroxide

reacted with the carbon-carbon double

rubber phases. This enhanced the contrast in

electron scattering of the heavy metal in the rubber

method was subsequently used to
carbon-carbon double bonds.

It

TEM by the increased

compared to the unstained

increase the contrast in cases which

matrix. This

would involve

has found wide applications in blends, where one of the
14

polymers has double bonds, to get an information about the phase morphology.

Ruthenium tetroxide
polymers.

15

Trent et

is

gaining wide acceptance as an important staining agent for

16,17

al

were responsible for introducing ruthenium tetroxide

the electron microscopy of polystyrene/poly(methylmethacrylate). Polystyrene

in this case

of the

by ruthenium

fact that

it

tetroxide.

Ruthenium tetroxide

can stain saturated polymers

alcohol, aromatic or

amine moieties.

15
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is

gaining

more

stain for

was

stained

attention because

also, especially those containing ether,

4.2 Experimental
4.2.1 Refractive Index

The

films obtained from the pure polymers and the blends were cut into pieces

of few micrometers length using a special knife(care was taken to make a clean, sharp
cut so as not to strain the edge.)

The samples were observed

at

a Zeiss Universal

microscope using a 16X planachromat objective. The condenser aperture was reduced
in diameter to give a parallel light

beam with

increased coherence.

The

index(RI) was determined by observing the behaviour of the Becke line

on the sample

in

immersion

observations were

made

full-width, half-max of

650nm. However, the
for this radiation

oils

of known refractive index (Cargille

using interference

filters

centered on

measurements were done

when

oils).

focussing

The

589nm and 650nm,

lOnm. The refractive indices were measured

WALS

refractive

at 514. 5nm.

at

with

589nm and

Hence, the values

were calculated using the Cauchy's dispersion formula.

4.2.2. Light Scattering

The

WALS

experiments were performed in the Physics Department of the

University of Massachusetts at the laboratory of Prof. Langley.

was

The instrument used

basically a quasi elastic light scattering apparatus which could be used for total

intensity light scattering

measurements

The source was a Spectra Physics 165 Ar

also.

0

ion laser, which provides a

beam with a wavelength of 5 145 A. The beam

passes

through a polarizer and a beam monitor before being incident at the sample. The
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sample was held in a thermostated glass vat which contained an excess of solvent.

beam can be

necessary the

scattered

focussed onto the sample using a lens before the vat. The

beam then passes through

a pair of

slits

and onto the detector which

photon counter. The detector was connected

to a

Langley-Ford

is

If

run using a Tektronix computer.

is

digital correlator

a

which

A schematic diagram of such an instrument is given

in Figure 4.2.

The
position.

detector

was mounted on an arm which can be

The nominal

scattering angles accessible

rotated about the sample

were from 30°

to 135°. This

instrument was normally used for measuring scattering intensity from solutions and

needed to be modified for

The
liquids.

solid-state

measurements, necessary in the present case.

solution-state light scattering involves using cylinderical sample holders for

The sample holder

is

made of glass and

is

normally surrounded by dust-free

refractive index matching fluid to avoid reflections at the glass-air interface.

applications,

we had

to

modify

for solid polymeric samples

this cell for solid

was

samples.

The

For our

cylindrical specimens

the first choice to use in place of the

polymer solutions

used in these measurements. However, these were very hard to prepare and required
large

amounts of samples. Hence,

These samples were much easier

flat

samples were considered for the present case.

to prepare.
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Special precautions had to be taken to prepare samples for these measurements.

There had to be no trapped dust inside the
solution of the polymers.

The

It

thickness and very smooth surfaces. This

between glass

It

scattering

plates

experiments on

side

flat

by

was necessary

casting the solutions

was achieved by sandwiching

to

tilt

the sample with respect to the incident

flat films.

This was

an opening for the sample which

moved up and down over

whole set-up was fixed

on

the solution

made

at

is

beam

to

Amherst Machine Shop, Amherst. The
in Figs. 4.5

mounted using a

the stationary frame

slit

and 4.4.

It

consisted of

The movable frame had

with screws. This frame could

by using a screw on the cover. The

in the copper vat used for the solution-state experiment

the cover.

The

tilt

by using

necessary for the measurements was obtained by

rotating the sample holder with respect to the copper vat. This sample holder

in place of the regular glass vat for our experiments.

state

measure

A special holder was used to perform

films at the wide angles.

and top views of the sample holder are shown

a set of screws

on a

for the films to have uniform

three parts: a cover, a stationary frame and a movable frame.

be

filtering a dilute

and evaporating the solvent.

was necessary
from

was avoided by

films were then obtained

and evaporating the solvent.

glass plate

film. This

measurements was removed for the present

The

solvent used in the solution

investigation. This

was because

solvent used for RI matching was found to swell our polymeric films.
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was used

the

WALS

The

experiments were done

at

room

temperatures.

obtain data over a wide angular range by using various

tilt

angle between the sample and the normal to the surface).

negative

angles as

tilt

was used. The normal
However, other

tilt

shown

It

angles,

was possible

(|> t

(defined as the

One can have

in Fig. 4.6. In the present experiments, a

scattering angles for this

tilt

to

positive and

tilt

angle of 30°

angle were around 35-110°.

angles were used for experimental verification of the correction

factors used for the modification of the scattered intensity obtained

from the

experiments.

TEM

4.2.3

The

CX

TEM measurements were done at Polaroid Corporation using a JEOL

100

Transmission electron microscope operating under 100 KV. The samples were

stained

avoid

by exposing them

light.

stopper.

to

4%

aqueous osmium tetraoxide vapors inside a dark jar

The sample was introduced

The film was removed

between two pieces of cellulose

after

into the jar using a tweezer through the rubber

4 hours of exposure. This film was then kept

acetate butyrate. This

non-embedded bar was

introduced onto the chuck of the Reicher Ultracuts, used for preparing very thin

samples for

TEM. A

35° low angle diatome diamond knife was used to cut

o

approximately

800A

to

thick film of the bar. This

was then transferred

carbon coated copper grid. This grid was used for taking the
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to

200 mesh

TEM pictures.

4.3 Results

The

and Discussions
from the instrument have

intensity data obtained

refraction of light.

The various

to

be corrected for

tilt

and

correction factors are given in the following sections.

4.3.1 Light Scattering Correction Factors
Stein and

from

flat, tilted

Keane

and

measured intensity

Cn

is

have reported the necessary corrections for scattering of

The Rayleigh

thin films.

1(9)

W)
where

17

factor R(0) is then expressed in terms of

and the various correction factors

KI(

=

)

CnS
(4.16)

reflection, I Q is the incident intensity

and

tilt.

The

Vs

and

is

H

is

the correction for

the correction of the scattering

K is the instrument constant which includes the size of

apertures, the width of the incident

analyzers etc.

as:

/v

the refraction 'correction for the solid angle,

for refraction

ratio (K/I 0 )

light

volume

the

beam, transmission of the attenuators and the

can be used as the absolute intensity calibration factor by

measuring the scattering from toluene in a rectangular glass
6
1
toluene was taken as 32.85 x 10" cm" 18
.

The expressions

factors are given below.
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cell.

The R(90°)

for

for various correction

4.3.1.1 Refraction Correction

Due
same

to refraction

=

j

all

tilt,

the true scattering angle, 9, in the sample

as the nominal scattering angle 6 at

of positive sample

In

and

tilt,

.

_
<D T

tilt,

O

+

arcsin

fsin(0

.

-

fsinO t

^4

fsin(^

.

+

~>

tilt

angle.

is

given by:

^

For the case of

is:

l

1

<

not the

measured. For a case

<D t )l

represents the magnitude of the

t

.

-

is

arcsinj

the true scattering angle

= iort
180

intensity

in the Fig. 4. 6, the true scattering angle

fsin <D t ]
->
arcsinj

the equations here,

the negative

shown

as

which the

is

arcsin

<

-

<D t

L

l

>

^4

^

4.3.1.2 Solid Angle Correction

The
different

solid angle containing the scattered light flux reaching the detector

from

that in the

the correction factor

was

sample due to refraction. For the case of cylinderical samples,

Cn =

nSAM

2

where

samples. According to Stein and Keane, for

correction for the solid angle

is

tisam is the refractive index of the

flat tilted

samples(positive

tilt),

given by:
1/2
(sin(0- <D

C

n

is

=n SAM 2

t )j

(4.19)
cos (6

-

0>

)

t
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the

4.3.1.3 Scattering

Volume Correction

A simple sine correction is not sufficient to correct for different scattering
volumes

The

at different scattering angles

scattering

volume correction

—

cos(0

=

3>

-

to

tilt

and refraction in

for the case of positive

cos(a )

Vs =
where O'

due

flat tilted

samples.

tilt is:

^

cos(<3>

)sin(a +
t

(4.20)

0)cos(O t )

arcsin[ (sin (Oj)/n)].

4.3.1.4 Reflection correction
In the case of

samples,

flat

the incident and scattered

it is

beams due

change in refractive index. The

necessary to account for the loss of intensity of

to reflection at the interfaces

of intensity

loss

where there

is

at a particluar interface is corrected

by

dividing the measured intensity with the transmittance Ti at that interface:

3 = -r =
T
i

Here,

rj is

—^—
O

the reflectance at interface

i.

(4.21)

r

i)

The

reflectance

is

estimated by using Fresnel

equations for reflection.

Corrections were

is

made

the surface of the sample at

which the scattered beam

for reflections at

which

exists.

The

laser

beam

two
is

interfaces refered to as

A and B. A

B

from

incident and

is

reflectance rA at the interface
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the surface

A

is

given by:

tan
r

A

2

2

1

(0

-

=

O)
+

2

+

tan (0>

sin

1

2

0>')

sin

t

The

tan

2

(i

-

B

where

i

=

2 _tan 2 (i + r)

arcsin(sin(9-<(>)/n)

These measurements
fact that the scattered light

interface

when

+

(i

-

r)

(i

+

r)

O

)

(4.22)
<E>')

(4.23)

9

2

sin

_

r

2

=

(6-fl>t).

in the present investigation

from toluene during

sample did not. The measured

cell,

had also

to

be corrected for the

calibration, passed through a glass-air

while the scattered light from the polymer film

intensity of the scattered light should be multiplied

the transmissivity at this interface (1

is

sin

1

+

and

passing from a

the glass-air interface

(O

-

given by:

is

r)

r

B=

2

O
t

reflectance rB at the interface

1

'

(

-

rg ) to correct for this effect.

The

by

reflectivity at

given by:
f

,>2

ng

-

1

(4.24)

Here,

rig is

glass interfaces

the refractive index of the glass.

was

The small

reflection at the toluene-

neglected.

To summarize,

the measured intensity had to be multiplied by the factor:

1

-

r

A

)

(1

E
(4.25)

(1

-

r

-

rB )
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The

intensity values obtained

from the experiments were substituted

into Eqn. 4. 16

along with the correction factors to get absolute R(q) values for the sample. These R(q)
values for

are

shown

all

the compositions were then plotted against true scattering vectors.

in Fig. 4.6

The maxima

structure in the blends.

of this structure

in the plots indicate the

The following

The

presence of some regular

theoretical treatment

was used

to estimate the size

in the blends.

For a system containing simple hard spheres of radius

R in a fluid matrix, Zernicke

and Prins established the following formula to explain the observation of maxima of
scattered intensity at non-zero angles.

19

sinqr

where

I(q)

=

scattered intensity

Ie(q)

=

intensity scattered

e

=

scattering angle

=

intensity

=

structure factor

=

average volume offered to each particle

F(q)

plots

*

of incident

particle

light

<D(r)

P(r)

P(r)

by one

»

Ui'
q

= (4n/X)

r

=

kT J

sin6

distance between particles
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Am

dr

(4.26)

=

<D(r)

of a pair of particles whose centers are separated by a

potential energy

distance

p(r)

=

N

= average number of particles

probability of seeing a certain configuration of two particles realized

in the irradiated

For the closer packing of particles, which

is

volume

true for the present case,

Born-Green

approximation for the probability function can be used which leads to the equation:

m-

I

e (q)NF

2
(q)

v

2

-7=

B(q)

=

with

a(r)

= e-°« /KT

r

(q)

= v02

2

e

^(q)

a(r)sinqr dr

For hard spheres of radius
2

r (2^)

(4.27)

r

where

F

-JL5

R and volume V

0,

and 6

a constant equal to

is

1

0 2(qR) and hence Eqn. 4.27 becomes:

m

=

I

e

(q)N0

2

^

(qR)

(4.28)

1+—^-£<D(2qR)
V
l

n2

where

<£(qR)

=

sin

qR

qR cos qR
373

-

q

R

case, v,
In the present
y

= I2^l2L where

1

n

is

the

volume occupied by each

fis the

number of particles/unit volume,

lOOf

particle

and v 0 =

77

—R
4jt

3
.

Now, Eqn.

4.28 becomes

Kq) =

K

(4.29)

8x<E(2qR)
100 -x

Here,

K is a constant comprising all the basic constants of Eqn. 4.28. For a

particular value

plots are

shown

of R,

l(q)

was

plotted against q for various values of x and the resulting

in the Fig. 4.7.

The

intensity data start

for values of x greater than or equal to

showing a maximum

20%. However, the

results obtained

angle light scattering measurements indicate the presence of a
I(q) versus

maximum in the

model

calculations:

a)

not be necessarily true for the blends studied. In order to confirm

theoritical

of

However,

this,

the

curve for 50/50wt% blend was matched with that of the experimentally

obtained curve. This could occur only for a particular

was taken

plots

The model assumes

that the molecules are hard spheres and b) the spheres are uniform in nature.

may

from the wide

q for even lower values of x(viz. 7%). This could be due to the following

limitations in the assumptions involved in the

this

in the curves

as the size of the phase. This value

r,

the radius of the sphere. This r

was then used

the intensity.

The Rayleigh

The

of the film was then calculated from the equation:

turbidity

was obtained from

to calculate the contrast and

ratio

this intensity

using the equation 4.3.

(4.30)
0

The

turbidity so calculated

gave a measure of the transmittance(%trans) from a formula

analogous to the Lambert's law:

t

where T

is

transmittance and

=

— ln(100/%T)
D

(4.31)

D is the thickness of the film.
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Using

this

method and considering the

radius of the spheres to be 150nm(obtained

by matching the theoretical and experimental R(q) vs q curves),

31.2%

we obtained

for the transmittance of 50/50wt% PNVP/stilbene polymer blends.

a value of

The

experimental transmittance value for the blends of same composition were determined
using a Perkin-Elmer

Lambda and double beam UV- Visible

scanned over the range 400-600nm

at a rate

spectrometer.

The sample was

of 60nm/min. Air was used as the background

and the instrument required no subtraction. The transmittance values were recorded
directly

from the display

noted, there

is

panel.

We obtained a value of

78-80%

for the same.

a huge difference between the theoretical and experimental values. This

because of the assumption

in the

model

2

(7
ni

) av

=

is

that the phases are uniform in composition.

For a two-phase system, the average of a mean-square amplitude

where

As can be

W («,-n
2

is

given by:

2

(4.32)

2 )

and n2 are the refractive indices of the two phases which are assumed to be

constant and independent of composition. This equation would give rise to a turbidity

value as the one calculated from the model as the turbidity

is

proportional to the mean-

square amplitude. The equation 4.32 can be modified for a system having a transition

zone(as in Fig.4.8a) containing a linear gradient of refractive index and electron density
2

(7

where

<(>i

volume

) av

=

(n,

-n 2 ) 2 [^ 2

-

(I/6W3]

(4-33)

and § 2 are the volume fractions of the two phases prior to mixing and

fraction of the transition zone(Fig.4.8a).
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As

as:

is

the

the equation implies, the presence of a

transition

zone decreases the amplitude and improves the transmittance of a polymer

blend.

Stein et

20

al

have estimated that the transmittance improves by around

blend having a transition zone. However, even

difference

this

polymers.

The presence of both polymers

refractive index difference

as per equation 4.32.

As

for a

does not account for the huge

between the two transmittance values obtained

that the phases probably don't have a transition

15%

in the present case. This

means

zone but the phases contain both the
phases might lead to a small

in the separated

between the phases and hence smaller mean square amplitude

is

obvious from equations 4.32 and

4. 1 1,

having

all

the other

variables as constant, the turbidity can be considered as directly proportional to the

difference in the refractive index between the phases,

x

The

oc

(m

-

2

n2)

(4.34)

refractive index difference for the phaseswith

mixed composition can be given

as:

*i

where n° and n°

-n 2 =

(x n

-x 12 )«-n°)

are the refractive indices of the pure polymers and

weight fractions of polymer

1

in

phase

1

and 2 respectively. The phase

considered as the polymer 1-rich phase with a refractive index of

polymer 2-rich phase with a

From the

(4.35)

refractive index

xn and x !2
1

can be

m while phase 2 is

of n2

equations 4.31, 4.34 and 4.35 one can have

lnQOO/ 0/^)

ln(100/%/T2 )

1

=
(x„
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-

x I2 )

2

are the

(4 36)

where Ti
and

is

T2 that

the transmittance obtained for the system havinbg only one polymer in phases
for the system having both polymer in the phases. Ti for the present system

can be taken as 3 1 .2%(obtained from the model) and

The equation 4.36

experiment).

would account
of Ti and

T2

of polymer

in

calculates the composition of the separated phases that

polymer

1

x u was found to be 72%. Hence, the approximate amount

rich

phase

The presence of double bond
polymer could be

The

80%(obtained from the

for the high transmittance observed for this system. Substituting the values

in equation 4.36,

1

T2 is

is

72%

and amount of the minor component

in the stilbene

preferentially stained in the blend

polymer led to the idea that

on treatment with osmium

is

28%.

this

tetroxide.

TEM picture for a 50/50 wt% blend subjected to such treatment is given in Fig. 4.8.

This picture clearly shows the presence of dark and light spots. The dark spots correspond
to regions of the blend

semi-flexible

which have reacted with osmium tetroxide which correspond to the

polymer phase

in the blend.

This indicates that there

is

indeed phase

separation in the blends. However, as explained before, due to the multi-component nature

of the phases, the blends appear transparent.

From the above

results,

we

can conclude that the blends of PNVP/stilbene polymer

were phase-separated. However, mixed composition of the separated phases probably
resulted in smaller refractive index difference between the

to clear films.
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two phases and hence gave

rise
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK

Completely transparent films for blends of a semi-flexible, para-linked, wholly
aromatic polyamide

I

and poly(4-vinyl pyridine) were obtained using both kinetic and

thermodynamic approaches. In the
dissolved in the 4-vinylpyridine

exposure to

kinetic approach, the semi-flexible

monomer which was

polyamide was

subsequently polymerized upon

UV radiation. On the other hand, for the thermodynamic approach, both the

polymers were dissolved

in pyridine.

The

solution

was mixed overnight and

the blends were obtained by the subsequent evaporation of the solvent.

the films of

The blends

obtained from both the approaches remained completely transparent up to a temperature

of 200°C for several days. The thermal analyses did not reveal much information about the
nature of the blends except for an increase in the softening point of the flexible polymer

with the addition of the semi-flexible polymer.

FTIR results

indicated the presence of

hydrogen bonding interactions between the two polymers. Light scattering techniques

were unable to provide

was due

quantitative information about the

morphology of the blends. This

to the fact that the excess scattering intensity from the blends over the

homopolymers was well within the
Optical microscopy and

limits

of the experimental error of the instrument.

SEM failed to detect any heterogeneity in the system.

The cloud

point measurements indicated no change in the value of the turbidity of the films up to a

temperature of 275°C.
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In order to evaluate the effectiveness of the kinetic approach for obtaining miscible

monomers

blends, several other

of these systems gave

The

rates

rise to

like

methyl vinyl ketone, tetrahydrofuran were

cloudy films indicating phase separation

at the

tried.

macro

Most

level.

of polymerization of these monomers were comparable to those of 4-

vinylpyridine.

These

approach for the

results

first

showed

that the reason for obtaining clear films in the kinetic

blend system was probably due to the combination of kinetics of

polymerization and hydrogen bonding interactions between the polymers.

The important conclusions drawn from
was probably some

miscibility

the

work on

between the polymers. This

first

system were that there

miscibility

was mainly due

to

the negative enthalpy of mixing resulting from hydrogen bonding interactions between the

two polymers.

Quantitative information about the morphology of the blend could not be

obtained due to the experimental limitations.

In the second part of this thesis, another blend system

that there

was

was chosen

in

a large refractive index and structural difference between the

component polymers. This blend system consisted of a

such a

way

two

semi-flexible polyamide

II.

This

polymer had a much higher refractive index(1.87) than polymer 1(1.72) and consisted of a
stilbene

group as a part of the polymer backbone. Unfortunately,

soluble in any of the

common,

easily polymerizable vinyl

transparent blends with poly(4-vinylpyridine). However,
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this

monomers.

it

polymer was not

It

did not form

formed completely clear and

transparent films with poly(N-vinylpyrollidone). This flexible coil polymer

form clear films with polyamide

rise to clear films.

The thermal

were H-bonding

studies

on

films

interactions

two polymers, blends of

analyses were unsuccessful in providing any

conclusive information about this system also.

there

to

I also.

In spite of the large difference in refractive indices of the

them gave

was found

FTIR

studies

on these blends indicated

between the two polymers. Wide angle

of the blends revealed the presence of maxima

that

light scattering

in scattered intensity as a

function of scattering angle. This clearly indicated the presence of some structure in the

blends.

A theoretical model was developed based on the Prins-Zernicke treatment for

systems of solid spheres in a matrix to measure the size of the phases. This model
predicted the appearance of maxima in intensity versus scattering angle curves at weight

fractions of stilbene

polymer above 33%.

On the

other hand, experimental results on the

blends showed the presence of maxima even at concentration levels as low as 10wt%. This

was probably due

to the assumptions in the model that the phase separated spheres

composed of only one polymer and

were

the molecules were hard spheres.

In order to account for the difference in the appearance of maxima, transmittance

of light from the film was compared with the value obtained from the model. Blends
containing

50wt%

stilbene

polymer were chosen for

the phase needed for transmittance measurements

this purpose.

The approximate

was obtained by matching

size

intensity

versus scattering angle curves obtained from the model and light scattering experiments.
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of

The value was found
hence

turbidity. This yielded a value

On the

was then used

to be 150nm. This value

to calculate the contrast and

of 31.2% for transmittance values from the model

other hand, absorption measurements at the wavelength of 533nm yielded a value

of around

80%

for transmittance of the films.

The huge

difference in the transmittance

values between the experiment and model indicated that the basic assumption in the model
that phases consist of only

was concluded

one polymer did not hold true for the present

that separated phases

resulting refractive index difference

rise to the

wt%

it

between the two phases was not large enough to give
viz., 3

1

.2%

as predicted

by the model. The

needed to yield the value of 80% was calculated. This was then

used to calculate the composition of the phase separated regimes.

had to compose 72

Hence

were a miscible mixture of the two polymers and the

low values of transmittance

refractive index difference

case.

of the major component and 28

wt%

It

was found

that phases

of the other polymer

in

order to account for the observed transmittance value. The presence of both the polymers

in the

separated phases

was probably due

The composition of the phases
determined by the

ability

to hydrogen bonding interactions

in a

polymer blend with

of the polymer chains to

between them.

specific interactions is

diffuse to the proximity

of the other

polymer chain and by the equilibrium composition of the phases as determined by
thermodynamics. The two extreme cases of this situation are either phase separation or
miscibility at molecular level.

The former

situation arises

when the polymer

chains of one

polymer don't have any time to diffuse to the other polymer. In such a case, the phases

would comprise 100% of only one polymer. When the polymer chains have
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sufficient time

to diffuse to the proximity of the other polymer, because of the favorable specific

interactions

one would get

enthalpic gain

more than

miscibility as dictated

by thermodynamics. In cases where the

offsets the entropic gain,

composition of any phase

blend system would be equal amounts of both

in this miscible

polymers. This system would not scatter

complete miscibility occurs. The

light.

The morphology of the present blend

system was intermediate between these two extremes. This was clearly indicated by the

composition of the separated phases. This was due to the fact that one of the polymers
involved in the blend system

interactions

were not

was

semi-flexible in nature. Hence, the favorable enthalpic

sufficient to offset the positive

entropy gained in mixing the two

polymers. The resulting morphology was believed to be an equilibrium one arising from a

balance of the two opposing forces. The cloud point measurements indicated that the

structures

were

stable

upto 275°C. Thus

it

could be concluded that the system was

probably in a thermodynamic equilibrium.

TEM studies on the osmium tetroxide stained films confirmed the presence of the
phase separated domains

in the blends.

TEM was not sensitive enough to give an exact

idea about the composition profile of the

unavailability

of analytical instruments

two

like

phases. This arose because of the

energy dispersive spectroscopy(EDS) or

electron energy loss spectroscopy(EELS) attached with the

The important conclusions from
and

TEM.

the studies on the blends of the stilbene polymer

PNVP were that there was indeed some phase
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separation in the system.

However,

because of the mixed composition of the phases, the refractive index difference between
the phases

was not

large

enough to give

rise to turbid films.

The phase separation was

controlled by the ability of the polymer chains to diffuse to the proximity of one another.

5.1

Future

Work

For the blends of polymer

I

with non-interacting polymers(like

PMVK,

etc.)

prepared using the kinetic approach, there was complete phase separation. This was due
to very

low

rates

of polymerization of the monomers used. The

getting miscible blends could be utilized

the

monomers were extremely high to

more

kinetic

approach towards

successfully if the rates of polymerization of

prevent the phase separation. This could be

achieved by either dissolving the polymer in a

monomer

(such as those involved in

polyurethane synthesis) which can polymerize instantly or choosing a very efficient

initiator.

kinetics

In such a case, the kinetics of polymerization would be

of phase separation thus resulting

Our attempts
of polymer

I

and

P4VP

morphology of the blends

using the methods described in the thesis were unsuccessful. This

method measures the

polymer dispersed

higher than the

molecular dispersion of the two polymers.

to get quantitative information about the

could be overcome by deuterating

scattering

in

much

in a matrix

4VP

and using neutron scattering

differential

studies.

Neutron

neutron scattering cross section of protonated

of deuterated polymer. This allows a rather precise

determination of the conformation of the tagged polymer, even in bulk. The neutron
scattering intensity for the blends can be obtained for various angles and compositions.
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One could then draw Zimm's
would

plots for the blends.

The

indicate the miscibility of the mixture while the

linearity

of the limiting curves

skewed nature would

indicate gross

inhomogeneity. Moreover, one could measure the molecular weight of the polymers in the
blends from the intercept, the radius of gyration from the slope of the angular dependence

and the chi parameter from the slope of the concentration dependence. The

would be a

measure of the

direct

chi

parameter

of the polymer blends. The contributions to

miscibility

the chi parameter from the enthalpy and entropy can also be distinguished by correcting
the experimentally observed value for free volume and plotting against reduced volume. 1

Nuclear magnetic resonance experiments can be used to identify the
the

first

blend system

at

molecular

of proton signals

in the rotating

which the proton

is

the intensity of

time

is

13

level.

its

effect

on the

bonded. This relaxation time(T,"

)

when they

NMR of the carbon nucleus to

can be measured from the slope of

C NMR spectrum versus time of proton

would be the case

of

This can be achieved by observing the relaxation

frame by

different for different protons

miscibility

'2

spin lock plot. This relaxation

are not in contact with each other. This

for phase separated blend. In the other extreme, if the protons are

closely coupled by rapid spin-spin exchange through dipole-dipole interactions, namely

spin diffusion, then these protons share the

T£

.

This would be the case for an intimately

compatible binary blend. These measurements would alos yield the distance over which
the protons can diffuse effectively in a given time and hence give an idea abou the level of

homogeneity. The

13

C

resonances are observed by cross polarization magic angle

spinning(CPMAS) and magnetic decoupling. In these experiments carbon and proton
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nuclei are spin locked and then the carbon magnetization

proton.

3 *4

However, the polymer

I

is

aquired while decoupling

has fluorine atoms close to the carbon atoms and

have to be demagnetized to study the magnetization of carbon. For
use a three probe system

-

two probes

this,

may

one may need to

to decouple proton and fluorine and one to acquire

the magnetization of carbon.

The

TEM used in the present investigation could not give enough information

about the morphology of the second blend system. This could be achieved by using a
with combined with

EDS

or

EELS

The main conclusions of the

TEM

for compositional analysis.

thesis are that the first

bend system exhibited

hydrogen bonding interactions between the two polymers and the experiments used

in

the

present investigation could not give enough information about the morphology of the

blend. This

the

was due

to the small electron density and refractive index difference between

two polymers. One needs

blend in more

to

do experiments

like

SANS,

NMR to characterize the

detail.

The second blend system

clearly exhibited the presence

of phase separation.

However, the mixed composition of the separated phases probably
spite

of the phase separation. Further experiments using SANS,

more information about

this system.
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led to clear films in

TEM-EDS would provide
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Table

2.

1

Molecular parameters of polyamidel

Polyamidel Sample Average degree of polymerization

Persistance Length

f

(Angstorms)

A

210

170

0.5
|

B

390

210

0.3

C

390

230

0.3
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I

Table 2.2: Thermal data for the polyamide and

P4VP

blends prepared by both approaches

Technique Polymer

I

1(75%)

1(50%)

1(25%)

1(10%)

P4VP
j

(100%y

DSC 2

TMA

ND
ND

(100%)'

3

ND

109
|

[208]

5

[187]

[152]

179
179

109

4

90.218
[174]

[167]

[123]

1.

All composition values are given in weight percent.

2.

10°C/min. second heat;

3.

Not

4.

Values

5.

Commercial sample

all

[138]

109,193

84
[126]

temperatures are in °C.

detectable.
in brackets are for the blends obtained

MW -300K
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by the thermodynamic approach.

Table 2.3

:

List

Monomer

of monomers

Inherent

tried for kinetic

approach

Solubility ofjPolymerizability

Scattering

Polyamide

THF

Low

Good

Fair

4-Vinyl

Very High

Good

Good

Very High

Good

Good

Low

Good

Pyridine

N-Vinyl
Pyrrolidone

Methyl Vinyl

Ketone
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Fairly

Good

Table 2.4:

Sample

FITR curve-fitting

A,

"Free"

v(cm'

Polyamidel

results for the blends

C=0

1

20.91

1684

20.91

1684

of polyamidel and

)

H-Bonded

%

v(cm-l)

36

1661

86

1661

P4VP

C=0

Ahb

Ahb'

5.14

3.01

70/30
Polyamidel/

17.91

P4VP(wt%)

Af= Area "Free" C=0
Ahb - Area H-bonded C=0; Ahb' = Ahb/ 1 -71
Af = Af + Ahb
% Free C=0 = Af/A,.
% H-bonded C=0 = Am/At
Note: Area in arbitrary units
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Table 3

.

1

Thermal data for the blends of polyamidell and

Technique Polymer

II

11(75%)

11(50%)

11(25%)

DSC 2

ND

3

ND

ND

ND

86

TMA

290

163

156

146

124

All composition values are given in weight percent.

2. All
3.

PNVP
(100%)'

(100%)'

1.

PNVP

temperatures are in °C.

Not

detectable.

97

Table 4.1: Refractive indices of the blends of polyamidell and

% By wt. polyamidell

Refractive Index

in the blend

10

1.54

20

1.57

30

1.59

40

1.62

50

1.65

100% PNVP

1.52

;

;
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PNVP

Figure 2.1: Structure of aromatic, para-linked polyamidel

99

ZL C H2 -CH-)v

I

n

Figuer 2.2: Structure of poly(4-vinylpyridine) used as the
blending with polyamide

100

flexible coil

polymer for

Beam

Integrating Sphere

Stop

Figure 2.3: Set up used for cloud point measurements
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(b)

100/0

7S/2S

SO/SO

(a)

-100

-50

50

0

100

150

Temp*ratUfe( *C)

Figure 2.4: Dynamic mechanical properties of polymer!/P4VP blends
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3000

3000

H-toorwted

3000

3500

Figure 2

5:

N-H stretching vibrations of polymerl and the
70wt%polymerI/P4VP

103

blends

1700

1700

1C00

Figure 2.6: Absorption and deconvoluted spectrum of the carbonyl stretching of
polymerl and its 70wt% blend with P4VP
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Figure 2.7: Cloud point curves for the 50/50wt% polyamideI/P4VP blend and the
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Figure 3.1: Structure of stilbene-based polyamidell
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Figure 3.2: Structure of poly(N-vinylpyrrolidone) used as the
for the studies of blends with
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polymerH

flexible coil

polymer
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Figure 3.8: Cloud point curves for blends of
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PNVP
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