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ABSTRACT

Confocal Raman microspectroscopy has been used to study the interdiffusion in polymer 
laminates at the interfacial region between the constituent polymer layers. The effects of 
the polymer molecular weight, annealing temperature, and annealing time have been 
studied. Three different laminates with various PMMA molecular weights have been 
examined, with a view to studying the hydrogen bonding interaction between the alcohol 
and ester groups of PVOH and PMMA layers. It has been found that v(C=0) band shows 
no apparent frequency shift due to hydrogen bonding. However, considerable broadening 
of the v(C=0) band has been observed at the interfacial region. In order to study the effect 
of annealing temperature, a PAN/PVOH laminate has been chosen. It has been shown that 
the degree of hydrogen bonding is reduced if the polymer laminate is annealed at a higher 
temperature than the glass transition temperature of both of the constituent polymers. No 
significant change has been observed after annealing the laminate for various lengths of 
time.

It has been shown that Raman imaging and Raman microscopy can provide invaluable 
information about the molecular distribution and chemical interactions of various phases in 
polymer blends.

The diffusion of pure water and also water from some ionic solutions into sulphonated 
polyetherethersulphone/polyethersulphone, SPEES/PES has been studied using Fourier 
transform infrared-attenuated total reflectance, FTIR-ATR spectroscopy. The effects of 
sulphonation level, annealing temperature, ionic concentration, and presence of some ionic 
species on diffusion of water into SPEES/PES has been examined. In addition the sorption 
and desorption processes, and diffusion into a laminate of SPEES/PES-PVOH has also 
been studied. It was found that the above diffusion processes are not Fickian nor Case II 
and is best described by a dual-mode sorption model.

The diffusion coefficient for H20  in various cationic solutions into SPEES/PES has a 
descending order of Li+ > Cs+ > Na+ > K+. Increasing the ionic concentration results in a 
decrease in the water diffusion coefficient. It was found that an increase in annealing 
temperature caused the diffusion curve to become more sigmoidal in shape with a 
decreases in diffusion coefficient.
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CHAPTER 1

Introduction 
Molecular vibrations 
Anharmonicity 
Normal modes o f  vibration
Fourier Transform Infrared Spectrometry and Interferometry 

Advantages ofFTIR spectroscopy 
Attenuated Total Reflectance

1.1. Introduction to infrared spectroscopy

Infrared, IR, radiation is electromagnetic radiation, in the wavelength range that is 

adjacent to and of lower energy than visible radiation. This region is divided in to smaller 

regions according to energetic proximity to the visible spectral region. This is summarised 

in table 1.1.

IR region approximate range (cm-1) vibrational and/or rotational 
changes

near-IR 14,000- 4,000 Some low-energy electron 
transitions as well as changes in 
vibrational and rotational levels

mid-IR 4,000 - 400 Changes in fundamental vibrational 
levels of most molecules and thus it 
is of most use for chemical analysis

far-IR 400 - 20 rotational changes occur in this 
region

Table 1.1: Summary o f  various regions o f  infrared radiation

In infrared spectroscopy, the observation time for a single vibrator is between 10‘13 to 

10'15 seconds. This is important, because it controls the sort of information which can be 

obtained from this branch of spectroscopy as compared with some other spectroscopic
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techniques. A summary of infrared spectroscopy theory is given in sub-sections of this 

chapter.

1.2. Molecular vibrations

Figure 1.1 shows a typical potential energy curve for a diatomic molecule. In regions close 

to re, at the minimum of the curve, the potential energy can be approximated by a 

parabola.

>*O)
0
C0
0
C
0 

-♦—*O
Q_
i_0
DO
0

Simple Harmonic Oscillator

1.0

Anharmonic potential 
(Morse potential)

0.0

re Internuclear distance
Figure 1.1: The molecular potential energy curve can be approximated by a parabola near the bottom o f  
the well. The parabolic potential leads to harmonic oscillations. At high excitation energies the parabolic 
approximation is poor, and is totally wrong near the dissociation limit
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The potential energy, V can be written as

V = i k ( r - r , ) 2 (1.1)

Where k is the force constant of the bond. The Schrodinger equation [1.1] for the motion 

of two atoms after simplification is

h2 S2x¥
E ¥  = - ( — X-tttO + V F  (1.2)

2 ju or

The Schrodinger equation (eqn 1.2) is that for a particle of mass p undergoing harmonic 

motion. Using this equation the permitted vibrational energy levels are

E „ = ( y  + i)h < y  (1.3)

k -
Where coe = (—)2

M

o = 0 ,1,2,.....

1.3. Anharmonicity

Equation 1.3 describes the vibrational energy level for simple harmonic motion. The 

Hookes law is obeyed and only one transition energy is predicted (Au = ± 1). However, 

Hookes law is not obeyed by chemical bonds and as a result, anharmonicity arises. The 

energy levels given in equation 1.3 are based on the parabolic approximation to the actual
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potential energy curve. At high vibrational excitations the motion of the atoms (i.e. the 

spread of wavefunction) allows the molecule to explore regions of the curve where the 

parabolic approximation is poor. The motion then becomes anharmonic.

In order to calculate the energy levels over a wider range, it is better to use a function that 

resembles the true potential energy more closely. The Morse potential energy is

Where De is the depth of the potential minimum and a = (p/2De)0-5©. Figure 1.1 shows the 

shape of the Morse curve. The Schrodinger equation can be solved with this form of V, 

and the permitted energy levels are

V = De[ l - e “”<r“r,)]2 (1.4)

(1.5)

a h
Where x is called the anharmonicity constant and xe = ------

2 juco

In practice the more general expression for the energy levels is used to fit the experimental 

data and to find the dissociation energy of the molecule.



Figure 1.2 shows the lower energy levels of vibration of the water molecule. The lowest 

energy level, is called the ground level, for which all the quantum numbers (nl5 n2, n3) are 

zero. This energy is called zero-point energy of the molecule. The fundamental levels are 

those energy levels for which all quantum numbers are zero except one, which has the 

value unity. However, if only one quantum is different from zero and it is greater than one 

then the energy levels are called overtone levels. Combination levels correspond to those 

energy levels for which two or more quantum numbers have non zero values.

10,000 —

9,000 —

8,000 —

7,000 —
o
>»
O) 6,000 —
0)
c
111

5,000 —

4,000 —

3,000 —

2,000 —

1,000 —

0

V1 ~ V2

(101)
(110)
(030)

(001 )
(100)

(020)

(01 0 )

(000 )

Figure 1.2: Lower levels o f vibration o f water molecule. Levels are indexed by the quantum numbers (n j, 
n2' n3)
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1.4. Normal modes of vibration

All motions of the atoms in a molecule relative to each other are a superposition of so- 

called normal vibrations, in which all atoms are vibrating with the same phase and normal 

frequency [1.2]. However their amplitude may be, and usually is, different for each 

coordinate. The frequency of a normal vibration is known as a normal, or fundamental, 

frequency of the molecule. Polyatomic molecules with n atoms posses 3n-6 normal 

vibrations (linear molecules have 3n-5 vibrations), which define their vibrational spectra.

Figure 1.3 shows the three normal modes of vibration of water molecule. The relative 

displacements of the atoms is represented by the arrows in a mass-weighted coordinate 

system , when the molecule is vibrating in the particular mode of vibration.

Figure 1.3: The normal modes o f vibration o f water molecule

1.5. Intensity

The intensity of a vibration in infrared spectroscopy depends on three factors, which are 

the properties of the molecule. These include:
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1- Selection rule: This factor determines a transition whether is "allowed" or "forbidden". 

The normal vibrations of a molecule may only absorb infrared radiation if they modulate 

the molecular dipole moment \ik (which is a vector with the components [Xx, [iy, and pz):

Mk= Mo+\ Q + d ^  Q + 0-7)2 U > V 0

In infrared spectroscopy, the intensity of the transition is proportional to the square of the 

transition dipole moment, i.e.,

I oc 8 jL \ (1.8)

2- Population of initial state at thermal equilibrium: The intensity of a line resulting from 

the transition of a molecule from a level of energy E depends on the population of the 

level (the number of molecules possessing that energy). When the sample of N molecules 

is at a temperature T the number with energy E is given by the Boltzmann distribution:

TT"= ~  expf_ T^rl (1-9)N„ go V kT7

Where g  is the degeneracy of the level (i.e. the number of states corresponding to that 

energy).
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3- Number of molecules in the sample: In absorption spectroscopy, including IR, the 

relation between the intensities of the incident and the transmitted radiation {I0 and I) and 

the concentration c is referred to as the Beer-Lambert law, expressed as

I = I0 exp(-£cl) ( 1. 10)

or in its logarithmic form

=  £C\ ( 1. 11)

Where c is concentration, / is cell thickness and s is extinction coefficient.

1.6. Fourier Transform Infrared Spectrometry and Interferometry

Fourier transform infrared (FTIR) spectrometers consist of several parts. In most 

instruments an interferometer such as the one designed by Michelson (1891) is used.

The Michelson interferometer (figure 1.4) functions in the following manner. Radiation 

from a polychromatic source, for example a mercury lamp, is directed towards a beam 

splitter. Half of the radiation is reflected by the beam splitter to a mirror that reflects the 

radiation back towards the beam splitter. The remaining portion of the radiation passes 

through the beam splitter and strikes a mirror that is continuously moved back and forth. 

After striking the moving mirror, the radiation is reflected back to the beam splitter. A 

portion of the radiation that was reflected from the stationary mirror and a portion of the 

radiation that was reflected from the moving mirror combine at the beam splitter and pass 

through the cell. After passage through the cell the radiation is focused on the detector.



(a)

Figure 1.4: An optical diagram o f a Michelson interferometer as used for FTIR spectroscopy. The arrows 
indicate the direction o f radiative travel and the direction o f mirror motion, (a) Stationary mirror, (b) 
moving mirror, (c) beam splitter, (d) cell, (e) detector, and (f) light source.

If the distance through which the radiation travels between the beam splitter and the 

stationary mirror is identical to the round-trip distance between the beam splitter and the 

moving mirror, the radiation from the two mirrors arrives in-phase at the beam splitter, the 

cell, and the detector. As the moving mirror changes position, however, the distances 

between the mirrors and the beam splitter are no longer identical and radiation of a single
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wavelength will only arrive in-phase at the cell and detector when the distance between the 

moving mirror and the beam splitter is equal to the distance between the stationary mirror 

and the beam splitter plus or minus a whole-number multiple of the wavelength of the 

radiation.

If the moving mirror moves away from the equidistant point by a factor of 7J4, distance is 

altered by 7J2 and the reflected radiation is out-of-phase with that from the stationary 

mirror and destructively interferes. If the moving mirror is X/2 from the equidistant point, 

the radiation is in-phase with that from the stationary mirror and constructively interferes. 

As the distance changes, different wavelengths of radiation become in-phase and out-of- 

phase at a frequency that is dependent upon the wavelength of the incident radiation and 

the rate at which the mirror moves. By controlling the rate of mirror motion, a series of 

simultaneous signals that oscillate at frequencies that are directly proportional to the 

frequency of the EMR arrive at the detector and oscillate sufficiently slowly for the 

detector to measure.

In a Fourier transform infrared spectrometer, the source emits a polychromatic radiation. 

This means that several discrete spectral lines or continuous radiation is emitted by the 

source. In this case the interferogram equation is more complex and the computation of 

the Fourier transform procedure needs a digital computer to handle the time consuming 

computations very rapidly.

The signal at the detector is seen to vary sinusoidally providing velocity of movement of 

mirror is constant. Each time that the optical path difference, x (retardation) is an integral 

multiple of A., a maximum is registered. The intensity of the beam at the detector, I'(x) at

10



any point where x = nX is equal to the intensity of the source I(v). The intensity of the 

beam at the detector at other values of x is given by

modulated component equal to 0 .5 I ( v ) cos2 tcvx. The modulated component is called the 

interferogram and is important in spectrometric measurements. Equation (1.13) describes 

the interferogram for a monochromatic source measured with an ideal interferometer.

However it should be noted that several factors related to the instrument will affect the

amplitude of the interferogram after detection and amplification. These include (a)

beamsplitter efficiency, (b) intensity of the source, (c) detector response, and (d) amplifier

characteristics [1.3]. However, all the above factors are constant apart from intensity of

the source I(v). In order to take account of the above factors, a single wavenumber- 

dependent correction factor, H(v) is added to equation (1.13) to give

r(x) = ^ l(v )[l + cos2;rvx] (112)

From equation (1.12) it is clear that I'(x) has a constant component equal to 0.5I(v) and a

cos2;rvx (1.13)

cos2;rvx (1.14)

or

l(x) = s(v)cos2;rvx (1.15)
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Where s(v) = ]- H(v)l(v) .

The final stage is to compute the cosine Fourier transform of I(x) in order to calculate the 

spectrum. The interferogram for a polychromatic source is expressed as

l(x) = J  s(v)cos2;rvx.dv (116)

which is one-half of a cosine Fourier transform pair, the other being [1.3]

s(v) = J  l(x)cos2;rvx.dx (1-17)

Since l(x) is an even function, equation 1.17 may be rewritten as

S(v) = 2jo l(x)cos2;rvx.dx

1.6.1. Advantages of FTIR spectroscopy

(a) Fellgett (multiplex) advantage: The signal-to-noise ratio, SNR of a spectrum in FTIR is 

greater than that of a spectrum measured on a grating spectrometer with the same 

parameters by a factor of square root of the number of resolution elements, 4 m  . This 

advantage arises from the fact that the detector sees all spectral elements at the same time.

12



i.e.

(SN R )g cc^ 1

(SNR)^ oc Ti

Where z  is the total time, and N  is the number of elements. Therefore the SNR gain is

important, and is directly proportional to M.

(b) Jacquinot advantage: Interferograms have a higher optical conductance than prism or 

grating spectrometers. Spectral optical conductance of a grating instrument can be 

expressed by:

Where G. is the optical conductance per wavenumber of grating spectrometers, H  is the

height of the beam at the grating or prism, h is the length of the entrance s lit,/ the focal 

length of the collimator, and R0 is the theoretical resolving power. In order to compare 

this equation with that of interferometer equation for the spectral optical conductance, the 

beam area of the interferometer Fj is chosen to be equal to the beam area at the grating 

H2. Thus the relation for interferometer is

N 2 An  addition to sensitivity advantage, the time advantage of a Fourier spectrometer is

G~v (1.18)

G

(1.19)
V
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Thus the ration of the spectral optical conductance of an interferometer and that of a 

grating spectrometer is

This ratio for using a common interferometer is of the order of 100.

(c) Connes advantage: In FTIR spectroscopy, since the 'sampling' is controlled by a laser 

whose wavelength is 'fixed', control of spectral wavelength can be achieved with greater 

accuracy.

(d) In addition to the above advantages, it is possible to perform spectral subtraction.

1.7. Attenuated Total Reflectance

Attenuated total reflectance (ATR) is a method used for the infrared analysis of substances 

that cannot be easily assayed by using other techniques in infrared spectroscopy such as 

the transmittance technique. It is particularly useful for polymeric substances.

The technique is based upon the fact that totally reflected radiation at an interface with a 

rarer medium slightly penetrates the surface from which it is reflected. This penetrated 

radiation is called the evanescent wave and is characterised by an electric field magnitude 

which decays exponentially with distance from the interface (Fig 1.3). The rate of decay

14



is dependent on (a) the refractive indices of the denser and the rarer media, (b) the angle 

of incidence, and (c) the wavelength of the light.

WATER -

POLYMER FILM 
(rarer medium)

Yoevanescent 
field \

Xo

Zo
Incident radiation

IRE
(denser medium)

inc

Figure 1.5: Principle o f internal reflection spectroscopy

Snell's law can be used to calculate the angle of reflection when radiation passes from one 

medium to another:

nj sin a = n2  sin b (1.21)

In the above expression, nj and n2 are the refractive indices of the rarer and propagating 

media, a is the angle of incident radiation as measured from the perpendicular to the
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surface between the two media, and b is the angle at which the radiation is refracted in the 

second medium.

From equation 1.21 it is apparent that the as angle of incidence increases, the angle of 

refraction also increases. If n2  is less than nj, an angle a exists for which angle b is 90°, 

that is, for which the radiation is completely reflected. That angle is the critical angle 0C. 

Incident radiation that strikes the surface between the two media at an angle that is greater 

than the critical angle is completely reflected from the surface. The value of the critical 

angle can be calculated from equation 1.21 by substituting 90° for b and 0C for a. Thus 

equation 1.21 will become:

n\ sin 0C = n2  sin 90°

0C = sin‘ l n2 /nj (1-22)

At incident angles greater than the critical angle, total reflection occurs at the surface. 

Incident radiation is not lost during the reflection although radiation can be lost due to 

absorption by the prism material. The critical angle is dependent upon a ratio in the 

refractive index of the two media. Consequently, it is necessary to select an ATR prism 

material that both has a high refractive index and that is greater than that of the sample 

and also transmits radiation. Some common materials that are used to construct the prism 

include, ZnSe (670 - 20,000 cm-1) and KRS-5 (250 - 17,000 cm-1).

The change in the electric field, E, as a result of exponential decay of the evanescent field 

after reflection of light at interface is given by [1.4, 1.5]:

16



E = E0 e-Yz (1.23)

Where y is the evanescent field decay coefficient, and is defined as:

n2*\

r -

2n2;rjsin  0 -  ~4 
vn2y

X
(1.24)

Where X is the wavelength of the light in vacuum. Figure 1.6 shows a plot of intensity 

(E/Eq)2 as a function of distance from interface Z for various values of y.

1

0.8

_  0.6

0.4

0.2

0
542 310

Z (pm)

1.00 0.74 -* -0 .4 5  0.15

Figure 1.6: Plot o f the intensity o f the electric field as a function o f depth for various values o f gamma, 
rf/MW1)
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The reciprocal of y is called the depth of penetration dp. This is defined as the distance at 

which the electric field decays to a value of E0 exp [-1] of its value at the interface [1.5]. 

This parameter (dp) is often used as a measure of depth that is sampled in the IRE 

experiment. However, it should be noted that E is not zero at dp. The maximum depth 

sampled is about three times dp.

The energy is removed from the reflected light if the rarer medium is capable of absorbing 

light at some frequency present in the evanescent wave. This absorbtion can be detected 

by (a) measuring light emitted in the adjacent medium and thus the technique is called 

fluorescence spectroscopy or (b) by measuring a decrease in the intensity of the reflected 

wave and thus the technique is called absorption spectroscopy.

The intensity of the radiation, (E/E0)2 is equal to the square of the electric field 

magnitude, and is related to the absorbtion of light. Figure 1.7 shows a plot of the 

exponential decay of the electric field amplitude (E/E0) and the intensity (E/E0)2 as a 

function of depth into the surface Z. The denser medium used is a ZnSe ATR prism and 

the rarer medium is a film of sulphonated polyetherethersulfone/polyethersulfone 

(SPEES/PES) which has been used in this work as a polymeric membrane.

18



0.8

0.6 o
o

cr
0.4
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Figure 1.7: Plot o f E/Eq v s  distance(z) and (E/Eqt (Intensity) vs distance (z)

In order to be able to make a comparison between transmission technique and IRS, it is 

necessary to know the effective thickness, de in the IRS experiment. The effective 

thickness can also provide a basis for calculating the theoretical upper limit on the 

absorbance for a weak absorber. It is defined as the thickness of a film of the sample 

material that would give the same absorbance for transmission at normal incidence as that 

obtained in the IRS. It is necessary to utilise expressions for the electric field amplitudes at 

the surface of the rarer medium in order to be able to calculate the effective thickness. As 

can be seen in figure 1.5 there are two polarisations: (a) the one perpendicular to the plane 

of incidence and is called transverse electric (TE) and (b) the one parallel to the
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plane of incidence and is called transverse magnetic (TM). The interface plane between the 

denser and the rarer media is perpendicular to the plane of incident radiation.

There are three electric field amplitude at the surface of the rarer medium, i.e. EXo, EYo, 

and EZo (fig 1.3). EZo is parallel to the plane of incidence and perpendicular to the plane of 

surface and E^, is parallel to both planes of incidence and surface. These two electric field 

amplitudes are associated with the TM wave which is elliptically polarised at the surface as 

a result of the oblique angle of incidence with the rarer medium. EYo is perpendicular to 

the plane of incidence and parallel to the plane of surface and is associated with the TE 

wave.

The thickness of the rarer medium has effects on the properties of the evanescent field. On 

this basis, all the cases will fall into two distinct categories. These are (a) the thin film case 

in which the electric field amplitude remains constant over the thickness, t of the film, such 

that t «  1/y. Therefore it has no controlling effect on the evanescent field and the field 

decays in medium 3 (ref index = n3 ). The other case is (b) the semi-infinite case. This is 

when the electric field amplitude falls to a very low value within the thickness of the rarer 

medium t, such that t »  1/y. The following expressions define the amplitude of electric 

fields in X, Y, and Z directions at the surface of the rarer medium (Z = 0).

For the thin case (t «  1/y):

2cos6^

V 0 - n 32,)
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2cos0^(l + n32)sin2 # - n 31
E„ =

A/ (1- n3lW(1 + I,3l)Sin20 - n

n, , n,
Where n3] = —  and n39 = —

n, ' n2

For the semi-infinite bulk case (t »  1/y)

• 2 . ,2' 05
TM wave where E„ = (|EXo + EZo |

Ex„ =
2 cos sin2 0 - n 2i)

- \ / l— n 2 , ^ ( l  +  n ^ s in 2 0 - n

E Zo =

2sin#cos#

Vi- 1*2!-\/(l+ n21)sin2^-n

TE wave Ex = E Yo =
2 cos 6 

a/1 n21

Where n,. = —
n,

(1.26)

(1.27)

(1.28)

(1.29)

Figure 1.8 shows the curves corresponding to the magnitude ofE  fields as a function of



angle of incidence for the ZnSe-SPEES/PES interface
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Figure 1.8: Calculated electric field amplitudes for polarised radiation and their variations with angle o f 
incidence for ZnSe-SPEES/PES interface

Figure 1.8 shows that the E values all increase away from the grazing angle (90°). Exo 

decreases abruptly near the critical angle and falls to zero at 0c, while EYo and EZo both 

reach maxima at the critical angle.
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2.1. Introduction

The Raman effect, one of the most significant advances in spectroscopy was predicted by 

Smekal in 1923, but it took another five years until observed for the first time by Sir 

Chandrasekhara V. Raman in 1928 [2.1].He used focused sunlight and filters and visually 

observed colour changes in the scattered light for his first experiments. Later, using a 

spectrograph and a mercury lamp, he obtained Raman spectra of many liquids including 

carbon tetrachloride and benzene. However, he needed to use about 600 ml of sample and 

24 hours exposure time in order to record a measurable spectrum. Because of such 

practical difficulties the Raman effect was not an easy technique to use. The introduction 

of the Toronto arc source in 1952 improved the technique but the modem Raman 

renaissance took place some three decades later in early sixties by using visible laser 

radiation.

Today Raman spectroscopy is one of the most powerful analytical techniques utilising high 

quality optics, very sensitive detectors, a variety of intense laser light, and digital data 

acquisition and processing with fast computers. For this reason it is not surprising
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that for many samples the Raman spectra can be recorded in seconds and thus the 

technique is easily and routinely used in academic or industrial environments.

2.2. Theory

The Raman theory has been described by two approaches known as classical theory and 

quantum theory. These theories have been described in detail by many researchers [2.2- 

2.5]. When an intense monochromatic beam of light impinges on a sample, about 99.9% of 

the light is scattered with the same frequency (elastic scattering) and only about 0.1% of 

the scattered light (inelastic scattering) contains photons which have frequencies greater or 

lower than that of incident light. In the other words interaction of a molecule with a 

photon of visible light with a specific energy can cause the photon to be scattered in one of 

the following ways: (a) the same frequency and retaining its energy (Rayleigh scattering),

(b) lower frequency and lower energy (Stokes scattering) and (c) higher frequency and 

higher energy (anti-Stokes scattering). This has been shown in figure 2.1.
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Figure 2.1: Rayleigh and Raman scattering model according to quantum theory

The intensity of Stokes and anti-Stokes scattering is dependent on the vibrational energy 

level of the molecule just before the collision. As can be seen in figure 2.1 the Stokes lines 

arise from transition of the molecules from the ground state vibrational energy level to a 

higher energy level and the anti-Stokes lines arise from the transition of the molecules in 

an excited energy level to a lower energy level. Since most molecular vibrations at room 

temperature are in the ground level hence the Stokes scattering is more intense. For this 

reason the Stokes scattering is usually recorded in most cases and is studied by 

spectroscopists. Figure 2.2 shows the Raman spectrum of silicon with Stokes and anti- 

Stokes bands.
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Figure 2.2: Raman spectrum o f silicon where (a) is the Stokes band, (b) is the residual Rayleigh scattered 
light (it should be noted that this band is only the Rayleigh scattered light after being filtered out by the 
holographic notch filter) and (c) is the anti-Stokes band

2.3. Sample fluorescence

One of the problems which is observed commonly in the Raman spectrum of many 

samples is a background fluorescence spectrum. The exact source of such fluorescence is 

not understood but one possible explanation for this phenomenon is the existence of trace 

amounts of "luminescing" sample impurities [2.6]. Fluorescently scattered light also 

undergoes a Stokes shift.. See figure 2.1.

Although there is no complete cure for this problem, the background fluorescence can be 

reduced in several ways: (a) Application of Raman microscopy. Indeed one of the 

advantages of the use of Raman microscopy is the reduction of fluorescence. A possible

26



reason for such reduction is "bleaching" or "burning out" of impurities by the relatively 

high power density laser on the small area of the sample.

(b) Choosing a laser beam with excitation wavelength (e.g. 1.06 pm) away from the 

excitation spectrum of the fluorophore. [2.7].

(c) Using phase-sensitive detection technique: [2.8] In this method Raman signals are 

separated from those of the fluorescence based by the fact that Raman scattering is an 

instantaneous process whereas in fluorescence, excited state lifetimes ( see fig 2.1) are 

often in the order of nanoseconds.

2.4. Raman microscopy

The idea of the possibility of extension of laser-excited scattering to the analysis of 

micrometer and sub-micrometer size particles was first suggested by Tomas Hirschfeld as 

early as 1969. In his abstract [2.9] he outlined some basic requirements for Raman 

microprobe spectrometers. Rosasco et al [2.10, 2.11] reported the first successful 

measurement of the Raman spectrum of individual micrometer and (sub micrometer) sized 

particles at the IVth International Conference on Raman Spectroscopy in 1974. Delhaye et 

al [2.12, 2.13], at the same conference reported the realisation of a Raman microscope. 

This led to the development of the first Raman microprobe at the US National Bureau of 

Standards [2.14] for particle analysis and at the Universite des Sciences et Techniques de 

Lille, [2.15-2.17] which was later commercially available as the MOLE [2.18].
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Since then, Raman microscopy has progressed and today incorporates the latest 

development in confocal microscopy (see section 2.4.2) which is the most efficient method 

for Raman mapping and microprobing.

In this thesis applications of Raman microscopy have been described later in detail under 

two sections of confocal Raman microspectroscopy and Raman imaging and mapping.

2.4.1. Sample heating in Raman microscopy

In Raman microscopy the laser beam may cause damage to the sample. This is due to 

focusing the laser beam to a very small area on the sample and thus relatively high laser 

power density at the sample. For polymers, moderate heating may cause damage in 

structure, composition and morphology. Some researchers have reported such damage on 

application of Raman microscopy to carbon fibers [2.19-2.23]. However it should be 

noted that carbon fibers are black and thus absorb a considerable amount of visible light, 

and hence causing substantial sample heating. In general distribution of generated heat is 

greatly influenced by the thermal conductivity of the sample [2.24]. Opaque inclusions or a 

non-uniform distribution of energy density within the sample can cause localised 

absorption.

2.4.2. Confocal Raman Microscopy

Marvin Minskey, who is well known as the father of artificial intelligence was also the 

author of another important achievement [2.25]. He built a revolutionary light microscope 

in the 1950s as a postdoctoral fellow at Harvard University. This instrument enabled him 

to view successively deeper layers in a specimen with astonishing clarity, without the 

laborious task of sample preparation in the form of thin sections. He patented the
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microscope as " double-focusing stage-scanning microscope " in 1961 but during the 17- 

years life of the patent no microscopes of similar design were manufactured. Disappointed 

with the lack of appreciation for his foray in the optics, he left the prototype to rust in a 

corner of his basement and moved on to other challenges.

To day his approach otherwise known as confocal microscopy is widely used in optical 

microscopy. It provides one of the significant advances in optical microscopy in the last 

few decades. A variety of microscopes for different purposes have been built which take 

advantage of this approach including confocal Raman microscopy.

The confocal setup of a Raman microscope can provide the means for "optical sectioning". 

This means that it has the ability to discriminate between parts of the sample which are not 

at the same depth and only allow the detection of scattered Raman light from molecular 

vibrations of a particular depth. This also provides a valuable way in Raman spectroscopy 

to almost eliminate the stray light (background, fluorescence) coming from outside the 

focal volume.

However, it should be noted that the use of the confocal method can also have some 

disadvantages. Since the laser light is focused on a very small point on the sample, the 

laser intensity is very high in that region and thus in some cases can damage the sample 

even at laser powers below 1 mW. This damage becomes visible under a light microscope 

in the form of a black snot or a "paling" of the sample at the site of the laser focus. The 

choice of the laser wavelength used for excitation is found to be crucial. In many cases 

such damage has not been observed with the use of a 632.8 nm laser. Photochemical 

effects may be the most plausible cause of the sample degradation at 514.5 nm. Foote 

[2.26] shows that DNA bases and a number of amino acids can be degraded in 

"photodynamical" processes requiring the presence of light, a sensitiser and oxygen. In
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such a process laser excitation brings the sensitiser via the singlet state in a long-lived 

triplet state. It can then react with oxygen to form reactive oxygen species that could 

cause the observed radiation damage through oxidation of the DNA bases or amino acids 

leading to lesions in these molecules.

Confocal Raman microspectrometry has been employed in many areas of science and 

technology. Some teams of researchers have reported the design of a new instrument or 

have developed the existing Raman microscopes in order to use the instrument in confocal 

mode for various applications [2.27-2.33], The use of fiber-optics in some of the new 

instruments has been reported [2.34-2.38]. It provides remote capabilities for the 

microscope and the ability to use multiple excitation sources and detection schemes. 

Biological applications of the technique include: cell biology and chromosomes [2.39- 

2.45], DNA-protein complexes [2.47-2.53] and other biological applications [2.54-2.61]. 

The use of this technique in materials [2.62-2.66] and polymer [2.67-2.74] science has 

also been reported.

2.4.2.I. Theory

Raman microscopy with spatial resolution of 1 pm in the lateral plane (x, y) has been used 

for many years to provide information about molecular vibrations of small area of samples. 

However for some samples a good spatial resolution along the optical axis, z is desirable. 

The signal intensity recorded by the detector for a given Raman line at the wavelength X is 

expressed by: [2.75]

signal ~ I0 ox N G T ^ s x  (2 .1)
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Where I0 = laser irradiance at the sample (watts unit area"1)

= differential cross-section for the analysed Raman line (cm2 . sterad'1 .

molecule'1)

N = number of molecules in the probed volume, V

0 = angle of collection of the Raman light

= througthput of the instrument at the wavelength X

s^ = sensitivity of the detector at the wavelength X

As a result of using the confocal approach a small volume of the sample is to be examined 

and thus, to compensate for the large reduction in the number of the molecules N in the 

probed volume, only I0 and 0 may be modified. For this reason the best way to decrease 

sampling volume while increasing laser irradiance and the collection angle is to use 

microscope objectives. Such objectives are used for both illuminating the sample and 

collecting the Raman scattered light. The numerical aperture (N. A.) of an objective 

determines the distribution of the laser field around the focus. The numerical aperture is 

the sine of half the angular aperture, i. e.,

Thus, microscope objectives with high-numerical aperture (NA) optics are able to focus 

the laser beam into a very small volume and to collect, under a wide angle, the Raman 

light scattered by this volume. See figure 2.3.

(2.2)

Where, N. A. = Numerical aperture with maxium value of 1.

0 = Angle of entrance.
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Figure 2.3: Schematic diagram o f the distribution o f laser light near focus using a microscope objective 
with (a) high NA, (b) low NA

Table 2.1 shows the calculated values of such a relationship for the objectives which have 

been used for the studies in this thesis.

Objective NA 1/2 angle, 0 (deg) Depth of focus, © (pm)

lOOx 0.95 71.8 0.1

5 Ox 0.80 53.13 0.4

20x 0.46 27.39 2.4

20x (long) 0.40 23.58 3.3

lOx 0.30 17.46 6.4

Table 2.1: Calculated values for the depth offocus, co for various microscope objectives
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When a pinhole is placed in the back focal plane of a microscope, light from planes higher or 

lower than focal plane are blocked by the opaque regions around the pinhole and in this way the 

depth resolution of the microscope can be enhanced enormously. Figure 2.4 shows the principle 

of confocal microscopy.

slit w id th

CCD area  

(4 x 5 7 6  pixels)

LASER BEAM

CCD area  ca p tu rin g  light 

from  con foca l s ec tio n  

(pinhole e ffec t) .
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CCD d e te c to r

ENTRANCE SLIT

MICROSCOPE

OBJECTIVE
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Figure 2.4: Schematic diagram o f the principle o f confocal Raman microspectroscopy

Some researchers [2.73,2.42] have used pinholes with dimensions 100 and 300 pm. The 

pinhole has been aligned in the optical axis and along the optical axis with the aid of 

micrometer adjustments. The process of such optical alignment can be difficult and time- 

consuming. In order to reduce such difficulties Williams et al describe the use of a CCD
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detector with a stigmatic Raman spectrograph [2.74], In this way the long axis of the CCD 

detector (576 pixels) is used to describe the spectral dimension, while the shorter axis (384 

pixels) describes the image height. By using only a few pixels in the spatial direction of the 

detector (four pixels represent an image of 100 pm) and the spectrometer slit with width 

of approximately 15 pm (used to provide the primary aperture in the system), the "pinhole 

effect" as a small area on the CCD detector is created. This is shown in figure 2.4.

The role of the pinhole can be explained by geometrical reasoning and, and in order to 

keep the model for explaining this role simple, diffraction effects at the pinhole are 

ignored. This is a good approximation since a pinhole of greater than 100 pm has been 

used in these studies and thus diffraction effects at the pinhole are small [2.73]. In addition 

the influence of refraction, scattering, and absorption at the sample surface has been 

disregarded. Figure 2.5 shows the schematic of a light microscope coupled to a 

spectrograph. This is similar to the Renishaw Ramascope used for these studies.
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Figure 2.5: The schematic diagram o f the optics in the Raman microscope with confocal setup (similar to 
Renishaw Ramascope). (a) sample plane, (b) objective lens, (c) microscope objective, (d) laser source, (e) 
beam splitter, (f) mirror reflecting the Raman light to the spectrometer, (g) slit focusing lens, (h) pinhole, 
f I  andf2 are the focal length o f the objective and slit focusing lenses respectively, d is the distance from 
the focal plane o f the objective lens, Is is the diameter ofpinhole and f  is the diameter o f the image o f  
the projected laser spot

The objective lens and the slit focusing lens are designated as L\  and L2  respectively. The 

smallest diameter of the laser beam is in the focal plane of the objective lens, LI [2.76] and 

this diameter remains approximately constant up to a certain distance from the focal plane. 

This is known as the waist, co (see fig 2.3). Equation 2.3 can be used to determine depth of 

waist which is known as depth of the focus [2.77].
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Where X = wavelength of the laser light 

0 -  entrance half-angle

The calculated depth of focus for the objectives used in these studies are shown in table

2.1. The size of the laser spot can be expressed by s(/l ± d) where f \  is focal length of the 

objective lens and d is distance from in-focus plane and thus the following equations can 

be used to determine the diameter of the laser light around the focus;

s(f,±d) = s(f,) for 2.4

for 2.5

In a confocal arrangement a slit is placed at the back image of the microscope and an out- 

of-focus laser spot with size s.(/j ± d) will be imaged outside of back focal plane at a 

distance Z2  from the slit focusing lens, L2 -(see fig 2.5). i.e.,



-1

Z, = s -----
2 If, -1 (2 .6)

fo -
v»i f, ± d,

Wheref y  is the focal length of the slit focusing lens, L2

This image is projected on the back image plane of the microscope which is bigger than 

the laser spot image lying on the focal plane. The diameter of the out-of-focus projection, 

It on the image planef y  can be calculated [2.73] by:

f,.M.[s.(f, ±d)] (2 ?)
1 z."2

Where M is the magnification power of the objective. Since the out-of-focus projection, 1̂  

is larger than in-focus one (see fig 2.5), by placing a pinhole with a diameter, Is less than 

that of If, it is possible to block most of the light coming from the regions below and 

above than the focal plane and allow only the light from the focal plane to reach the 

detector of the instrument. Equation 2.7 shows that microscope objectives with a high 

numerical aperture (and thus with a wide half angle of collection) can ensure (1) a very 

divergent beam out sid“ the focal plane and (2) a short waist. In this way the projection, If 

(see eqn 2.7) is enlarged from the out-of-focus laser at the back image plane and thus 

enhances the efficiency of the pinhole.
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Figure 2.6 shows a comparison between curves obtained with confocal and conventional 

Raman microscopy. In this figure intensity distribution has been represented as a function 

of distance from the object focal plane.
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Figure 2.6: Comparison o f  (a) confocal Raman microscopy, and (b) conventional Raman spectroscopy

In order to show the effect of microscope objectives with various magnification power and 

numerical aperture on confocal Raman microscopy, a simple experiment was performed 

[2.67], In this test the focus of the laser was stepwise (1 pm) scanned away from the 

surface of a silicon wafer, and the signal intensity of the fundamental vibration at 519 cnr1 

was recorded. Figure 2.7 shows a plot of Raman intensity as a function of distance away
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from silicon surface. From this experiment the depth resolution using different microscope 

objectives could be determined. The depth resolution was thus determined for the lOOx 

objective as 2.0 ± 0.3 pm and for the 50x objective as about 5 ± 1 pm using FWHM 

criterion. However, it is clear from figure 2.7 that about 90% of the scattered light is 

contributed from a 2 pm (with a lOOx objective) from below and above the plane of focus, 

but it should be noted that significant Raman scattering light is still contributed from the 

regions further above and below this region.

The data for the curves in figure 2.7 have been collected experimentally using the above 

test and thus these curves show the response of the Raman confocal microscope in 

practice. However it is possible to determine the theoretical response of the system and 

thus compare the experimental and theoretical performance of the Raman confocal 

microscope.
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Figure 2.7: Effect o f use o f various microscope objectives is shown as a plot o f intensity o f the 519 cm'1 
band o f silicon (Raman counts) as a function o f distance from the focal plane o f  the objective lens

The total amount of scattered light (I^2)from the infinitely thin plane of sample can be 

determined by combining equations 2.2 or 2.4 with 2.7 for each depth at a distance d from 

the front focal plane of the objective lens. Thus the ratio of the scattered light reaching the 

detector (Is2) through the pinhole with diameter Is and the total scattered light from the 

sample (It2) with image projection diameter of If can be determined. This ratio (Is2/If2) is 

the theoretical response of the Raman microscope with a confocal setup for the infinitely 

thin plane of the sample. Figure 2.8 shows a comparison of a plot of the theoretical
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response of the confocal system used in these studies with a 200 pm pinhole with the 

experimental response mentioned earlier. In figure 2.8 the intensity of scattered Raman 

light at the surface of the sample is assumed to be 100%.
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Figure 2.8: Comparison o f  the theoretical response o f  the confocal Raman microscope (Ratio o f  the 
intensity o f the Raman-scattered light transmitted through the pinhole and the total light intensity, Is2/ f 2) 
with the experimental response
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2.4.3. Raman imaging and mapping

In recent years different Raman imaging techniques have been developed. One way to 

categorise them is by the way that the sample is illuminated with laser beam.



a) Global illumination:

This is employed in MOLE (Molecular Optical Laser Examiner) which provides the only 

way for direct real-time imaging. In this technique a large area of the sample is uniformly 

irradiated with monochromatic radiation of frequency v0. A filter such as a grating 

monochromator or optical filter tuned to a given characteristic Raman line of one 

component of the inhomogeneous sample transmits a monochromatic image of this to a 

two dimensional multi-channel detector.

One of the major advantages of this type of imaging is the relatively short time taken to 

analyse a surface area of a (large) dimension up to 200 It also (unlike mapping) does 

not require the acquisition of many spectra followed by data manipulation to create the 

image.

The new designs [2.78] have improved the field of direct Raman imaging. Such systems 

benefit from three technological developments: (a) the use of the low noise, cooled CCD 

detector which provides an electronic photographic image of very high quantum 

efficiency, (b) the use of multilayer dielectric filters with high selectivity and (c) the use of 

a PC allows control of the tuneable filter and enables processing of the image reflected on 

the detector. The tunable filters can provide an increase in light throughput and reduction 

in optical complexity, without loss of ability for light rejection. The filters have a 

resolution of 2 cm"l for Raman spectra and 20 cm~l for Raman imaging [2.79] and are 

tuned by rotating the filter with respect to the incident beam.
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Figure 2.9: Schematic diagram o f the Raman microscope in imaging, (a) laser source, (b) mirror, 
microscope objective, (d) beam splitter, (e) mirror, (f) filters and (g) CCD detector

The centre wavelength of the filter pass-band is given by

A(6) _ r n 2 -  sin2 6 ^ 2 
'l(O) I  nr2 J

(2 .8)

where 0= the angle of incidence (to the normal) 

nr= refractive index of the filter 

X(0)= centre wavelength at normal incidence 

?l(0)= centre wave’ength at angle 0

43



Equation 2.8 shows that as the angle of incidence is increased, the central wavelength 

shifts to the lower wavelengths. This is shown in figure 2.10, which is a plot of centre 

wavelength at angle 9 as a function of angle of incidence by using a filter with refractive 

index of 2, centred at 700 nm for normal incidence. In a Raman microscope such as the 

Renishaw Ramascope a few of these filters with varying angle of incidence are used to 

cover the 200 to 4000 cm"* range of Raman frequencies.
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Figure 2.10: Plot o f centre wavelength at angle o f incidence, 6 as a function o f the angle

However, dielectric bandpass filters suffer from a number of anomalous effects at angles 

greater than that of normal incidence. These include: (a) scattered Raman light from 

various sections of the illuminated area passes the filter at slightly different angle, 0.
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Thus different parts of the illuminated area undergo different wavelength shifts, (b) for 

angles greater than normal incidence the transmission bands for p and s-polarised light 

undergo divergence. This means that p and s-polarisation which are coincident in normal 

incidence, in non-normal angles of incidence cause separation of the centre wavelength for 

s and p-polarisation. This effect is more prominent at angles greater than 30°. In order to 

avoid such anomalous effects Puppels et al [2.80] have developed a new arrangement.

Instead of narrow-band interference filter some researchers have used tunable acousto- 

optic (AOTF) or liquid crystal (LCTF) filters for direct imaging [2.81-2.82]. AOTFs are 

solid-state birefringent crystals that provide an electronically tunable spectral notch 

passband in response to an applied acoustic field. LCTFs can also give a notch passband 

which is controllable by incorporating liquid crystal waveplate retarders within a Lyot 

birefringent filter.

Another imaging technique which illuminates the sample globally is known as Hadamard 

transform Raman microscopy and it has been reported by Treado et al [2.82-2.85] and Liu 

et al [2.86], Hadamard mask encoding allows medium to high spatial resolution imaging 

with global illumination. A laser beam is imaged on the sample through a series of masks. 

The spatially encoded signals from each of n masks, each containing n resolution elements, 

are measured. The spatial distribution of the signal is recovered by Hadamard 

transformation of the matrix of encoded signals.

b) Line illumination:

In this technique both spectral and spatial information can be collected simultaneously and 

thus a better use of a 2D array detector (e.g. CCD) may be achieved. Spatial distribution 

of molecular components within the illuminated line of the sample is defined by the data 

along the slit direction and spectral information is defined by the data
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perpendicular to the slit. Dhamelincourt et al [2.75] have patented a special optical device 

based on line illumination that benefits from advantages of the confocal Raman 

microscopy.

c) Point illumination:

In this technique the laser beam is focused on a very small area (~ 1 pm^) of the sample. 

The Raman scattered light then is passed through a pinhole and then recorded by a two 

dimensional array detector (CCD). Thus this technique uses the advantages of the 

confocal microscopy (see section 2.52). Then the focussed laser 'spot' on the sample is 

changed to another area by using an automated microscope stage controlled by a 

computer. A new spectrum is then obtained. This procedure is repeated for a desired area 

of the sample. The Raman map (image) then can be constructed by inputting the Raman 

data (e.g. band intensity) into a suitable software.

The main advantage of this technique is the high resolution of the image due to the use of 

confocal microscopy. This technique can also provide additional information about the 

variation of band shape due to possible interactions between different components of the 

sample. However, it should be noted that although the mapping process in recent years has 

been more efficient by using CCD detectors, the major disadvantages associated with this 

technique are (a) the long time required for collection of the data from many sample points 

and (b) the subsequent computer data processing.

2.4.3.I. 3-D Raman mapping

The confocal microscope is a popular tool for obtaining three-dimensional images of 

various materials [2.87-2.88]. A three-dimensional map can be constructed by raster- 

scanning the optical system across the various planes of the object and then stacking the
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resultant maps of the planes at different depths. However, three-dimensional micro Raman 

imaging is not readily achievable by direct imaging techniques owing to the poor axial 

resolution of the conventional microscope, which does not allow optical sectioning.

Govil et al [2.89-2.90] have described an alternative to confocal microscopy for three- 

dimensional microscopic Raman imaging. They have reported the use of Hadamard 

transform microscopy to acquire the Raman images from different sections of sample. 

Image-restoration is then achieved by using a nearest neighbour deblurring technique to 

reject the out-of-focus information and sharpen the images. This type of image restoration 

is relatively unsophisticated. It does not require calculation of 2D Fourier transforms and a 

personal computer can handle the procedure. However, one of the disadvantages of this 

technique is that the sharpening of the image of the plane of focus is at the expense of the 

signal-to-noise ratio.

2.4.3.2. Applications

Raman microscopy is an important tool in a variety of scientific areas. In materials science 

it has been applied to semiconductors [2.91] to characterise such devices [2.92] and their 

microstructure [2.93], analysis of gallium arsenide defects and misorientations 

[2.79,2.94,2.95], strain mapping of the surface [2.96] and other applications to 

semiconductors[2.97-2.99]. Carbon composites [2.100], graphitic materials [2.101] and 

diamond films [2.78, 2.102] have also been studied using Raman microscopy.

This technique has been utilized in order to study inclusions by many groups. Examples of 

such applications include: identification of catalyst residues as contaminants of finished 

products, the analysis of defects and bubbles in glass [2.103] in the metallurgical industry 

[2.104], in the analysis of bubbles in fibres in the fibre optics industry [2.105], insitn

47



analysis of fluid inclusions in minerals[2.106-2.111], inclusions in eclogites [2 .1 1 2 ] and 

feldspars[2.113].

Raman imaging and mapping has been applied to a variety of polymeric materials. Jawhari 

et al [2.114] have employed micro-Raman mapping to study changes in crystalline 

structure in PVF2  when this polymer is subjected to stress. Batchelder et al [2.115] have 

demonstrated the use of Raman imaging to films of urethane/acrylate polymer which 

contain PTFE particles. Markwort et al [2.116] have compared global versus point 

illumination. They have compared three polymeric systems, i.e., (a) polystyrene beads in a 

matrix of polyacrylate, (b) a polyethene fiber/epoxide composite and (c) a ternary polymer 

blend. Garton et al [2.117] have examined three examples of polymer blends. These 

include: (a) a rubber-toughened epoxy resin, (b) polyethlene/polypropylene blends with a 

range of compositions and (c) a poly(ethylene terephthalate)/poly(butylene terephthalate) 

blend. Williams et al [2.11] have reported an image of the Raman band of an 

inhomogenous PTFE coating. Schaeberle et al [2.118] have described Raman imaging of a 

polypropylene/polyurethane blend employing a solid-state acousto-optic electronically 

tunable imaging spectrometer integrated with a microscope. Liu et al [2.86] have 

employed the Hadamard transform Raman microscope to polymer samples. Evans et al 

[2.69] have demonstrated the use of Raman imaging and Raman confocal mapping for a 

number of polymeric and non-polymeric materials.

Raman microscopy apart from imaging and mapping has been applied to many other 

polymeric material, including polymer fibers such as polyacetylene and aramid [2.119, 

2 .1 2 0 ], poly(p-phenylene benzobisthiazole) [2 .1 2 1 ], poIy(p-phenylene benzobisoxazole, 

PBO) [2.122], polyoxymethylene [2.123] and polyethylene [2.124-2.130]. The following 

systems have been studied as fiber/epoxy composites: polydiacetylene fibers in epoxy 

matrices [2.131,2.32], single crystals of polydiacetylene embedded in a bisphenyl-urethane
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matrix [2.133], single-fiber composites of aramid/epoxy [2.134,2.135] and high modulus 

polyethylene fibers embedded in an epoxy matrix [2.124, 2.136]. Other applications of the 

micro-Raman technique to polymeric materials include: the measurement of local stress in 

a model lubricant polyphenylether [2.137], the study of rigid glassy diacetylene-containing 

copolyurethane [2.138], study of deformed polymeric materials [2.139-2.141] and 

measurement of local molecular orientation around a notch in a polycarbonate test sample 

[2.142].

As well as the above applications, Raman microscopy has also been used for 

characterisation of zirconia morphology [2.143-2.145], historical and works of art 

[2.146], biological tissues [2.147-2.149], corrosion [2.150, 2.151] and environmental 

studies [2.152].
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Effect o f  annealing temperature
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Annealing temperature o f  75 °C 
Annealing temperature o f  90 °C 

PAA/PAN laminate 
Effect o f  annealing time

3.1. Introduction

Polymer laminates, formed by the combination of several polymers to form multilayer 

structures are used, for instance, as food packaging materials and are important in 

connection with areas such as biocompatibility [3.1, 3.2], adhesion [3.3] and diffusion 

[3.4-3.8 ]. Such laminates may be a combination of two or more layers. The properties of 

these polymeric layers at interface are affected by polymer/polymer interdiffusion and, in 

all applications, the properties of the polymer are determined by the concentration profile 

of the two polymers across the interface.

A number of techniques have been used to study the polymer laminates. These techniques 

include waveguide Raman spectroscopy [3.9], external reflection and attenuated total 

reflection infrared spectroscopy (FTIR-ATR) [3.10, 3.11], scanning electron microscopy 

combined with energy-dispersive spectroscopy (SEMXEDS) [3.12], transmission electron 

microscopy (TEM) [3.13, 3.14] and transmission electron microscopy combined with 

energy-dispersive spectroscopy (TEM/EDS) [3.15]. Furthermore, several techniques have 

been utilised to measure the concentration profile across the interface. These include 

Rutherford backscattering spectroscopy (RBS) [3.16], small angle X-ray scattering
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(SAXS) [3.17], small angle neutron scattering (SANS) [3.18], secondary ion mass 

spectrometry (SIMS) [3.19], IR microdensitometry [3.20] and neutron reflectometry 

[3.21],

In this work, confocal Raman microspectroscopy has been used to study the variations in 

the interfacial region in model polymer laminates as a function of (a) polymer molecular 

weight and (b) annealing temperature. This technique does not provide the information on 

as small a scale as in neutron total reflection or TEM but it does have advantages; for 

example (a) little sample preparation is required, (b) the non-destructive nature of the 

technique, and (c) ease of use of the technique. The theoretical background of confocal 

Raman microspectroscopy has been described in detail in section 2.4.2.

The polymer laminate used to study the effect of molecular weight was a two-layered 

model sample consisting of a top layer of poly (vinyl alcohol), PVOH and a base layer of 

poly (methyl methacrylate), PMMA. Figure 3.1 shows the schematic diagram of the 

deposited polymer laminate on a quartz slide. In order to study the effect of annealing 

temperature, a laminate consisting of a top layer of PVOH and a base layer of 

polyacrylonitrile, PAN was used.

This experimental systems were chosen for two reasons, (a) it was possible to find a 

solvent that dissolves the PVOH but not the PMMA, and (b) it is not unreasonable to 

expect interfacial interactions by hydrogen bonding between the two polymer layers.

Pereira et al [3.11] have used FTIR-ATR spectroscopy with the barrier film technique to 

obtain a depth profile of a PMMA/PVOH laminate. However this technique requires 

preparation of many laminates with PMMA layers of different thicknesses. Tait et al [3.9] 

have used waveguide Raman spectroscopy to obtain a depth profile of a PVOH/PMMA 

laminate. This technique is limited by difficulties found in achieving a viable waveguide.
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3.2. Experimental

3.2.1. Polymer laminate preparation:

Poly(vinyl alcohol), PVOH, polyacrlylonitrile, PAN and poly(acrylic acid), PAA were 

purchased from Aldrich Chemical Company Ltd, Poly(methyl methacrylate), PMMA(I) 

and PMMA (II) were obtained from ICI (Wilton) and PMMA(III) from Fluka Chemicals 

Ltd. Table 3.1 shows the various characteristics of these polymers.

Polymer MW Ta (°C) molecular formula solvent

PMMA(I) 800,000 - 1 0 0 [-CH ,C(CH ,)(C02C H ,)-]n DCMt

PMMA(II) 1 2 0 , 0 0 0 -114 r-CH,C(CH,)(CO,CH,)-l„ DCMt

PMMA(III) 34,000 -115 r-CH,C(CH,)(CO,CH,)-ln DCMt

PVOH 50,000 75-85 r-CH,CH(OH)-l„ watert

PAA 2 , 0 0 0 -106 r-CH,-CH(COOH)-l„ DMF§

PAN 15,000
00I r-C H ,-CH (O N)H -ln watert

Table 3.1: Characteristic parameters o f the polymer compounds used in this thesis.

f: dichloromethane, spectroscopic grade from Aldrich Chemical Company Ltd 
pure water, Millipore 

§: N,N-dimethylformamide, spectroscopic grade from Aldrich Chemical Company Ltd

The PMMA layer (bottom layer) of laminate films was deposited onto a quartz slide from 

DCM using the dip coating procedure [3.22].

In this technique, thickness of each polymer film can be controlled with speed of dipping 

and the solution concentration. A PVOH film was then deposited onto the PMMA layer as 

a 'coating' by the same technique with water as solvent, to produce a laminate. At each 

stage samples were dried in the oven at 70 °C (other temperatures were used for 

investigation of the effect of annealing temperature) for 24 hours. Figure 3.1 shows a
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schematic diagram of such polymer laminates. The thickness of PMMA and PVOH layers 

were determined within 1% and 5 % accuracy, respectively, with the use of a surface 

profiler (Laser Form Talysurf).

TOP LAYER

/  /  BOTTOM LAYER

QUARTZ SLIDE

Figure 3.1: The quartz slide and deposited polymer laminate

PVOH/PAN or PAA/PAN laminates were prepared by depositing PAN films onto quartz 

slides from N,N-dimethylformamide, DMF as a solvent using the dip coating technique. In 

order to form a PVOH/PAN laminate, a PVOH film was then deposited onto the PAN 

layer from water as a solvent using the dip coating procedure. The PAA/PAN laminate 

was produced by depositing a PAA film onto the PAN layer from water as a solvent using 

a casting technique to obtain a thicker PAA film. At each stage polymer films were dried 

in the oven. The annealing time and temperatures used for preparation of these laminates 

are summarised in table 3.2.

In order to determine that after drying there is no residual solvent (DMF) present in the 

PAN layer, the Raman spectrum of this film was obtained and the presence of the 

characteristic bands corresponding to DMF was examined. The thicknesses of the PAN, 

PVOH and PAA layers were determined within 2%, 5% and 4% accuracy respectively 

using a surface profiler (Laser Form Talysurf).
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Laminate Bottom layer (PAN) Top layer (PVOH or 

PAA)

Temp (°C) Time (hrs) Temp (°C) Time (hrs)

PAN/PVOH (I) 65 24 65 2 1

PAN/PVOH (II) 75 43 75 2 0

PAN/PVOH (III) 65 43 90 24

PAN/P AA 85 25 65 45

TABLE 3.2: Annealing temperature and time used for preparation o f  the laminates 

3.2.2. Confocal Raman microspectroscopy procedure

The polymer films were deposited on the quartz slides using a dipping instrument which is 

capable of earring out the dipping procedure with various reproducible speeds.

Raman spectra were recorded on a Renishaw Ramascope spectrometer (system 2000). 

Figure 3.2 shows the schematic diagram of this instrument. It is equipped with a Peltier 

cooled CCD detector, a holographic grating (1800 grooves/mm) and two Raman 

holographic edge filters which prevent the back scattered laser radiation from entering the 

spectrograph. The stigmatic single spectrograph is attached to an Olympus BH2 

microscope.

The Ramascope was set up in confocal mode using a lOOx short-working-length objective 

(N.A. value of 0.95), a slit width of about 15 pm and a CCD area of 4 x 576 pixels. The 

long axis (576 pixels) defines the spectral dimension and the short axis describes the height 

of the image. The arrangement of the CCD and the slit width acts as the pinhole for
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blocking out-of-focus signals. This confocal arrangement provides the depth resolution of 

about 2.5 ± 0.3 pm. Before each depth profiling experiment, the resolution of the confocal 

arrangement was determined with depth profiling of a silicon wafer as the standard 

material. The details of this experiment has been described in section 2.4.2. The Raman 

spectra were recorded using the 632.8 nm line of a He-Ne laser.
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S I

m

Figure 3.2: Schematic diagram o f the Renishaw Ramascope, system 2000. (A) laser attenuation filter 
wheel, (B) laser alignment mirror, (C) objective lens and 300 yon pinhole, (D) spot focus adjustment lens 
(x4 objective), (E) adjustable lens, (F) fixed mirror, (G) dichroic beam splitter (holographic notch filter) 
and polariser, (H) wedge mirror, (I) spatial filter, (J) isosceles triangular mirror, (K) grating, L wedge 
mirror, (M) focusing lens, (N) CCD chip, (O) adjustable mirror, (P) filter disc and drive motors, (Q) 
Fabry-Perot etalon filter, (R) adjustable mirror, (S) laser light mirror control, (T) white light 50:50 beam 
splitter control, (U) mechanical stage, (V) on/off switch for white light, (W) interlock switches and defeat 
key-switch and (X) delivery optics tube containing alignment mirror [2.32]
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A depth profile of each laminate was then obtained by focusing the microscope stepwise 

(1 pm) through the polymer laminate and recording a spectrum at each step. The position, 

area and the full width at half height (FWHH) of the important bands were determined as a 

function of the depth using the Renishaw curve-fitting programme.

3.3. Results and discussions

3.3.1. Effect of molecular weight

PMMA/PVOH laminates prepared with various molecular weights of PMMA were used 

for these experiments. See table 3.1. The thickness of the PMMA and PVOH layers were 

4.5 ± 0.5 pm and 9.5 ± 0.5 pm respectively. This system was selected to examine 

interactions at the interfacial region due to possible hydrogen bonding between the 

carbonyl group of PMMA and the hydroxyl group of PVOH. Another advantage of this 

system is that, we can deposit the PVOH layer from water on a PMMA substrate, since 

PMMA is not soluble in water. Spectra of the pure individual films are shown in figures 

3.3 and 3.4.

In order to obtain a depth profile of each laminate, the 550 - 1100 cm-1 region of the 

spectrum was recorded. Figure 3.5 shows the spectra recorded as a function of depth for 

the PMMA(III)-PVOH laminate.
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Figure 3.5: 3-D representation o f the depth profile o f the v(C=0) band ofPVOH/PMMA laminate 
obtained by focusing the microscope stepwise (1 pm) through the laminate
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As expected, the initial spectra show no bands corresponding to PMMA and only PVOH 

bands at 854 and 917 cm-1 (Figs 3.5a - d). The subsequent spectra (Figs 3.5e - j) indicate 

the presence of PMMA with bands at 813 and 601 cm-1 as well as PVOH bands. The 

important feature of this region, which in this thesis is referred to as the interfacial region, 

is that as we continue recording the spectra through the depth of the laminate, the 

intensities of the PMMA bands increase as the intensities of the PVOH bands decrease.

This is expected, since by focusing at the deeper parts of the laminate, spectra are 

collected closer to the PMMA layer and further away from PVOH layer. It is this region 

which is expected to show some hydrogen bonding interaction between the ester and 

alcohol groups of the PMMA and PVOH layers respectively. Finally, the last spectrum 

(Fig 3.5k) shows only bands corresponding to the pure PMMA. However, the intensity of 

the PMMA bands show a decrease on moving into the pure PMMA layer. This 

phenomenon has been observed for all the three cases. The loss of intensity of PMMA 

band in the lower regions is probably due to the effects of absorption, scattering and 

mismatch of refractive index of the two polymers at the interface.

It is clear from figure 3.5 that the bands corresponding to both PMMA and PVOH layers 

appear in some of the spectra. Since both polymers have Raman bands in the 500-1100 

cm"l region, the method of spectral subtraction was utilised to distinguish spectra 

corresponding to the PVOH and PMMA layers. Thus a spectrum of pure PVOH (see fig 

3 .3) film was first obtain°d and this spectrum was used for spectral subtraction without 

any intensity weighting. Then the spectrum of pure PVOH film was subtracted from each 

spectrum. However, in order to remove all the bands corresponding to PVOH layer, it was 

necessary to add scale and offset values to each of the input files before they were 

subtracted. Figure 3.6 shows the results of the spectral subtraction.
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Figure 3.6: Raman data obtained by subtraction o f a pure PVOHfilm from each o f  spectra recorded in 
the depth o f the PMMA(II1)/PV0H laminate
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It can be seen that the first detectable sign of PMMA band at 813 cm-1 has appeared in the 

plane of focus about 4 pm below the top surface of the upper layer in the 

PVOH/PMMA(III) laminate. However, it should be noted that this does not indicate the 

position of upper boundary of the interfacial region. The reason for this is that as 

mentioned earlier (fig 2.7) although approximately 90% of the scattered light is collected 

from about 2.5 pm below and above the plane of focus, but significant Raman signals may 

be contributed by PMMA in the lower regions.

The spectral subtraction method was repeated as above to determine the last spectrum 

which shows any bands corresponding to the upper layer (PVOH). Hence, a spectrum of a 

pure PMMA film (fig 3.4) was first collected and then this was used for subtraction 

without adjusting the intensity. As mentioned earlier, scale and offset values were added to 

each of the input files before they were subtracted. Figure 3.7 shows the results of the 

subtraction.

It is clear that the last detectable sign of the bands corresponding to PVOH at 917 and 854 

cm-1 appear in the spectrum of the plane of focus about 10 pm below the top surface. For 

the reasons mentioned above, it should be noted that this does not necessarily define the 

position of the lower boundary of the interfacial region.
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Figure 3.7: Raman data obtained by subtraction o f a pure PMMA film from each o f spectra recorded in 
the depth o f the PMMA(11I)/PV0H laminate
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In order to determine whether the depth of penetration is related to the molecular weight 

of the PMMA film, we performed the same experiment and obtained the depth profiles for 

the PVOH/PMMA(II) and PVOH/PMMA(I) laminates with PMMA molecular weights of 

120,000 and 800,000 respectively. Figure 3.8 shows the plot of intensity as Raman counts 

for total exposure time as a function of depth for the all the three different PVOH/PMMA 

systems. It should be noted, however, that in view of the depth resolution of the confocal 

microscope, we can not determine the exact upper and lower boundaries of the interfacial 

region. In addition to this it should be noted that unlike infrared techniques in a Raman 

experiment the value of intensity (Raman counts) in a fixed time scale may vary slightly 

due to the effect of various factors such as slight changes in laser intensity or dust particles 

and so on. Thus this degree of uncertainty has been corrected by adding error bars to each 

intensity value.

It is clear from figure 3.8 that the degree of interpenetration is not the same in all the three 

systems. Indeed, although it is difficult to determine the exact position of the interfacial 

region, it can be seen that the interfacial region is broader for the laminates with lower 

PMMA molecular weight.

One possible explanation for the relationship between molecular weight and the degree of 

interpenetration of PMMA is the effect of molecular weight on the mobility of the polymer 

chains at a limited annealing time. Boven et al [3.10]> using infrared spectroscopy have 

shown that the rate of the interdiffusion is dependent on the molecular weight of the 

polymers used.
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Figure 3.8: Plot o f  the intensity (Raman counts for total exposure time) as a function o f  depth for (a) 
PVOH/PMMA(I) laminate, (b) PVOH/PMMa(II) laminate, and (c) PVOH/PMMA(III) laminate
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This means that the polymers with the lower molecular weight reach a completely mixed 

(equilibrium) system faster than the polymers with higher molecular weight. Thus, it is 

reasonable to expect that the PVOH/PMMA(III) laminate with lower PMMA molecular 

weight has reached closer to the completely mixed system than the PVOH/PMMA(I) 

laminate with much higher PMMA molecular weight. This study indicates the potential 

power of the confocal Raman microspectroscopy to study the extent and rate of 

interdiffusion in polymer laminates.

3.3.1.1. Interfacial Effects

So far it has been shown that the two polymers interpenetrate towards each other at the 

interfacial region. In this region, the existence of some degree of hydrogen bonding 

interaction between PMMA and PVOH films might be expected. It is well known [3.23] in 

vibrational spectroscopy that hydrogen bonding is manifested by frequency shifts, band 

broadening and intensity changes in the carbonyl, v(C=0) and hydroxyl, v(O-H) bands of 

the ester and alcohol groups of the polymers. Unfortunately the v(O-H) band (at about 

3400 cm-1), which is very strong in the infrared spectrum, does not have a very high 

Raman cross section (fig 3.3). However, the v(C=0) band is clearly visible in the Raman 

spectrum and the possible changes in this band at the interfacial region can be studied. 

Figure 3.9 shows the Raman spectra recorded at the 1600-1900 cm-1 region for the 

various depths of the PVOH/PMMA(III) laminate.

It is clear that the carbonyl band is broader near the upper part of the interfacial region (fig 

3.9a) than in the PMMA layer (fig 3.9c) even allowing for relatively low signal to noise 

ratio.
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Since the PVOH film has been deposited on the PMMA film from a water solution, one 

should consider whether hydrogen bonding between the hydroxyl group of water and the 

carbonyl group of the ester (PMMA) may be responsible for the u(C=0) band broadening. 

In order to check this, a pure PMMA film was coated with a water layer and then was 

dried in an oven for the same drying temperature and time (70 °C, 24 hours) as for the 

laminates. A comparison of the spectra of the PMMA film before and after a few hours of 

exposure to water shows a u(C=0) band broadening. However, spectrum of PMMA after 

complete drying shows no u(C=0) band broadening. This indicates that all the hydrogen 

bonding due to water-PMMA association has been removed after complete drying. Thus it 

can be concluded that the u(C=0) band broadening in the laminate after complete drying 

is due to hydrogen bonding between hydroxyl group of PVOH and carbonyl group of 

PMMA.

Figure 3.10 shows a plot of full width at half-height (FWHH) of the u(C=0) band as a 

function of the distance, Z, from the top surface focal plane of the laminate. The error bars 

have been determined on the basis of uncertainty caused by the noise level in the spectra 

for measuring the exact FWHH.
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Figure 3.9: Raman spectra o f v(C=0) band ofPVOH/PMMA (III) laminate. The carbonyl band 
corresponding to (a) upper part o f the interfacial region, (b) middle o f the interfacial region; (c) PMMa 
layer, and (d) a pure PMMa film
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As expected, for hydrogen bonding interaction, the band width is much broader at the 

interfacial region and decreases as it approaches the PMMA layer. Indeed the band width 

measured for the u(C=0) band of the pure PMMA region (fig 3.9c) of the laminate is in 

good agreement with that measured for a PMMA film (fig 3.9d). However, there was no 

obvious shift of the u(C=0) band as might also be expected for a hydrogen bonded 

interaction.

One possible explanation for this is the effect of the dilution phenomena in the interfacial 

region. In this region the PMMA carbonyl group may interact via dipolar interaction with 

other PMMA carbonyls or via hydrogen bonding with surrounding PVOH molecules. 

Shelley et al [3.24] have explored the variation in Raman isotropic u(C=0) band position 

and half-width (FWHH) for DMF as a function of concentration in carbon tetrachloride, 

CCI4 . They have shown that the

u(C=0) band shifts to higher frequency with band broadening as the mole fraction of 

DMF decreases. It is also known [3.25-3.27] that the u(C=0) band shifts to lower 

frequency with band broadening due to intermolecular hydrogen bonding. A close 

examination of the spectra of PMMA/PVOH laminates, shows that the concentration of 

PMMA decreases from the pure PMMA layer to the upper sections of the interfacial 

region.

It is expected that there are more PMMA carbonyl dipolar interactions with other PMMA 

carbonyls in the PMMA layer compared to the interfacial region. This dilution effect is 

expected to lead to a blue shift with band broadening of the u(C=0) mode in the 

interfacial layer. On the other hand, the degree of hydrogen bonding interaction between 

PMMA and PVOH molecules is higher in the interfacial region compared with that in pure 

PMMA. This is expected to lead to a red shift with band broadening of the u(C=0) band. 

Thus, the overall result of these two effects on the u(C=0) band is expected to be a little
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or no frequency shift with band broadening. In this sense our observations may be 

rationalised.

3.3.2. Effect of annealing temperature

PAN/PVOH laminates prepared under different annealing temperatures were used for 

these experiments. See table 3.2. This laminate was selected for these experiments due to 

having the desired requirements. These include (a) both polymers have the functional 

groups which are expected to show some degree of chemical interactions such as 

hydrogen bonding at the interfacial region, (b) both polymers have well separated 

characteristic bands in their Raman spectra.

The PAN polymer with an intense u(C=N) band in its Raman spectrum provides the 

possibility of examining the band width, position and area of this band for any possible 

interactions and (c) The polymers are soluble in different solvents. This means that it is 

possible to deposit the top layer (PVOH) from water on a PAN substrate, since PAN is 

not soluble in water [3.28].

In order to ensure that the PAN sample used for these studies is not soluble in water as the 

solvent of the top layer, the following experiment was carried out. A mixture of PAN in 

water (0.27 g in 15 ml) was stirred and heated for approximately five hours and then 

transferred into an oven and heated at 65 °C for further five hours. After precipitation of 

the PAN particles, the water sample was examined for the presence of PAN using Raman 

microspectroscopy. The absence of the PAN characteristic bands in the Raman spectrum 

indicates that PAN is not soluble in detectable amounts in water.
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The Raman spectra of pure PAN and PVOH films are shown in figures 3.11 and 3.3 

respectively. The Raman spectrum of PAN (fig 3.10a) shows an intense band at 2244 

cm-1, corresponding to the nitrile stretching vibration, v(C=N). This band is known to be 

sensitive to hydrogen bonding [3.29]. The FWHH of this band for a pure PAN film was 

determined as 10.5 ± 0.2 cm-1. In addition to the nitrile band, v(C=N), another two 

characteristic bands corresponding to PVOH film at 917 and 854 cm-1 in the Raman 

spectrum were examined. These two bands are well resolved and do not over lap with 

PAN characteristic bands in this region.
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3.3.2.I. Annealing temperature of 65 °C

A PAN/PVOH laminate was annealed at 65 °C for 21 hours. The thicknesses of the 

PAN and PVOH layers at the point where the depth profiling was carried out were 

approximately 13 pm and 20 pm respectively. In order to examine the changes in the 

nitrile band, v(C=N) of PAN a series of Raman spectra as a function of depth was 

obtained for 1960-2420 cm-1 region in 1 pm steps with 300 seconds exposure time 

for each spectra. Figure 3.12 shows the three dimensional representation of these 

spectra.

In addition, a series of Raman spectra at the same point in the laminate were 

recorded for the 550-1120 cm-1 region in 1 pm steps with 1800 seconds exposure 

time. The reason for the greater exposure time for the 550-1120 cm-1 region is due 

to existence of less intense Raman bands corresponding to PAN and PVOH films in 

this region.

In order to examine the changes in the v(C=N) band, a curve fitting procedure was 

carried out (see fig 3.13) twice with at least twenty iterations each time using a 

Renishaw curve fitting programme. Figure 3.14 shows the plot of the mean FWHH 

and integrated area of the v(C=N) band as a function of depth.

The plot of integrated area of the u(C=N) band as a function of depth in figure 3.14 

shows a broad curve with FWHH of approximately 10 cm-1 with the highest point at 

about 15 pm from the top surface of the laminate. On the other hand, a 

determination of changes in intensity of the PVOH bands at 854 and 917 cm' 1 shows 

that at a depth of 19 pm still the top layer is still present although in small amount. 

These results indicate that the PAN (bottom) layer has been shifted into the PVOH 

layer.
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Wav'enamders (cm-1)Figure 3.12:3-D representation o f the depth profile by focusing the microscope stepwise (1

. o f the v(C=N) band ofPVOH/pm) through the laminate
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Figure 3.13: Curve fitting (after background correction) o f nitrile band from PAN at a depth o f 18 /jm in 
the PAN/PVOH laminate annealed at 65 °C

However, as was discussed in section 2.4.2.1. with the confocal arrangement, a resolution 

of about 2  jim along the optical axis is attainable, but still it should be noted that some 

Raman scattered light is contributed from up to about 5 pm from the focal plane. See 

figure 2 .8 .

From figure 3.14, it may appear that the PVOH layer has not interdiffused into the PAN 

layer and this may be contrary to expectations that both polymers should show some degree 

of interdiffusion. One reason for this anomaly appears to be the use of the surface profiler. 

This instrument which has ideally been developed for surface profiling of hard materials 

measures the thickness of the polymer films by moving a stylus across the polymer film.
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Figure 3.14: Plot ofFWHH and integrated area o f  nitrile band ofPVOH/PAN laminate, annealed at 65 
°C. Solid line indicates the approximate position o f  interface determined by surface profiler and dotted 
line indicates the end o f top layer determined by evaluation o f  the Raman intensity o f the band 
corresponding to PVOH (top) layer
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During such a procedure, if the polymer film after complete drying still is soft, the stylus 

may groove the surface and the depth of the grooves depend on the degree of softness of 

the film. On this basis, the polymer films which were treated with the surface profiler were 

examined under an optical microscope. It was found that PAN and PMMA films which 

were used as the bottom layer in the PVOH/PAN and PVOH/PMMA laminates, show 

such damages by the stylus. This has been shown in figure 3.15 which is an optical image 

of a PMMA film.

Figure 3.15: An optical image o f a PMMA film showing the grooves created along the line o f the 
movement o f the stylus used to measure the thickness o f the film

The depth of each groove was determined using an optical microscope. This is done first 

focusing on the bottom of the groove and then by focusing the microscope on the edges of 

the groove, and using the microscope stage micrometer, it is possible to determine the 

depth of the groove. On the other hand the PVOH layer which comprises the top layer in 

the both laminates, i.e. PVOH/PMMA and PVOH/PAN appears to be harder after
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complete drying and examination of this film with an optical microscope shows no sign of 

grooves along the line of movement of stylus. Since the Raman depth profiling 

experiments have been carried out in a region other than the line along the grooves, it is 

clear that the top layer (PVOH) will be thinner than that measured by the surface profiler. 

This has been shown in figure 3.16.

Top layer

Base la y e r --------------------------------------------

Groove

Quartz slide

Figure 3.16: Diagram showing the effect o f grooves created by stylus during the thickness measurement 
with a surface profiler (Laser Form TalysurJ). It is clear that as a result o f such damage, the bottom layer 
may appear thinner than the actual thickness

Thus, on this basis, figure 3.14 has been corrected. See figure 3.17. Another factor which 

may cause inaccuracy in depth profiling of a PVOH/PAN or PVOH/PMMA laminate is 

the absence of any intense sharp band in the Raman spectrum of PVOH. The PVOH 

Raman bands used in these experiments are at 854 and 917 cm-1. The measurement of 

intensity or integrated area of these bands becomes increasingly difficult in the lower parts 

of the laminates. On the other hand the changes in parameters of the intense and sharp 

nitrile band of PAN film at 2244 cm"1 can be determined with greater accuracy.

The measurement of the FWHH of the u(C=N) band at the interfacial region for this 

laminate shows a significant increase to 15 cm"1 at a depth of 7 p,m. This is a band 

broadening of 4.5 cm"1 in comparison with the o(C=N) band of a pure PAN film.
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Figure 3.17: Plot o f  FWHH and integrated area o f  nitrile band o f  PVOH/PAN laminate, annealed at 65 
°C. Solid line indicates the approximate position o f  interface determined by surface profiler and dotted 
line indicates the end o f  top layer determined by evaluation o f the Raman intensity o f  the band 
corresponding to PVOH (top) layer
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One possible explanation for this band broadening is the influence of hydrogen bonding 

between the nitrile group of PAN film with the hydroxyl group of PVOH film at the 

interface. As was explained earlier the effect of the dilution phenomena in the interfacial 

region should be considered. In this region the PAN nitrile group may interact via dipolar 

interaction with other PAN nitriles or via hydrogen bonding with surrounding PVOH 

molecules. A close examination of the spectra of PVOH/PAN laminates, shows that the 

concentration of PAN decreases from the pure PAN layer to the upper sections of the 

interfacial region.

It is expected that there are more PAN nitrile dipolar interactions with other PAN nitriles 

in the PAN layer compared to interfacial region. This dilution effect is expected to lead to 

a blue shift with band broadening of the u(C=N) mode in the interfacial layer. On the other 

hand, the degree of hydrogen bonding interaction between PAN and PVOH molecules is 

higher in the interfacial region compared with that in pure PAN. This is expected to lead 

to a red shift with band broadening of the u(C=N) band. Thus, the overall result of these 

two effects on the u(C=N) band is expected to be a little or no frequency shift with band 

broadening. In this sense our observations may be rationalised.

3.3.2.2. Annealing temperature of 75 °C

In addition to the annealing temperature of 65 °C, the depth profiling experiment was also 

carried out on the PVOH/PAN laminate with annealing temperatures of 75 and 90 °C. The 

aim of this study was to determine whether the interactions at the interfacial region are 

affected by the annealing temperature. Figure 3.18 shows the plot of FWHH and 

integrated area of the u(C=N) band of the PAN film in the PVOH/PAN laminate. In this 

figure the effect of grooves created by the stylus on measurement of the thickness of the 

layers has again been taken into account. See section 3.3.2.1 .
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The exposure time for each spectrum was 600 seconds. Although this exposure time is 

sufficient for obtaining good Raman spectra of the nitrile band at the 2244 cm-1 region, it 

is not sufficient to give good Raman spectra of the PVOH bands at 854 and 917 cm' 1 

region and the S/N ratio is poor. However, the longer exposure time will increase the 

background fluorescence significantly and as such it will be extremely difficult to obtain 

the Raman bands with high intensity. It appears that annealing the laminates at high 

temperatures, causes a significant increase in background fluorescence. The exact source 

of such a background fluorescence is not fully understood. See section 2.3.

The depth profiling procedure of this laminate was the same as the laminate annealed at 65 

°C. From figure 3.18, it is evident that the FWHH of the u(C=N) band shows an increase 

to 15.5 cm-1. This is a band broadening of approximately 5 cm-1 compared with FWHH of 

the same band in the pure PAN film and is a greater increase than that of PVOH/PAN 

laminate annealed at 65 °C. This may suggest an increase in the hydrogen bonding 

interaction due to greater mobility of the polymer chains at the interfacial region at the 

higher temperatures.
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Figure 3.18: Plot o f FWHH and integrated area o f  nitrile band ofPVOH/PAN laminate, annealed at 75 
°C. Solid line indicates the approximate position o f  interface detennined by surface profiler and dotted 
line indicates the end o f  top layer determined by evaluation o f  the Raman intensity o f  the band 
corresponding to PVOH (top) layer
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3.3.2.3. Annealing temperature of 90 °C

In order to study the effect of the annealing temperature at temperatures greater than the 

Tg of both polymers, a PVOH/PAN laminate was annealed at 90 °C. The depth profiling 

procedure was carried out in the same way as before.

The Raman spectra of the laminate annealed at 90 °C showed a significant increase in 

background fluorescence even greater than that of laminate annealed at 75 °C. This may 

indicate an evidence for chemical degradation. The increased fluorescence made the 

collection of the Raman spectra with good S/N ratio extremely difficult. In order to obtain 

the Raman spectra without saturating the CCD detector, it was necessary to minimise the 

exposure time to 200 seconds for each spectrum. Figure 3.19 shows a Raman spectrum of 

the 2000-2600 cm-1 region. The horizontal line in the spectrum is due to saturation of the 

CCD detector.

3 2000 -

30000

28000

26000

24000

22000

2200 2 
[Delta w avenum bers (cm-Tj]

2100

Figure 3.19: partly saturated Raman spectrum of the PAN nitrile band at a depth o f 12 pm

Table 3.3 shows the intensity of the background fluorescence level of the laminates 

annealed at various temperatures.
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Annealing temperature

(°C)

Background fluorescence 

(Raman counts)

65 3200

75 4400

90 24000
Table 3.3: Background fluorescence level o f the laminates annealed at different temperatures

The FWHH and integrated area of the v(C=N) band was determined and plotted as a 

function of the depth. This is shown in figure 3.20. The FWHH in this laminate is 

increased compare to that of pure PAN film by approximately 3 cm-1. From figure 3.20, It 

appears that the PAN layer in this laminate shows less interdiffusion into the PVOH layer 

in comparison to laminates annealed at 65 and 75 °C. Furthermore, from figure 3.21, It is 

clear that the laminate annealed at 90 °C shows less increase in FWHH than that of 

annealed at 75 °C. This is contrary to expectations, since the laminate annealed at 75 °C 

shows greater band broadening than the one annealed at 65 °C.

One explanation for this is the effect of annealing the laminate at the a temperature (90 °C) 

above the glass transition temperature, Tg of both constituent polymers. Zhang et al [3.30] 

have shown that intermolecular hydrogen bonding is reduced when the annealing 

temperature is greater than the Tg. Increase in molecular motion is expected to break the 

hydrogen bonds, resulting in phase separation due to dissociation of intermolecular 

hydrogen bonds above the Tg of the constituent polymers. Further increase in temperature 

causes thermal degradation.
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3.3.3. PAA/PAN laminate

So far the polymer laminates used in these studies were PVOH/PMMA and PVOH/PAN. 

In these laminates, PVOH with hydroxyl groups was use as the top layer and it is shown 

that in contact with PMMA containing the carbonyl group or with PAN containing the 

nitrile group will show some degree of intermolecular interaction. In order to examine the 

effect of other polymers with the hydroxyl group in polymer laminates, a PAA/PAN 

system was utilised. The polymer laminates were deposited on a quartz slide and annealed 

at 65 °C. The depth profiling procedure was carried out as before using the confocal 

Raman microspectroscopy technique. The specific characteristics of these polymers are 

shown in table 3.1.

Figure 3.22 shows a Raman spectrum of a pure PAA film. The Raman spectra at various 

levels (1 pm steps) were recorded for the 1360-1840 cm-1 region to examine the changes 

in the v(C=0) band of PAA at about 1700 cm-1. However, this band is broad and 

relatively weak (see fig 3.22) and as a result it was difficult to examine the exact changes 

in this band at the interfacial region.
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Figure 3.20: Plot o f FWHH and integrated area o f nitrile band o f PVOH/PAN laminate, annealed at 90 
°C. Solid line indicates the approximate position o f interface determined by surface profiler and dotted 
line indicates the end o f  top layer determined by evaluation o f the Raman intensity o f  the band 
corresponding to PVOH (top) layer
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Figure 3.21: Plot o f  FWHH o f the vjrC=N) ofPAN in PVOH/PAN laminate as a function o f  depth for the 
laminates annealed at various temperatures
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However, the changes in the v(C=N) band of PAN were examined for comparison with 

the changes in this band in the PAN/PVOH laminate. Figure 3.24 shows a plot of FWHH 

and the integrated area of the v(C=N) band as a function of depth in PAA/PAN laminate.

Figure 3.23 shows a broader curve corresponding to area in this laminate in comparison to 

the PVOH/PAN laminate annealed at the same temperature. This suggests a greater 

degree of interdiffusion. One reason for this is the low molecular weight of PAA polymer 

(2,000) compared with the relatively higher molecular weight of PVOH (50,000). As a 

result of this, it is expected that PAA chains with greater mobility interpenetrate further 

into the PAN layer than PVOH.

However, the FWHH of the v(C=N) band remains almost unchanged (see fig 3.23). This 

is in contrast to significant broadening of this band in PVOH/PMMA and PVOH/PAN 

laminates at the interfacial region. Figure 3.23 shows a comparison of the changes in band 

width of the the v(C^N) band of PAN in PVOH/PAN and PAA/PAN laminates.
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Figure 3.23: A plot o f FWHH and integrated area o f the v(C^I) band in PAA/PNN laminate. For the 
ease o f comparison the points corresponding to the integrated area have been devided by 2000
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Figure 3.24: A comparison o f FWHH o f the v(C=N) band in PVOH/PAN and PAA/PAN laminates
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The fact that there is no significant change in the FWHH of the v(C=N) band at the 

interfacial region of PAA/PAN laminate indicate that there are no significant 

intermolecular interactions between the constituent polymer layers.

In the first instance this might be surprisinging, since PAA film contains hydroxyl groups 

which are expected to interact with the nitrile groups of the PAN layer. However, a close 

examination of the structure of the PAA polymer shows the possibility of the 

intramolecular interactions in this polymer. Tanaka et al [3.31] have shown the ability of 

PAA to form cross-linking by hydrogen bonding in aqueous solutions. Indeed, the broad 

carbonyl band in the Raman spectrum of the PAA is indicative of such intermolecular 

interactions. Most of these hydrogen bonding interactions are of a 'closed' (cyclic dimer) 

type in which two carboxyl groups form a ring structure through two hydrogen bonds 

formed between the oxygen atoms of the carbonyl groups and hydrogen atoms of the 

hydroxyl groups. Since, the PAA film was deposited onto the PAN film from water as a 

solvent, this could account for the lack of significant intermolecular interactions between 

the PAN and the PAA layers. This means that many of the hydroxyl groups of the PAA 

have already formed intermolecular interactions in the PAA aqueous solution before 

deposition on the PAN film. Thus, a little or no hydrogen bonding between PAA and PAN 

films can take place.

3.3.4. Effect of annealing time

One of the parameters which may have an effect on the interaction of the polymers at the 

interfacial region is the length of time that the laminate has been annealed. In order to 

examine this, a PVOH/PMMA laminate was prepared by depositing the PMMA film from 

solution using DCM as a solvent on a quartz slide. This film was cured at 65 °C for 24 

hours. In the second step a PVOH film was deposited on the PMMA film by casting from
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a solution using water as a solvent and the whole sample was annealed at 65 °C for 5 

hours.

The depth profiling procedure was carried out as before and the changes at the interfacial 

region was recorded. Then the laminate was annealed for another 24 hours at the same 

temperature and the depth profiling was carried out at the same point on the sample and 

the Raman spectra were recorded. Eventually the sample was annealed for another 24 

hours at the same temperature and the depth profile Raman spectra of the same point were 

collected.

A comparison of these depth profiles shows no difference between the data collected 

corresponding to the laminate annealed at various lengths of time. This may suggest that 

no significant interdiffusion has occurred after initial annealing time (5 hours) and an 

equilibrium state has been established. On this basis no significant changes with further 

annealing at the same temperature (65 °C) is expected. However, it should be noted that 

the resolution of the Raman confocal microspectroscopy is about 2 pm along the optical 

axis of the microscope (z) (see section 2.4.2.) and thus small changes after initial annealing 

time may not be detected.
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CHAPTER 4

Introduction 
Experimental 
Results and discussion

PMMA-PAN blend 
PAN-PVOH blend
Raman confocal mapping o f interfacial region in PVOH/PMMA

4.1. Introduction

A polymer blend is defined as a mixture of at least two polymers or copolymers [4.1]. 

Sometimes the mixture is a single-phase material. An example of this is dissolved 

plasticizer in polymer materials. However, most of the mixtures are heterogeneous and 

although such heterogeneities are often very small, they still may result in a degradation of 

the desirable properties of the material. Figure 4.1 shows an overview of the most 

common two-phase systems consisting of polymers.
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Figure 4.1: Microstructure o f  polymer blends and alloys (from re f 4.1)
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Polymer blends can offer enormous technological and economical advantages and, as a 

result, have currently captured a high level of interest [4.2, 4.3], Recycling plastics, for 

example, is currently an important industrial process of which the end product is a polymer 

blend. The degree of miscibility, the interaction of phases, phase size and the composition 

of the phases can all affect the properties and the behaviour of these blends.

A number of optical and electron microscopy techniques have been used to provide 

information about the morphology of these blends. Light microscopy is one of the most 

common techniques and has been used for study of imiscible polymer blends. Polarised 

light microscopy [4.4, 4.5] has been utilised to study polyethylene/ polypropylene blends. 

These blends have also been studied by fluorescence microscopy [4.6 - 4.8] and phase 

contrast [4.5]. Scanning electron microscopy, SEM, has been applied to immiscible 

polymer blends such as PS/EPYM [4.9] and toughened epoxides [4.10]. Transmission 

electron microscopy, TEM, with very high resolution (1 nm) can provide information on 

small polymer structures. It has been used to study the microstructure of block 

copolymers [4.11] and very fine phase dispersion of phases [4.12], Electron microscopic 

techniques (with many advantages including high resolution) do however, suffer from 

some practical and technical disadvantages. These include difficult sample preparation in 

the case of TEM and electron beam damage [4.13]. Rapid and substantial chemical 

changes in polymers can occur in the electron microscope as a result of interaction with a 

highly ionising radiation of the electron beam. Apart from optical and electron 

microscopy, other techniques have been used to characterise polymer blends. These 

include: nuclear magnetic resonance, NMR [4.14-4.22], X-ray diffraction, ultraviolet 

spectroscopy, UV [4.23-4.28], electron spin resonance, ESR [4.29-4.31], X-ray 

diffraction, XRD [4.32], X-ray photoelectron spectroscopy, XPS [4.33-4.38] and atomic 

force microscopy, AFM [4.39-4.41]
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Vibrational spectroscopic and microscopic techniques can provide invaluable information 

about the nature of interactions between various phases of a blend. Infrared spectroscopy 

has been widely used by different researchers for characterisation of polymer blends.

These include studies on; blends of polyurethane elastomers and carboxylated nitrile 

rubber [4.42], on miscibility and specific interactions in blends of poly(2-ethyl-2-xazoline) 

with hydroxylated polymethacrylates [4.43], on chemical interactions in blends of 

bisphenol-A polycarbonate with tetraglycidyl-4,4'-diaminodiphenylmethane epoxy [4.44], 

poly(styrene-graft-ethylene oxide) as a compatibilizer in polystyrene/polyamide blends 

[4.45], on hydrogen-bonded polymer blends containing poly(4-hydroxystyrene-co-4- 

methoxystyrene) copolymers [4.46], on phase structures of hexamine cross-linked 

Novolac blends [4.47], on the compatibility of poly(styrene) poly(vinyl acetate) blends 

[4.48], molecular structure of compatible polymer blends [4.49], on the surface 

composition of miscible polymer blends [4.50], on the ionic conductivity and compatibility 

of blends of poly(methyl methacrylate) and poly(propylene glycol) complexed with 

LiCF3 SC>3 [4.51], on the structure of blends of poly-tert-butyl acrylate with polyacrylic 

acid [4.27], on the analysis of polycarbonate poly(ethylene terephthalate) blends [4.52], on 

the mapping of the phase diagram of an aromatic polyamide blend [4.53], on the 

photodegradation of blends of polycarbonate and poly(methyl methacrylate) [4.28], on 

surface studies of polymer blends [4.54], on volume contraction on mixing in poly(vinyl 

ethylene-co-1,4-butadiene) polyisoprene blends [4.55] and many others.

Raman spectroscopy and in particular Raman microscopy, by comparison with infrared 

techniques, has been little used by researchers for characterisation of the polymer blends. 

The following have applied Raman spectroscopy to study; effect of annealing time, film 

thickness and molecular weight on surface enrichment in blends of polystyrene and 

deuterated polystyrene [4.56] and surface segregation in blends of polystyrene and 

deuterated polystyrene [4.57].
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Schaeberle et al [4.58] have previously described the application of Raman chemical 

imaging as a routine and noninvasive method for characterisation of materials. They have 

applied the imaging technique to the visualisation of polypropylene/polyurethane blends. 

Garton et al [2.72] have employed Raman microscopy to characterise rubber toughened 

epoxy resin, a polyethylene-polypropylene blend and a polyester (PET/PBT) blend. 

Markwort et al [2.113] have compared the two alternative methods of Raman imaging for 

characterisation of the polymer blends. Batchelder et al [2.112] have studied films of a 

urethane/acrylate polymer which contain PTFE particles.

In this work, Raman imaging and confocal point by point mapping have been applied to 

polymer blends in order to study the possible interactions between the constituent polymers. 

These polymer blends include (a) PAN/PMMA and (b) PAN/PVOH.

Raman imaging and mapping via point illumination in combination with confocal light 

collection and via global (wide-field) illumination have been described in detail in sections 

2.4.2 and 2.4.3 respectively. Various applications of these techniques by different 

researchers have also been reviewed.

4.2. EXPERIMENTAL

Poly (methyl methacrylate), PMMA, polyacrylonitrile, PAN and poly(vinyl alcohol), PVOH 

polymer samples were purchased from Aldrich Chemical Ltd. Table 4.1 shows the various 

characteristics of these polymers.
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polymer MW Tg (°C) Molecular formula solvent

PMMA 124,000 114 r-CH2C(CH3)(C02CH3)-]n D M F°

PAN 15,000 ~85 r-CH2-C(C=N)H-ln DMF D, DMSO §

PVOH 50,000 75-85 r-CH2CH(OH)-1n DMSO §

Table 4.1: Characteristic parameters o f the polymer compounds used in this thesis.

□; dimethyl sidfoxide, DMSO, spectroscopic grade from Aldrich Chemical Company Ltd.
§: N,N-dimethylformamide, DMF, spectroscopic grade from Aldrich Chemical Company Ltd.

The PMMA/PAN blend was prepared by dissolving the two polymers in a 2:1 PAN:PMMA 

ratio in DMF. The mixture was spread on a quartz slide and cured at 100 °C for 24 hours. 

The PAN/PVOH blend was also prepared in the same way by dissolving the two polymers 

in DMSO.

The Raman imaging and mapping data were obtained using a Renishaw Ramascope©, 

(System 2000). This instrument consist of a low-powered (25 mW) air cooled HeNe laser, 

an Olympus microscope, a single spectrograph for spectroscopy mode, a set of angle- 

tunable bandpass filters (with a resolution of 20 cm'1) for imaging mode and a Peltier- 

cooled CCD detector (576 x 384 pixels). This instrument is also equipped with a motor 

driven microscope stage. The details of Raman imaging technique is described in chapter 2.

The Raman mapping was carried out by setting the instrument in confocal mode (see 

section 2.4.2.) using a x50 objective, slit width of ~12 pm and a CCD area of 4 x 576 

pixels. In order to obtain a set of spectra for a chosen area of the sample, the microscope 

was focused on a point and the Raman spectrum of a region containing a distinctive Raman 

band corresponding to only one of the constituent polymers was recorded. The sample was 

then moved by one 1 pm and the second spectrum was acquired. This procedure was 

continued in a rasterring fashion until a set of spectra corresponding to a desired area on the
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sample was collected. Raman imaging was carried out by defocusing the laser beam 

spot on desired area of the sample using x50 objective. By selecting a distinctive 

Raman band of one of the components of the polymer blend, the Ramascope selects a 

suitable filter (see section 2.4.3.) for detection of the desired band.

4.3. Results and discussion

4.3.1. PMMA-PAN blend

A blend of PMMA and PAN was prepared and studied by Raman microscopy. Figure 4.2 

shows a white light image of the blend. It is clear from this picture that there are distinctive 

particles in the blend. However, it is not possible from this picture to determine the 

composition of these particles, and thus such variation may be due to topological 

differences.

Figure 4.2: White light image o f the surface o f a PMMA-PAN blend

In order to determine the composition and distribution of these phases, Raman confocal 

microscopy was employed and a point by point map of a chosen area of the blend. A series
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of spectra for the 2000-2450 cm 'l region containing the u(C=N) band of PAN were 

recorded. The intensity, integrated area, position and the band width of the band for each 

spectrum were determined. In order to construct the map, the Renishaw software was used 

to plot the data. Figure 4.3 shows a 3-D map of intensity of the u(C=N) band of PAN at 

2244 cm-1 for an area of 15 pm^ on the surface of a the PMMA-PAN blend.

It is clear from figure 4.3 that the levels of high intensity are the areas with greater degree of 

PAN in the blend and thus the lower region particularly the one at the centre of the map 

corresponds to absence of PAN particles.

Since the blend consist of two polymers, it is expected that the regions which show a low 

level of PAN particles, should correspond to the presence of PMMA particles. In order to 

examine this, a second map of the almost the same area of the surface of the blend was 

mapped. The mapping procedure was carried out in the same way but now a series of 

spectra were recorded for the carbonyl band region (1650 - 1800 cm-l)of the Raman 

spectra. The intensity, position, integrated area and the band width of the v(C=0) band of 

PMMA were determined. Figure 4.4 shows a map of intensity of the v(C=0) band for the 

selected area of the blend. A comparison of figures 4.3 and 4.4 shows that these two maps 

are apparently the reverse of one another.
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(b)
Figure 4.3: (a) a 3-D map o f intensity o f the v(C=N) hand from a 15 pm and (b) a 3-D 
map o f intensity o f the u(C=0) bandfrom a 15 pm2 area o f the surface o f a PMMA- 
PAN blend

1 0 3



It is known [3.23] that chemical interactions, for example hydrogen-bonding changes the 

width and position of the v(C=0) band of PMMA and the v(C=N) band of PAN. In order 

to determine possible phase interactions between these two polymers, a map of changes in 

the band width of the v(C=N) band was plotted. Figure 4.4 shows this map.

It is clear from figure 4.4 that there is almost no change in the width of the this band. This is 

expected, since both PMMA and PAN contain functional groups which are not expected to 

show chemical interactions such as hydrogen-bonding. Thus no variation in the position and 

width of these bands.

Clearly, micro Raman mapping could be used to determine the detailed distribution of 

various phases in the polymer blend with good accuracy. However, one disadvantage of this 

technique is that it is an extremely time consuming procedure involving the collection and 

processing of large amounts of data in order to construct the maps shown above.

One way of solving this problem is by the use of Raman imaging as explained in section 

2.4.3. In this method, a relatively large area of the PMMA-PAN blend was illuminated by 

the laser beam. In order to obtain a Raman image of the PAN particles, the nitrile band at 

2244 cm"l was chosen. The Ramascope automatically selects the right filter for this region 

of the spectrum. However, this kind of imaging needs some care in order to make sure that 

the recorded image is the one corresponding to the selected band and not due to 

background fluorescence which may not be relevant to the particular polymer particle under 

analysis. Figure 4.6 shows the Raman spectrum of a PAN sample.

It is clear from figure 4.6 that the bands corresponding to PAN sit on a raised, fluorescence, 

baseline. A simple Raman image of any of the bands of this polymer without background
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subtraction may only result in a very bright spot which is due to saturation of the CCD 

detector.

In order to remove the contribution from the fluorescence from the Raman image of the 

u(C=N) band, first, a background image on either side of the band was recorded. These 

two images were averaged in order to represent a baseline under the desired band. In the 

next step, a Raman image of the nitrile band at 2244 cm~l was obtained and finally by data 

processing, the Raman image was ratioed against the background image. This is called flat 

fielding and it not only removes the contribution from the fluorescence background, but 

also compensates for uneven illumination of the sample and topographical effects. Figure 

4.6 shows a Raman image of a selected area of the PMMA-PAN blend.

The Raman image in figure 4.6 is shown with a grey scale. The bright areas in the image 

correspond to the presence of PAN polymer and the dark spots correspond to the absence 

of PAN. It was already shown before (with confocal mapping) that these regions 

correspond to PMMA particles sitting on a PAN background.

The Raman image shown in figure 4.6 was collected with an exposure time of 200 

seconds. This signifies the main advantage of the Raman imaging with global illumination 

technique. This means that it can be successfully and routinely performed in order to 

obtain information about the distribution of various phases in a blend in a relatively short 

time.

However, it should be noted that there are some limitations associated with this technique. 

These include: (a) since use has been made of tunable filters with a 20 cm-1 band pass, a 

true Raman image of a particular phase in a blend of materials may only be obtained if the 

desired constituent material contains at least one intense band which is over 2 0  cm-1
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Figure 4.6: Ramcm image of a selected area of a PMMA-PAN blend.
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away from the characteristic bands of other constituent materials, (b) due to use of these 

filters, the resolution of the images is not as high as pictures obtained by confocal 

mapping. As a result, it is not possible to obtain information about the possible 

interactions between the phases. Furthermore, these images are not as well resolved as 

images obtained by white light microscopy. This is due to the nature of Raman 

spectroscopy. The data collected by the detector in a Raman image is the scattered light 

from the sample whereas in a light microscope the data collected by the detector is the 

reflected light from the sample.

4.3.2. PAN-PVOH blend

In the previous chapter, a laminate of these two polymers was studied (see section 3.3.2.). 

It was shown that these polymers, at the interfacial region, show some chemical 

interactions. This was manifested in the broadening of the u(C=N) band at the interface, 

when spectra were obtained by depth profiling of the PAN/PVOH laminate using Raman 

confocal microspectroscopy. In order to examine the interfacial region between these two 

polymers in the lateral (xy) direction (the plane perpendicular to the direction of the laser 

light), a blend of PAN and PVOH was prepared by spreading a solution of these polymers 

from DMSO on a quartz slide and curing at 65 °C for 24 hours. Figure 4.7 shows a white 

light image of the blend.

The Raman mapping was carried out as in the case of PMMA-PAN blend. A series of 

Raman spectra from a selected area of the blend were recorded for the region 750-2300 

cm" 1 containing the characteristic bands corresponding to both PAN and PVOH. The 

intensity, position, width and integrated area of the selected bands of these polymers were 

determined. Figures 4.8 shows the maps of intensity of the bands corresponding to PAN 

and PVOH phases
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Figure 4.7: White light image o f  PAN-PVOH blend

It is clear from figure 4.8a that a number of regions with high intensity exist in this area of 

the sample. Since the map shows the intensity of the v(C=N) band, this means that PAN is 

present as individual particles in the polymer matrix. On the other hand, it can be seen 

from figure 4.8b that the PVOH map shows a more even distribution of this polymer. 

Furthermore, with a close examination, it is indeed evident that these two maps are almost 

reverse of each other. This means that where the PAN band has a high intensity, the 

PVOH band has a low intensity and vice versa. From a comparison of these figures with 

figure 4.7 (the white light image) it is clear that the particles in the white light image 

correspond to PAN.

However, figure 4.8 does not provide any information about the possible interactions 

between the phases in the PAN-PVOH blend. In order to examine this a map of the 

changes in the width of the u(C=N) band was plotted. Figure 4.9 shows this map.
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Figure 4.8: 3-D Raman map o f (a) intensity o f the nitrite band o f PAN at 2244 cm 'l and 
(b) intensity o f the band corresponding to PVOH at 854 cm~K
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It is clear from this figure that the maximum change in the band width of the nitrile band is 

found at the interfacial borders of the PAN particles with PVOH background. This agrees 

well with broadening of the same band at the interfacial region in the PVOH/PAN laminate 

which was investigated by depth profiling.
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Figure 4.9: 3-D map o f changes in the width o f v(C=N) band in a selected area o f 

PAN-PVOH blend
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4.3.3. Raman Confocal mapping of interfacial region in PMMA/PVOH

In the previous chapter a depth profiling study of PVOH/PMMA laminates using Raman 

confocal microspectroscopy was described and it was shown that it is possible to 

determine the interaction at the interfacial region. However, the depth profiling study did 

not provide any information about the distribution of the constituent polymers at the 

interfacial plane.

In order to obtain such information, Raman confocal microspectroscopy was applied and a 

map of the PMMA characteristic band at 813 cm"l was recorded. In order to do this the 

experiment was carried out in the following steps: (a) the Ramascope was set up in 

confocal mode and then a depth profile of a PVOH/PMMA laminate was obtained. This 

determines the position of the interfacial region in the depth of the laminate, (b) the 

microscope was focused on the interfacial region in order to capture the scattered light 

only corresponding to this region and, (c) a map of a selected area was obtained as 

described before. Figure 4.10 shows the map of intensity of PMMA band for the selected 

area at the interfacial region. This figure shows an even distribution of the PMMA film at 

the interfacial region. The polymer chains of the constituent films are expected to be in 

relatively the same environment at this region.
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Figure 4.10: 3-D map o f intensity o f PMMA band at 813 cm '1 at a depth o f 10 pm  
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5.1. Introduction

Shortage of water in many parts of the world is an increasing threat to many human 

societies. This problem is certain to become more serious in the next few decades with the 

overriding need for water in raising the standard of life, in industrialisation and most 

importantly in the production of food for the increasing world population.

It is known that transport or storage of water is expensive. On this basis, in recent years 

intensive research has been directed towards obtaining potable water from brackish or sea­

water [5.1-5.3] by forcing this through a semi-permeable polymer membrane against the 

osmotic pressure. The reason for this is due to economic advantages associated with this 

method of separation in comparison to conventional separation techniques such as 

centrifugation, extraction and distillation.

5.2. Polymeric membranes

Naturally occurring polymers, such as cellulose have been utilised for many centuries in 

macrofiltration. However, the history of synthetic polymeric membranes began by
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invention of cellulose nitrate by Schonbein in 1846. This was followed by Fick in 1855 

utilising cellulose nitrate to perform his Uber Diffusion. Since than many different 

synthetic polymeric membranes have been developed and investigated.

Polysulfone (PS) and polyether sulfone (PES) are amongst the most popular synthetic 

polymeric membranes. Both PS and PES have some properties which qualify them as 

outstanding polymeric membranes. These include high Tg (PS = 195 °C and PES = 230 

°C), thermal and oxidative stability, an amorphous glassy state, good strength and 

flexibility, resistance to extremes of pH, and low creep even at elevated temperatures. 

These two polymers are Lewis bases and soluble in protic solvents such as chloroform, 

methyl chloride and formic acid and also soluble in polar solvents including 

dimethylacetamide (DMAC), l-methyl-2-pyrrolidonone, (NMP), dimethylformamide 

(DMF), and dimethylsulfoxide (DMSO).

The chemical and physical structure of the polymeric membranes are important factors in 

their permeation ability. By chemical structure is meant the combination of steric and polar 

properties of polymeric membranes at the molecular level. This includes chain segments 

and functional groups. A number of factors can affect the packing density and hence the 

permeability of these separation membranes. These include the kinetics of gelation 

(solidification), physical ageing and so on. Some of these factors are intrinsic to the 

polymer molecules themselves.

An important example of this is the nature of side groups attached to the polymer 

backbone which act as spacers. It is known [5.4] that the size and shape of the side groups 

determine polymer characteristics such as packing density, the rigidity of polymer chain 

segments and the accessibility, and thus participation of functional groups in membrane-
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permeant interaction. On the other hand maximum packing density and crystalline order 

can occur as a result of the absence of such side groups.

This can be shown by a comparison of polyethersulfone (PES) and polysulfone (PS) [5.4]. 

In PES monomers are

and as a result of this PES has a regular structure

-  0

0
0 >— (O .s

o n

whereas in the case of polysulfone, one monomer is based on the sodium salt of bisphenol 

A,
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and the other one is the same as that of the monomers of PES. Thus the structure of PS is

As a result of this PS has less structural regularity than PES. In addition the greater size of 

aliphatic isopropylidene group [-C(CH3)2 ] and its low polarity makes the polymer more 

mobile than PES. This greater degree of regularity in PES gives it more packing density 

and as a result this PES contain less free volume in its matrix and thus it shows less 

permeability.

The high degree of resonance stabilisation in these polymer structures is due to attachment 

of sulfone groups to phenyl rings in which aromatic ring n electrons can be withdrawn by 

the sulfone group. As a result of this the polymeric membrane has increased thermal and 

oxidative resistance property.
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The resonance stabilisation has also a planar configuration and increased bond effects 

which contributes to the rigidity even at elevated temperatures. The toughness of the 

polymer is a result of the presence of the ether groups in the backbone which make the 

polymer more flexible. The presence of aromatic moieties make the polymeric membrane 

more resistant to high-energy irradiation.

As a result of having aromatic rings small amounts of ionic moieties groups can be 

incorporated into the organic polymer backbone and thus an ionomer is formed. Common 

functionalities for cation exchange membranes are -S 03“ and -COO". These hydrophilic 

groups are responsible for the swelling of the polymer network on exposure to water. An 

example of such ionomers is a random copolymer known as sulphonated 

polyetherethersulfone/polyethersulfone, SPEES/PES with the following structure:

0 v° °v°

N X  f \  \  
____ * u  ____

Q  v  v  N

1-X

* = Hydroquinone residue where the sulphonation occurs.

X = 0.05 - 0.80

A structural feature of ionomers is that the ionic groups tend to cluster [5.5]. In the first 

instance ion pairs are formed. At higher concentrations, ion pairs transform into multiplets 

and then into hydrophilic clusters embedded in the hydrophobic organic phase.
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5.3. Water in polymeric membrane

The behaviour of water when incorporated into a host matrix such as a polymer, is 

significantly different from normal water. Stillinger [5.6] argues that boundaries and 

interfaces in the host matrix can affect the water phase transitions by reducing the number 

of degrees of freedom in a way that disrupts the natural order of pure water in the bulk. 

Furthermore, these spatial constraints also lead to clustering.

Many researchers have noted different types of water in the host matrix. As an example, 

Haly [5.7] reports eight distinguishably different types of water in one hydrated system. 

These types of water have been described as 'tightly bound', 'loosely bound', 'free',' 

freezable', 'non-ffeezable', 'intermediate', associated' and 'interfacial' water. Falk [5.8] has 

investigated the state of water in perfluorosulfonate, Nafion membranes using infrared 

spectroscopy. Based on this study he concludes that (a) hydrogen bonding of water in 

fully hydrated Nafion is considerably weaker than in liquid water at the same temperature, 

(b) a substantial proportion of water molecules have one OH (or occasionally both OH 

groups) exposed to the fluorocarbon environment, and (c) water absorbed in Nafion 

appears to be in a state quite unlike the liquid phase and may be expected to have physical 

properties widely different from those of water in aqueous solution of electrolytes.
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 [(CF2 CF2 C F 2—  CF2] „

CF^

0 — CF2  CF2  SOgH

(m=5-13.5, n=~1000, p=1, 2, 3, ...)

Structure of Nafion

Introduction of water into an ion exchange membrane can result in swelling of the polymer 

matrix. The interaction between the organic polymer backbone and the cations is 

endothermic and may reduce the rate of swelling. The strongly exothermic tendency of the 

counterions and ionogenic side chains to hydrate also results in the initially bound water 

molecules (in ionic solvation shells) causing little or no volume expansion of the network. 

When the membrane is dry the counterions are strongly bound by electrostatic forces in 

contact with ion pairs. However, if the water uptake proceeds, it results in moving the 

association-dissociation equilibrium between bound and unbound counterions and 

increases the counterion mobility. Additional water has a tendency to dilute the network of 

polymer and this provides the driving force for swelling of the matrix.

Swelling can be influenced by the nature of the counterions. This is due to (a) increasing 

hydration capacity of the counterion resulting in increased water uptake. The following 

order is true for alkali counterions [5.5]:
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Li+ > Na+ > K+ > Rb+ > Cs+

In addition, swelling reduces as the valency increases. This is due to the formation of ionic 

crosslinks and the reduction in hydration capacity by the formation of triplet association 

such as:

— S 03'- Ca++ SO3-—

(b) As the association-dissociation equilibrium between bound and unbound counterions 

shifts to more dissociation (by allowing for a more complete hydration shell formation), 

the internal osmotic pressure in the polymer is enhanced.

Water uptake is comparatively less if instead of pure water, an ionic solution is introduced 

into the polymer. This is due to (a) lower external water activity, aw (<1), and (b) 

distribution of the dissolved ions across the membrane-solution interface. Donnan [5.9, 

5.10] as early as 1911 explained the overall features of electrolyte uptake by ion exchange 

membranes.

SPEES/PES or Nafion in the salt form have pendent groups of — SO3" X+ in their 

structure, where X is an exchangeable cation. Mauritz and Lowry [5.11, 5.12] using 

Fourier transform infrared spectroscopy, FTIR and Komoroski and Mauritz [5.13, 5.14] 

using nuclear magnetic resonance spectroscopy, NMR have monitored the association of 

the counterion with the sulfonate moieties in Nafion membranes in the salt form. FTIR 

studies [5.11] have revealed that the S0 3 - symmetric stretching mode (~ 1060 cm-1) is 

significantly affected by the H2O/SO3" molar ratio as well as the monovalent counterion 

radius. It has been observed that this band broadens and shifts to higher frequencies with
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decreasing water content, and the magnitudes of the shift diminishes with increasing bare 

ionic size for the series Rb+ > K+ ) Na+ > Li+.

5.4. Diffusion of water into polymer

The process in which matter is transported as a result of random molecular motions from 

one part of system to another is called diffusion. The motion of a single molecule is 

random and has no preferred direction of motion. On this basis it is sometimes referred to 

as the 'random walk'. Although the direction of movement of the molecule cannot be 

predicted, it is possible to calculate the mean-square distance travelled in a given interval 

of time. However, the overall observation is that the molecules transfer from regions of 

higher to that of lower concentrations.

In 1855 Fick noted that transfer of heat by conduction is also due to random molecular 

motion and by adopting the mathematical equation of heat conduction derived earlier by 

Fourier (1822) put diffusion on a quantitative basis. He showed that diffusion of an 

isotropic substance can be described by;

“  (5.1)

Where C is the concentration of diffusing substance, F is the rate of transfer per unit area 

of section, x is the space coordinate measured normal to the section, and D is diffusion 

coefficient. Based on this equation the rate of transfer of the diffusing molecule through 

unit area of a section is proportional to the concentration gradient measured normal to the 

section. It is clear that according to equation 5.1, D has the unit of (length)2/time (e.g. 

cm V 1) providing the unit for F is considered as mass (e.g. gram) per unit time (e.g.
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second) and the unit of C has the same unit of mass to that of F. Since the diffusion occurs 

in the direction opposite to that of increasing concentration, a negative sign is used. The 

fundamental differential equation of diffusion can then be drived from equation 5.1 

resulting the following equation [6.15].

d C _ D d2C 
dt  d x 2

(5.2)

Equations 5.1 and 5.2 are known as Fick's first and second law respectively. Equation 5.2 

shows that the rate of change of concentration is proportional to the curvature (the second 

derivative) of the concentration with respect to distance. If the curvature is zero, then the 

concentration is constant in time.

5.5. Diffusion behaviour

The glass transition temperature is described as the temperature that the state of polymer 

changes from glassy to rubbery state, at a given concentration. The mechanical relaxation 

times decrease with increasing temperature and concentration of diffusing molecules and 

motion of the polymer segments are enhanced. When a penetrant diffuses into a rubbery 

polymer above its glass temperature, a rapid adjustment of the polymer chains occurs, and 

as a result, a Fickian behaviour is exhibited. However, not all the polymers behave in the 

same way and they have a broad range of mechanical relaxations associated with structural 

changes. In general, diffusion can be categorised into three classes [5.16]. (see below)

The amount of the molecules diffused at time t in a plane sheet is described by the 

following equation;
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M t _ 4 n

(5.3)

Equation 5.3 can also be written as;

(5.4)

where Mt and are the amount of material transported at time t and at equilibrium 

respectively, L is the film thickness and D is diffusion coefficient.

with n=0.5. These systems are controlled by the diffusion coefficient and as such 

behaviour of these systems can be described by a single parameter. The movement of the 

diffusant is without any interactions and is simply based on a random walk.

The characteristic features of sorption and desorption-time curves for Fickian diffusion 

can be listed as [5.17]:

(I) In a semi-infinite medium, in the early stages, when diffusion takes place the amount 

sorbed or desorbed is directly proportional to the square root of time. The linear 

behaviour is approximately up to 50 per cent of the final equilibrium uptake.

(II) The plot of sorption and desorption against square root of time after initial linear part 

becomes concave towards the (time) 1/2 axis, and steadily approach the final equilibrium 

value.

(a) Case I or Fickian diffusion: The rate of diffusion is much less than that of mechanical 

relaxation time. Case I is an extreme with respect to the shape of the sorption-time curve
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(Ill) When the diffusion coefficient increases with increasing concentration throughout the 

relevant range of concentration, desorption is always slower than sorption, and conversely 

if D decreases with concentration increasing, desorption is faster.

(b) Case H diffusion: This is the other extreme; i.e. the rate of diffusion is faster than that 

of the mechanical relaxation process. This system can also be described by a single 

parameter (equation 5.3) with n=l. In this case, the parameter of interest is the constant 

velocity of the advancing front of liquid located at the boundary between swollen gel and 

glassy core. If the mechanical properties of the two stages are sufficiently different, 

fracture can occur in the glassy core.

In this diffusion mode strong interactions between the diffusant and the polymer may 

occur. Some of the diffusing molecules are either precipitated or form a new immobile 

chemical compound in a chemical reaction and, as a result of this they are immobilised and 

can not diffuse into the polymer matrix. These immobilisation processes are very rapid 

compared to the rate of diffusion and the regions in which all the sites are occupied or 

unoccupied respectively are separated by a sharp boundary.

(c) Case in  or Non-Fickian or anomalous diffusion: The rates of diffusion and 

mechanical relaxation are comparable. Two or more parameters are needed to describe 

this behaviour. The value of n is between 0.5 and 1, or changes sigmoidally from one to 

another. This system lies between case I and II. In general, all the cases that cannot be 

described by case I and II are classified as case III.

Changes in polymer structure on solubility and diffusional mobility or internal stresses 

exerted by one part of the medium on another as diffusion proceeds can be the causes of 

anomalous behaviour.
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Non-Fickian diffusion usually has been observed for so called glassy polymers. Fick's law 

describes the diffusion behaviour by a concentration-dependent form with constant 

boundary conditions. However, this is not an adequate description for glassy polymers. 

One of the reasons for this is the swelling of polymer due to penetration of diffusing 

species. In contrast to glassyones, 'rubbery polymers' do show Fickian behaviour. This is 

due to rapid responses of a rubbery polymer to any changes in environment, whereas 

glassy polymers respond relatively slower to these changes. On this basis it is believed that 

any response in a glassy polymer is time-dependent.

5.5.1. Effect of surface concentration on diffusion coefficient

Changes in the diffusion coefficient [5.17] are considered to occur in two stages. The 

increased ease of polymer segmental motion due to increasing the solvent concentration, 

leads to an immediate increase in the diffusion coefficient. A further stage of diffusion 

coefficient increase is then thought to occur over a period of time as a result of the 

relaxation processes, characteristic of the glassy state.

As a consequence of these two effects, the value of the diffusion coefficient in any element 

of a polymer penetrant system at a given time will be "history dependent", This means that 

the diffusion coefficient will depend on the concentration history of the element.

The simplest interpretation of the two-stage sorption is that a quasi-equilibrium 

(approximate equilibrium) is rapidly reached at the polymer surface and this is followed by 

the establishment of the same equilibrium concentration of diffusing material throughout 

the polymer sheet by simple diffusion. The second stage of the sorption then results from 

an increase in surface concentration, which occurs slowly relative to the diffusion rate, and 

so the concentration throughout the whole of the polymer sheet increases with time at a 

rate that is independent of the thickness of the polymer sheet.
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5.6. SORPTION

5.6.1. Dual mode sorption theory

Gas sorption isotherms for rubbery polymers at modest pressures are linear [Reimers 

5.18], however, below the glass-transition temperature, Tg, these isotherms become 

increasingly non-linear and are convex to the pressure axis. This behaviour was first 

explained by Barrer et al [5.19] who proposed a dual mode sorption model. Since then 

many researchers have found that this model can successfully explain their observed data.

As a glassy polymer is cooled through the glass transition temperature, the micro- 

Brownian motion of at least some fraction of the polymer chains is drastically slowed 

down. As a result of this a number of gaps will be frozen out in the glassy polymer which 

are called 'microvoids'. These microcavities have not been seen [5.20], and it is assumed 

that they must exist only at molecular level. On this basis, glassy polymers are 

heterogeneous on the molecular scale [5.20]. When small solute molecules are introduced 

into the system, they spend most of the time rattling about in these cages, till one key 

polymer segment moves under thermal vibration to let the molecule out. It was originally 

assumed that these adsorbed molecules are totally immobilised but later Petropoulos 

[5.21] and Koros et al [5.22, 5.23] showed that these species are only partially 

immobilised.

The solubility of these adsorbed molecules into relatively immobile sites, which can 

saturate, is approximately described by a Langmuir isotherm. The following equation 

describes the Langmuir isotherm for gas molecules dissolved in a glassy polymer at an 

equilibrium pressure, p.

r CH'bP 
” 1+bP (5.5)
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where is the penetrant concentration in microcavities or 'holes' in the polymer matrix, 

Ch ' is the saturation concentration of the penetrant species in the microvoids and b is a 

'hole-affinity' constant.

On the other hand the penetrant molecule can be sorbed into a volume region, large 

enough to accommodate it, surrounded relatively intimately, primarily by chain segments 

of chains whose micro-Brownian motion is not frozen out. These type of penetrant 

molecules are much more mobile than those molecules surrounded by segments stemming 

from chains whose backbone is frozen out.

The solubility of these absorbed and totally mobile species is represented by Henry's law. 

The dependence of the penetrant concentration in the polymer due to ordinary dissolution, 

Cj) on pressure is given by relation:

CD = k DP ( 5  ^

Where kD is the solubility coefficient in the Henry's law limit (the reciprocal of Henry's law 

constant).

The dual sorption model postulates that the total concentration, C of a penetrant gas in a 

glassy polymer is the sum of the above contributions:

C = CD + CH (5.7)

Thus by substituting the values of Cp> and Ch from equations (5.5) and (5.6) into equation 

(5.7) the relation for the total amount of solute sorbed by both mechanisms is given:
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It should be noted that a local equilibrium between the absorbed and adsorbed populations 

is maintained through the polymer matrix [5.24], The total sorbed concentration tends 

towards the limit of Henry's law as the pressure increases.

A number of researchers have used the dual mode sorption model to describe the studies 

of the sorption and equilibrium for CO2 in a polyamide film for pressures up to 0.78 atm

[5.25], the permeability of CO2 through kapton polyamide for pressures up to 16.3 atm

[5.26], sorption of water by an amorphous polyamide [5.27], C 02 sorption and transport 

in polycarbonate [5.28, 5.29], the gas sorption behaviour of CO2 , C2Hg and CH4 into 

polyethersulfone and polyhydroxyether [5.18], the sorption of CO2 , O2 and N2 into 

polyethersulfone [5.30], sorption of CO2 , N2 and He gases below 1 atm into polyimide 

films [5.31, 5.32], diffusion of 2,4-dinitroaniline and non-ionic azo dyes in nylon- 6  film 

[5.33], transport of water in poly(acrylonitrile) [5.34], diffusion in glasses [5.35 5.36], 

diffusion in textile fibers [5.37 5.38] and enzyme membranes [5.39], drug transport in skin 

[5.40] and water clustering in reverse osmosis [5.41]

5.7. Study of diffusion by experimental techniques

A number of experimental techniques have been devised to study diffusion processes.

These include permeation methods [5.42], optical detection of chemical labels, Park [5.43

5.44], sorption and desorption kinetics [5.42], mass label detection using Rutherford 

backscattering [5.45], concentration-distance curves [5.42] radioactive labels [5.43 -

5.45], nuclear magnetic resonance [5.46], Raman microprobe spectroscopy [5.47], laser 

interferometry [5.47], capillary column inverse gas chromatography [5.48], mechanical



measurement of thickness changing as a function of swelling [5.49-5.51], birefringence 

[5.46], UV absorption [5.46], rotating-polariser ellipsometry [5.52], absorbance of thin 

layers [5.52], and Fourier transform infrared-attenuated total reflection spectroscopy 

[5.53-5.63],

The method of sorption is one of the most common techniques used to investigate the 

diffusion of small molecules in polymers. In this method, if the concentrations just vvithin 

the surface of a plane sheet are maintained constant, the amount of diffiisant, Mt taken up 

by the sheet in a time t, is given by the following equation.

Where L is the thickness of the sheet, is the equilibrium sorption attained theoretically

after infinite time, and D is diffusion coefficient. For short-times, equation 5.7 can be 

rewritten as;

The thickness of the film in equation 5.10 is 2L and the value of the diffusion coefficient 

can be deduced by determining the initial gradient of a graph of straight line of as a

(5.9)

(5.10)

function of t °-5. Using equation 5.10 instead of equation 5.9 results in some error and it is 

of the order of 0.1 % [5.43], Equation 5.9 can be rewritten in order to simplify calculation 

of diffusion coefficient for long-times.



-D 7l2t
4L2 .

(5.11)

or

m r t
4L2

(5.12)

In general, the above techniques can be used to measure the diffusion coefficient of a 

solute by monitoring either the release from, uptake into, or permeation through a polymer 

layer. One of disadvantages of some of these techniques is that they require periodic 

sampling, and subsequent analysis by spectroscopic, chromatographic, or radiometric 

methods to identify and quantify the concentration of the permeant molecule in a polymer

In contrast, Fourier transform infrared attenuated total reflection spectroscopy (FTIR- 

ATR) can provide a unique method of direct identification and quantification of 

concentration of the diffusion of permeant molecules into polymer films in situ. In

species simultaneously providing they have detectable and distinguishable infrared bands.

The FTIR-ATR technique has been utilised by a number of researchers to study the mutual 

diffusion of small molecules in polymer films. Fieldson and Barbari demonstrated the 

application of this technique to measure diffusion of liquid water in polyacrylonitrile 

[5.52], and to study acetone-polypropylene, methanol-polystyrene and methanol- 

poly(methyl methacrylate) systems [5.54], The mutual diffusion of small molecules in

film.

addition, this technique can provide information about the diffusion of all the diffusing
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polymer films studied by Hemmelmann and Brandt [5.55, 5.56], Cogan et al [5.57] and Xu 

et al [5.58] and in gels by Wurster et al [5.59], Pereira and Yarwood studied the diffusion 

of liquid water in sulphonated polyethersulfone films [5.60], Kuzmenka and Granick 

investigated kinetics of polymer absorption at the solid-liquid interface[5.61], Rosenberg 

and Kellner determined diffusion coefficients of diffusion of carbohydratesxin 

photocrosslinkable polyvinylalcohol [5.62]

5.7.1. Application of FTIR-ATR spectroscopy to diffusion in polymers

Principles and theory of FTIR-ATR spectroscopy have been described in chapter 1. In this 

section, the use of this technique for obtaining information about diffusion of small 

molecules in polymers is presented.

As was explained earlier, Fick's second law for diffusion of 1-D diffusion in a layer with a 

constant diffusion coefficient is as follows;

^  = (5.2)
St dZ2

The boundary conditions for a region of -L < x < L with an initial uniform concentration, 

C0 and a constant concentration at the surface, CL are:

C = 0 a t t < 0 ; 0 < z < L

C = CL at t > 0; z = L

d C/ d z at t > 0; z = 0

Equation 5.2 can be solved for these boundary conditions giving;

134



C -C 0 , 4 ^ ( - l ) n — = 1 —  > - —— exp
CL- C 0 n£l2n + l

^-D(2n + l)2jc2t>
V 4L2

x co
(2n + l)7iz 

2L ~
(5.13)

The mass of sorbed penetrant in sorption kinetic experiments, is measured as a function of 

time. The equation 5.13 can be integrated over the thickness of the film to give the sorbed 

mass. The result of the integration is (equation 5.9):

M, , ^  8 f-D (2n  + l ) V 0— L= l - >  ----------^ r e x p  —  ----- ^ ------ (5.9)
M , S ( 2 n  + l ) V  I  4L )

Where Mt is the mass sorbed at time t, and is the mass sorbed at equilibrium.

In FTIR transmission spectroscopy at low absorbances, the relationship between the 

absorption of electromagnetic waves and the quantity of the absorbing material is 

expressed by the Beer-Lambert law given by:

dl = oddz = -eCIdz (5.14)

Where a  is the absorption coefficient, 8  is the molar extinction coefficient, /  is the light 

intensity at position z, and C is the concentration of absorbing group. The above equation 

can be integrated to give:

A = -\n< 1  k sCdZ (5.15)
I

I 0
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Where / 0 is the intensity of the incident light, I  is the intensity of the transmitted light, A is 

the measured absorption, and 2 L is the thickness over which the absorbing group is present. 

The absorbances given in equation 5.15 is analogous to the mass uptake in equation 5.9 

since it involves an integration of the concentration profile over the film thickness.

However, the major disadvantage of using transmission spectroscopy to measure sorption 

kinetics in polymer samples with equation 5.15 is that it involves removing the polymer 

film from the penetrant bath and blotting prior to spectroscopic analysis.

In contrast to the transmission method, FTIR-ATR spectroscopy can provide information 

about the diffusion kinetics in situ. The details of this technique have been described in 

section 1.3. In ATR spectroscopy, the rarer medium absorbs specific frequencies of light 

in the evanescent wave, the reflection is frustrated and the reflected wave has a reduced 

intensity at these wavelenghts, resulting in an absorption spectrum. In order to combine 

the evanescent field strength equation with the Beer-Lambert law, it is necessary to 

assume that only weak absorption occurs. With this assumption:

i  = e-A* ( l - A )  (5.16)
•*■0

or

dl = - I 0dA (5.17)

Substituting equation 5.17 into equation 5.15 and integrating gives:



Integration is from 0 to L. This is because in the ATR configuration, the diffusing 

molecule only enters the film from one side. The decay of the evanescent field is given by:

E = E0 exp
2 no7r js in 2 0 -  —

(5.19)

where E is the electric field strength at the interface, nj is the refractive index of the rarer 

medium and ri2 is the refractive index of the propagating medium. Since I = E2, the field 

strength of the evanescent wave (E) can be substituted. Thus rewriting the expression for 

multiple reflection, N, as:

A = fN e'C E j; exp
2 n27ijs in  9 - |

dz (5.20)

Where e* = e/I0. Substituting equation 5.13, into equation 5.20 and integrating gives:

A « ~ A 0 

A oo _ A 0
=  1 -

8y
7r[l -  exp(-2yL)] n=0

exp -D(2n + 1) 2 7c2t>
I 4L2 J  ̂ 2L  ̂ CXP̂  2yL) + ( ^  (2y)

(2 n + 1) +<NJ*-
i 

i

^(2 n + l)7cV
I 2 L J

(5.21)
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2n.7c

Where y =

sin2 0  -
ViW

As was discussed earlier the diffusion process in glassy polymers is best described by a 

dual mode sorption model (see section 5.6.1.). In this model, it is assumed that one 

species is totally mobile and can diffuse into the polymer matrix freely and the other 

species is only partially mobile. Thus the expression for describing this model contains two 

diffusion coefficients for mobile and partially immobile species. Equation 5.22 describes 

the Fick's second law for partially mobile molecule when;

Cj (0 ) = x2 C0 

and Cj(t = o o ) =  X j

where x{ is related to the fraction of the partially mobile molecules. For totally mobile 

species when;

C2 (0) = X2 0̂

and Ct (t=oo) = x2 CM
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d t ~ d z
(5.23)

where x2 is related to the fraction of the totally mobile molecules and thus Xj + x2 = 1. The 

substitution of these boundary conditions into equation 5.21 gives equations 5.24 and 5.25 

which are the expressions for the first and second sorption modes respectively [Pereira 

5.60].

A i - x,A0 j y i
exp

-Di(2n + l)27c2t
I  4L2 J ^  2l   ̂ exp(-2yL) + ( - l)  (2y)j

x,(Aro- A 0) 7r[l -  exp(-2yL)] £ £

(2n + l)

(5.24)

A2- x2A0 ^  8y y
exp

-D 2(2n + l)27t2t
I 4L2 J 2L  6XP̂  2yL) + (

x2(A00 Aq) 7c[l -  exp(-2yL)] n=0
(2n + l)

(5.25)

The total absorbance can be deduced by addition of A l and A2 after rearrangement of 

equations 5.24 and 5.25. The value of can also be determined by the same approach.
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Parameters Dj and D2 can be calculated using the Levenberg-Marquardt least square 

method. This method is used when two adjustable parameters are to be determined and 

has become the standard approach for non-linear squares routines[5.63, 5.64]. In this 

meihod through the minimisation of the chi-squared merit function, x2, the value of 

diffusion coefficients and A*, are determined.
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CHAPTER 6

Introduction
Experimental

Chemicals
Sample preparation and spectroscopic measurements 

Results and discussion
Raman surface profile and SEMsurface image ofSPEES/PES film  
Comparison o f  dry and wet SPEES/PES spectra ( symmetric SO 2 band)
Comparison o f  shape o f  water v(OH) and v(OD) bands in pure water and in polymer matrix 
Diffusion o f  pure water in SPEES/PES (S8 and S20)
Sorption and desorption

6.1. Introduction

This chapter describes studies of diffusion of pure water into sulphonated polyetherether 

sulphone/polyethersulphone, SPEES/PES. This material is a copolymer with ion exchange 

capacity and is used as a polymeric ion exchange membrane. The characteristics o f such 

materials, which are used as reverse osmosis membranes, have been described in 

chapter 5.

Fourier transform infrared attenuated total reflection spectroscopy, FTIR-ATR has been 

utilised to characterise the diffusion process. The main advantage of application of this 

technique is that the diffusion processes can be studied in situ. The theoretical background 

of this technique has been described in chapter 1 .

6.2. Experimental

6.2.1. Chemicals

SPEES/PES was obtained from NWW Acumem Limited. This copolymer is synthesised as 

follows:
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OH

X OH 1-X

O

1-X
O

It sulphonates only at hydroquinone residue so that ion exchange capacity of sulphonated 

polymer is pre-determined by copolymer composition. Sulphonation occurs in 98% H2S04 

without degradation. Degree of sulphonation is characterised by "S - No", Where

No. of non-sulphonatable rings

S = -------------------------------------------- = (2 + 2x)/(l-x)

No. of sulphonatable rings

The characteristics of copolymers which were used in this work are summarised in table

6 . 1.
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Polymer (S-No) Exchange Capacity (Eq/Kg) Water Uptake (% weight)

S = 20 0.398 5.5

S = 8 0.894 12.7

S = 5 1.297 20.5

Table 6.1: Characteristics o f SPEES/PES copolymers.

l-methyl-2-pyrrolidonone, NMP (99+%, HPLC grade), Dimethylformamide, DMF 

(99.9+%, HPLC grade) and polyacrylonitrile, PAN were obtained from Aldrich Chemical 

company. Deionised water (Millipore) was used for this work.

6.2.2. Sample preparation and spectroscopic measurements

The ATR crystals used in the experiments were polished ZnSe parallelepipeds, obtained 

from Spectra Tech Inc. The sampling surface of the crystals were 50 mm x 10 mm and 

they have a thickness of 6  mm. The normal vectors of the optical entry and exit faces were 

inclined at 45° to the sampling surfaces. The refractive index of ZnSe is 2.4. This material 

is insoluble in water and most organic solvents. It will, however, etch in both acidic and 

alkali solutions. The material is prone to oxidation from oxidising agents such as peroxides 

and hypochlorides to form an infrared absorbing layer of selenium dioxide. This will 

darken the surface of the crystal, sometimes appearing as a brown or purple film. [1 .2 ]

Before each experiment, the crystals were cleaned by washing with acetone and methanol 

and then by refluxing in hot 2-propanol for at least 4 hours. The SPEES/PES polymer 

films were then deposited on ZnSe substrate by casting technique from 7% solution of
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SPEES/PES desolved in NMP. The films were annealed at 65 °C for 24 hours. The 

thickness of each film was determined to be 10 (im within 5% accuracy using a surface 

profiler (Laser Form Talysurf).

Measurements of the infrared spectra were obtained using a Mattson Polaris Fourier 

transform infrared spectrometer. This instrument is fitted with a liquid nitrogen-cooled 

bullseye mercury-cadmium-telluride (MCT) detector. The spectrometer is controlled from 

a compatible PC running Mattson FIRST® software.

The film-coated crystal was mounted in a flow-through ATR cell obtained from Graseby 

Specac pic, as shown in figure 6 .1. In the ATR cell, the solvent (water) was injected from 

one side of the cell and the excess of solvent is collected in a reservoir at the other side of 

the cell. All experiments were carried out at 25 °C. The exposed area of the polymer 

sample within the liquid cell is 6  mm x 42 mm.

water

IR incicent 
light

water
sj spacer

ATR prism

Figure 6.1: Schematic diagram o f side view o f ATR cell
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The cell was placed in a variable angle macro ATR accessory. The entire assembly was 

then mounted in spectrometer sample compartment. The micro ATR was then aligned 

with rotating the second mirror of the holder and the final alignment was performed by 

maximising voltage at the MCT detector. In order to collect infrared spectra, first, a 

background spectrum of the dried film was taken as a reference. The subsequent sample 

spectra were then obtained using a macro program. In FTIR-spectroscopy, a spectrum 

with good signal to noise ratio is taken over a period of time which is called the sampling 

time. In a diffusion experiment, it should be noted that the first experimental data is not 

taken at time zero, but during the sampling time. In order to take this into account, the 

mean value of time was used for determining the diffusion coefficients. The parameters for 

infrared sampling are given in table 6 . 2

Resolution 4 cm-1

scans per sample 10

signal gain 4
Apodisation triangular
iris 98%

Table 6.2: FTIR spectrometer sampling parameters

6.3. Results and discussion

6.3.1. Raman surface profile and SEM surface image of SPEES/PES film 

The surface of a sample SPEES/PES film prepared by the above method was examined 

with Raman spectroscopy. Figure 6.2 shows a point by point image of surface of the film 

using confocal Raman microspectroscopy. The Raman mapping was carried out by setting 

the instrument in confocal mode (see section 2.4.2.) using a x50 objective, slit width of 

12 pm and a CCD area of 4 x 576 pixels. In order to obtain a set of spectra for a chosen 

area of the sample, the microscope was focused on a point and the Raman spectrum of the
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900 - 1200 cm-1 region containing the symmetric SO2 stretching band of SPEES/PES was 

recorded. The intensity of this band was measured and the Raman map was then 

constructed. It is clear from the mapping image that the surface of the copolymer film is 

uniform.

The uniformity of the surface of the films was also examined by scanning electron 

microscopy, SEM using a 10 kV beam. The polymer film was first coated with a thin 

carbon layer. Figure 6.3 shows the SEM image of a 2 pm SPEES/PES film on ZnSe ATR 

prism. It is apparent from this image that in some areas of the film, small clusters of 

"needle shape" species are present. In order to determine the chemical composition of 

these clusters, X-ray analysis was employed. Figure 6.4 shows the results of the X-ray 

analysis. It is clear that one of the main constituent elements of the needle clusters is 

selenium and one of the main elements present in the polymer matrix background is 

sulphur from SPEES/PES film. One possible reason for presence of such needle clusters is 

due to defects in the surface of the ZnSe ATR prism or dissolution of ZnSe.
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Figure 6.3: SEM image of surface o f SPEES/PES film
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Figure 6.4: X-ray analysis of surface of SPEES/PES film
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6.3.2. Comparison of dry and wet SPEES/PES spectra ( symmetric S 0 2 band)

Figures 6.5 and 6 . 6  show infrared and Raman spectra of SPEES/PES respectively. The 

assignments of main infrared bands in the spectrum are given in table 6.3.[6 .1-6.4]

Band Position (cm-1) Infrared Assignment
869, 850 Out of plane C-H deformation of isolated H in 1, 2, 4 

substituted benzene ring

1 0 1 0 Ring vibration of p-substituted aryl ether

1023 Symmetric 0=S=0 stretching of the sulphonate group

1080, 1107 Aromatic ring vibrations

1151 Symmetric 0=S=0 stretching of sulphone group
1167 Antisymmetric 0=S=0 stretching of the sulphonate group
1240 Antisymmetric C-O-C stretching of the aryl ether group
1296, 1321 Doublet resulting from antisymmetric 0=S=0 stretching of 

the sulphone groups

1408, 1471, 1487, 1579 Aromatic C=C stretching
3068, 3095 Aromatic C-H Stretching

Table 6.3: Assignment o f main infrared bands ofSPEES/PES
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Figure 6.5: Infrared spectrum of SPEES/PES

5002500 2000 1500 10003500 3000

Delta Wavenumbers

Figure 6.6: Raman spectrum o f SPEES/PES
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Exposing a dry SPEES/PES film to water is expected to induce changes in some of the 

vibrational modes of the polymer. In order to examine the final spectrum a wet 

SPEES/PES film after a diffusion experiment was collected and compared with a spectrum 

of the same sample before exposure to water. Figure 6.7 shows Raman spectra of the 

polymer film before and after diffusion of water for the 980 - 1120 cm' 1 range.

Figure 6.7 shows that the band at 1023 cm-1 corresponding to symmetric 0=S=0 

stretching of the sulphonate group, v (S03“) has shifted to higher frequency by 2  cm-1 

after water has penetrated into the polymer matrix. Such blue shift is due to interaction 

between the water molecules and the S03" groups of the polymer [6.4]. It was not 

possible to determine the changes to the infrared spectrum as a result of water diffusion. 

This was due to the highly absorbing nature of SPEES/PES in the finger printing region of 

the spectrum. Thus, it is not possible to obtain a good well resolved spectrum even with 

the use of spectral subtraction.

s 5000-

10601100 10901120 1020 1000

Figure 6.7: Raman spectra o f SPEES/PES (a) after and (b) before exposure to water
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6.3.3. Comparison of shape of water v(OH) v(OD) bands in pure water and in 

polymer matrix

The shape of the v(OH) band of water is governed by various vibrations in the water 

molecule. Figure 6 . 8  shows an infrared spectrum of liquid water. The assignment of the 

main infrared bands of free and liquid water molecules is given in tables 6.4 and 6.5 

respectively [6.4, 6.5].

Band Position (cm-1) Infrared Assignment

1595 bending mode, v?

3651 symmetric stretching mode, Vi

3756 antisymmetric stretching mode,

Table 6.4: Assignment o f main infrared bands o f water molecules

Band Position (cm-1) Infrared Assignment

1650 bending vibration, v 7

2 1 1 0 bending vibration + torsion vibration

3225 overtone of the bending vibration, 2 v?

3400 OH in hydrogen bridges

3615 OH groups

Table 6.5: Assignment o f main infrared bands o f liquid water at 20 °C
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Figure 6.8: Infrared spectrum o f liquid water

One of the factors determining the shape of this band is hydrogen bonding between the 

water molecules. One side of the v(OH) band is steeper than the other side. The simplest

explanation for this is in terms of variation of O O O and O— H structures. This

gives a range of hydrogen bonding energies. The band has high intensity between 3800 

and 3000 cm-1, with a spectral density distribution reflecting the whole range of hydrogen 

bond strengths. The "wing" with higher frequency corresponds to the water vapour and 

the low frequency "wing" correspond to water in the liquid phase [6.5]. In the liquid there 

is a fixed free volume. In this free volume, water molecules can form hydrogen bonding 

but there is a limit to this free volume and beyond that the water molecules cannot form 

any further hydrogen bonding [6 .6 ]. The structure of the water network in liquid form can 

be shown as figure 6.9.
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Figure 6.9: Structure o f the liquid water network

This means that the average distance between oxygen atoms (O— H-O) in the network 

(see figure 6.9) will be different depending on the degree of hydrogen bonding. In liquid 

water, because of limitation of free volume, this distance has a maximum and this is the 

reason for a sharp fall in the high frequency side of the v(OH) band. In the vapour phase 

there is no limitations on free volume, and as result a range of bands corresponding to 

various degrees of hydrogen bonding are responsible for a shallow "wing" on the high 

frequency side of the band.

It is expected that, as a result of interaction with the polymer, the vibrations of water 

molecules undergo some changes resulting in changes in the shape of the v(OH) band. 

Figure 6.10 shows a comparison of OH stretching band of water in SPEES/PES after 22 

seconds and at equilibrium and in liquid form. Figure 6 .11 shows a comparison of water in 

polyacrylonitrile, PAN film and in the liquid phase. It is clear that there are a number of



differences between the v(OH) band of water in apolymer matrix in comparison to liquid 

water.

The v(OH) band of water in the polymer has apparently shifted to higher frequency. This 

could be due to a shift in equilibrium between strongly and weakly hydrogen bonded water 

molecules. This is in accordance with continum theory [6.5]. Kell gave a definition of this 

theory, describing water as having essentially complete hydrogen bonding, at least at low 

temperatures, but as having a distribution of angles, distances, and bond energies. Workers 

favouring continum models have tended to consider water in terms of a continuous 

distribution of interactions presumed to be spectroscopically indistinguishable. However, 

there is another type of model for representing water. This is called the " mixture " model, 

and describes the liquid water as an equilibrium mixture (or solution) of species that are 

distinguishable in an instantaneous picture.

The v(OH) band of liquid water is more symmetrical and broader. At shorter diffusion 

times, there is a smaller number of strongly hydrogen bonded waters. This could be due to 

the water being 'weakened' as it diffuses into the polymer matrix. At longer time periods 

the

v(OH) band profile begins to broaden suggesting that the water in the polymer is gaining 

more 'pure-water' character.

It should be noted that the environment surrounding each water molecule is important in 

determining the shape of the band. In the case of water after diffusion it is expected that 

the environment surrounding the water molecules is different from that in pure liquid 

water, and possibly these environments are in various phases. It is expected that as an 

example some of water molecules are (a) trapped in microvoids in the polymer matrix and 

form a type of water 'clusters', and (b) some of the water molecules may interact with the
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polymer and thus forming new hydrogen bonds with the ionic groups of the polymer 

(SO3" in SPEES/PES). In both cases the water network will be 'weakened' and on average 

there will be fewer strongly hydrogen bonded OH groups.

It is clear from figure 6 .1 1 that, the perturbations in PAN are more dramatic than 

SPEES/PES. A comparison of the v(OH) band of PAN with that of water shows that the 

band has shifted to higher frequency indicating loss of more strongly hydrogen bonded 

water molecules in comparison with water.

Figure 6 .12 shows a comparison of the uncoupled v(OD) band of D2 O/H2 O (18%) 

solution in SPEES/PES at equilibrium with that of pure water. It is clear that no significant 

band shift is apparent. However, the v(OD) band of the solution in SPEES/PES is broader 

than that of pure water. By comparison with the v(OH) band of the H2O, the v(OD) band 

does not show much width change. One possible reason for this is the effect of the 

environment around the v(OH) and v(OD) vibrations. In an 18% solution of D2 0/H 20 , v 

(OH) or v(OD) vibrations are surrounded predominantly by hydrogen atoms and as such 

OD species are well separated and thus, they oscillate in an OH 'dilute' environment. This 

results in a narrower range of environments and thus, a narrower 

v(OD).
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Figure 6.10: Spectra o f v(OH) band o f water in SPEES/PES and in the liquid phase
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Figure 6.11: Spectra o f v(OH) band o f water in PAN and in the liquid phase
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Figure 6.12: Comparison of v(OD) band ofD20/H20 and D2O/H2O in SPEES/PES

6.3.4. Diffusion of the pure water in SPEES/PES (S8  and S20)

The diffusion of water in the SPEES/PES film was measured by observing the OH 

stretching peak. The peak was integrated from 2700 to 3800 cm-1 to obtain an absorbance 

at each time. Figure 6.13 shows a series of spectra recorded at constant time intervals for 

diffusion of water into SPEES/PES. The integrated absorbencies for SPEES/PES (S8  and 

S20) as a function of time are shown in figure 6.14. The thickness of polymer film in both 

cases is 10 pm ± 0.5 and is measured with a Talysurf surface profiler.

160



0.3

, 0 .2-

TIME
INCREASE

0.1-

0.0

3500 3000
Wavenumbers

Figure 6.13: Sequence o f time-evolved spectra from SPEES/PES sample

Figure 6.14 shows that the intensity of the v(OH) band of diffusing water increases rapidly 

and reaches an 'equilibrium' level. However, the intensity of water at the equilibrium point 

is greater in the case of SPEES/PES (S8 ) than that of S20. In addition, the time taken to 

reach the equilibrium state is greater for S20 than S8 . These observations can be explained
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based on differences in the sulphonation level of these two copolymers. In SPEES/PES 

(S8 ), approximately 12.5% of the monomers in the polymer chains are sulphonated and 

thus it has a water uptake capability of 12.5% by weight (see table 6 .1) in comparison to 

5.5% water uptake of SPEES/PES (S20) in which approximately 5% of the monomers are 

sulphonated.

The diffusion coefficient of water penetration in the above polymer films can be calculated 

using equations 5.19 and 5.20 (see section 5.7.1). SPEES/PES is a glassy polymer and as 

explained earlier (see section 5.6.1) many researchers [5.24-5.40] have shown that the 

diffusion processes in glassy polymers are best described with a dual mode sorption.

Figure 6.15 shows the solution of equations 5.19 and 5.20 to diffusion curve for 

SPEES/PES (S20). The values of diffusion coefficients for water penetration into 

SPEES/PES (S5), (S8 ) and (S20) are shown in table 6 .6 , where Dj is the diffusion 

coefficient for the rapid initial stages of the diffusion which is due to adsorption of the 

water molecules onto the surface and the ionic sites of the polymer, D2 is the value of 

diffusion coefficient for the diffusion of water molecules through the polymer matrix at 

longer times.
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SPEES/PES film, S-No D, (cm2/sec) D, (cm2/sec) X ,

S5 (4.19 ± 0.22) x 10*8 (3.56 ±  0.27) x 10-9 0.80 ± 0 .0 2

S8 (1.52 ± 0.27) x lO*8 (2.16 ± 0.24) x 10-9 0.76 ± 0 .0 3

S20 (3.42 ±  0.25) x 10-9 (8.20 ±  0.28) x 10-10 0.68 ± 0.02

Table 6.6: Diffusion coefficient values o f water penetration into SPEES/PES at 25 °C

It is clear from the values of diffusion coefficients shown in table 6 .6  that these values are 

greater for the SPEES/PES polymers with higher sulphonation level. This means that the 

diffusion process is faster in the polymer films which are more sulphonated. This is 

expected since the polymers with higher sulphonation level have greater tendency for 

absorption of water. This is also expected to have a greater effect on the adsorption of 

water onto the ionic sites (S03“) of the polymer. In fact, it is clear that the Dj values 

which correspond to the adsorption of the penetrating molecules show a greater variation 

as a result of changes in the sulphonation level of SPEES/PES.

Table 6 .6  also shows that the Xa values are different for the three polymer systems and the 

values are greater for the copolymer with higher sulphonation level. The Xa values 

represent the fraction of the penetrating molecules which are adsorbed on the specific sites 

of the polymer matrix and thus partially immobilised (see section 5.6.1.). It also gives 

some indications of how predominant one mode of the diffusion behaviour is in relation to 

other. On this basis the greater value of Xa for high sulphonation level polymers can be 

explained.
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The Fickian component of the above diffusion curves in the short term can be determined 

using equation 5.10. For an ideal Fickian behaviour, plotting the integrated absorbance as 

a function of square root of time results a straight line in the short time. Figure 6.16 

shows a plot of experimental points for diffusion of water in SPEES/PES.

1

0.9 

0.8 

0.7  

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0
0 5  10 15 20  2 5  30 35  40  4 5  50

fl/2

Figure 6.16: Plot o f integrated absorbance as a function o f square root o f time for diffusion o f water into
SPEES/PES

i----------- r

„  dXO °

t ------------1------------ 1------------ r
o O o O O V .PHO

-+o +o+cH ’o+ o t~ C5*

.o'

o
o

+
+

+ + +
+ ++ ++.+++

4- +

o +

+

+

+

_ca_______I__________ I__________ I__________ I__________ I__________ L

o s p e s  (S8) 
+ sp e s  (S20)

J__________ L

166



As described earlier (see section 5.5) an ideal Fickian diffusion plot of intensity versus t1/2 

is approximately linear up to 50% of the final equilibrium uptake. It is apparent that this is 

not the case in diffusion of water in SPEES/PES. However, this is a behaviour displayed 

by rubbery polymers but since SPEES/PES is a glassy polymer, a non-Fickian behaviour is 

predicted. This is an indication of an anomalous behaviour of the diffusion process in the 

polymer film.

However, it is possible to draw a straight line through the first few data points on the 

curve. Although this is arguable, since the number of data points on such straight line is 

only a few and one might expect more data points to support the linearity in the very 

beginning period of the diffusion. However, it should be noted that in a FTIR-ATR 

experiment there are some limitations with the shortest time intervals that the data point 

can be collected. It was found that the shortest time interval for SPEES/PES system is 25- 

30 seconds. In fact, this might account for a disadvantage of using this system for studying 

the diffusion processes. In this work, the experimental parameters have been selected in a 

way to minimise the time intervals.

The exponent "n" in equation 5.3 (see below) indicates the type of diffusion behaviour.

M t _ 4 f P t Y  
“  L K ttJ

As an example, for case I or Fickian diffusion, the sorption-time curve has a value of 

n=0.5. In order to estimate this value for diffusion behaviour in SPEES/PES, the above 

equation can be rewritten as:
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By plotting the data points as logCA/A^) versus log( t ), it is possible to determine the 

value of "n" (see figure 6.17).

Although it is difficult to draw a straight line through the data points , the first data points 

may indicate that the value of "n" is between 0.5 and 1. This shows that the diffusion 

behaviour is neither case I and case II and thus basically non-Fickian behaviour.

The long term component of the diffusion curve can also be determined using the equation 

5.12 (see below).

In = ln|
n  )  4  L 2

Figure 6.18 shows a plot of the experimental data as ln(l-At/Aeq) versus time. In the long 

term the curve become linear and by determining the slope of the line, it is possible to 

obtain the value of the diffusion coefficient.
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6.3.5. Sorption and desorption

An understanding of sorption and desorption process in polymers is important in 

membrane-based and/or liquid separation, barrier applications, and polymer impregnation 

processes [6.7], Fleming and Koros [6 .8 ] have shown that gas sorption and desorption 

isotherms in glassy polymers exhibit hysteresis or, a manifestation of the long relaxation 

times associated with this non-equilibrium state. This is in contrast to the behaviour in 

rubbery polymers in which the sorption and desorption isotherms coincide. De Neve and 

Shanahan [6.9] have investigated the effect of water uptake by epoxy resin adhesives. 

Water ingress has been monitored using gravimetric measurements whilst changes in 

mechanical properties have been followed using viscoelastometry. They have shown that 

the absorption of water leads to a decrease in glass transition temperature which induces 

plasticization of the polymers.

In order to study the sorption and desorption process, a SPEES/PES membrane was 

casted onto a ZnSe ATR prism and cured at 65 °C for 24 hours. First the polymer 

membrane was exposed to pure water and a series of spectra for the sorption process was 

collected for a known period (approximately 30 minutes). Then, the excess of water was 

removed from the surface of the polymer film. This was followed by a dry nitrogen gas 

flow. This causes the sorbed water molecules to desorb from the polymer matrix.

Figures 6.19 and 6.20 show a series of spectra for the v(OH) band for sorption and 

desorption of water into and from SPEES/PES respectively. A comparison of the v(OH) 

band at equilibrium of the sorption processes shows that the band has shifted to lower 

frequency for third sorption. It should be noted the water band shown in figure 6.19 is a 

mixture of various v(OH) bands corresponding to different water environments. Some are 

free water molecules which are totally mobile and have no significant interactions with 

polymer matrix whereas some are strongly interacting with the ionic sites of the
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SPEES/PES polymer. Exposing the polymer for the first time into water results in some 

defects in the material and thus the nature of water molecules in relation to their 

surroundings will be different. It is expected for example that the polymer swells and thus, 

the free volume in the polymer matrix increases. On this basis it can be expected that the 

shape of the v(OH) band will be influenced by these changes.
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Figures 6.21 and 6.22 show plots of integrated absorbance of experimental data versus 

time for sorption and desorption processes respectively. It is clear that the absorption level 

at equilibrium has increased significantly from the first sorption process. In addition the 

time taken to reach the equilibrium state is very rapid in the first sorption. This means that 

the first mode of sorption which corresponds to internal adsorption of water onto specific 

sites on the polymer is veiy fast. However, it is clear that in the second, and particularly in 

the third, sorption the time taken to reach equilibrium state is much slower and it seems 

that the second mode of diffusion behaviour is more dominant.
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Figure 6.21: A plot o f integrated absorbance as a function o f time for sorption o f water into SPEES/PES
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Figure 6.22: A plot o f integrated absorbance as a function o f time for desorption o f water into SPEES/PES
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Figure 6.23 shows a comparison of the sorption curve with that of desorption. However, it 

should be noted the desorption curve in figure 6.23 is inverted in order to ease the 

comparison between the two processes. It was shown earlier that using equations 5.19 and 

5.20 it is possible to describe the diffusion process and the two diffusion coefficients Dj 

and D2 corresponding to adsorption of water molecules on specific sites on the polymer 

(S03-).

Crank [5.16] has shown that equation 5.9 can be used to describe the sorption process. He 

has further shown that if free and immobilised solute are considered to be initially in 

equilibrium everywhere in the sheet, then the mathematical solutions presented for 

sorption also describe the desorption process, providing Mj is taken to mean the amount 

of solute leaving the sheet up to time t, and Mm the corresponding amount after infinite

time. Since equations 5.24 and 5.25 have been drived from equation 5.9, it can be assumed 

that these equations can also be used to describe desorption. Table 6.7 and 6 .8  show the 

results of curve fitting to experimental data for sorption and desorption of water into and 

from SPEES/PES (S5) and (S8 ) respectively.

The results of fitting to the equations describing a double mode diffusion (equations 5.24 

and 5.25) is shown in figures 6.24 and 6.25 for sorption and desorption respectively.
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Process D, (cnrVsec) D, (cnrVsec) x ,

Sorption 1 (4.19 ± 0.08) x 10' 8 (3.56 ± 0.07) x 10"9 0.80 ± 0 .0 2

Sorption 2 (5.00 ± 0.09) x lO' 8 (2.15 ±0.06) x 10-9 0.65 ±0.05

Sorption 3 (5.15 ± 0.08) x 10' 8 (2.03 ±0.06) x lO' 9 0.58 ±0.04

Desorption 1 (4.52 + 0.07) x lO"8 (1.24 ± 0.08) x lO' 9 0.26 ±0.05

Desorption 2 (2.17 ± 0.06) x lO"8 (1.67 ± 0.07) x 10-9 0.28 ± 0.03

Desorption 3 (1.98 ± 0.07) x lO-8 (1.43 ± 0.07) x l 0 “9 0.31 ±0.04

Table 6.7: Diffusion coefficients o f sorption and desorption o f water into and from SPEES/PES (S5)

Process Dt (cnrVsec) D, (cnrVsec) x„
Sorption 1 (1.80 ± 0.07) x lO’8 (2.16 + 0.04) x lO' 9 0.50. ±0.05

Sorption 2 (2.61 ±0.06) x lO’8 (1.95 ± 0.05) x lO' 9 0.73 ±0.06

Sorption 3 (3.69 ± 0.07) x lO' 8 (1.52 ± 0.07) x 10-9 0.92 ± 0.04

Desorption 1
001oXoooo'+1oom

(6.85 + 0.06) x 1 O' 9 0.24 ± 0.07

Desorption 2 (2.78 ± 0.05) x 10-8 (4.27 ± 0.07) x lO' 9 0.36 ± 0.07

Desorption 3 (1.93 ± 0.06) x lO’8 (1.41 ±0.05) x 10' 9 0.45 ± 0.05

Table 6.8: Diffusion coefficients o f sorption and desorption o f water into and from SPEES/PES (S8)
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Figure 6.23: A comparison o f the sorption curve with that o f desorption o f Water from SPEES/PES
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Figure 6.24: A Comparison o f experimental data and solution to equations describing a double mode 
diffusion for sorption o f water into SPEES/PES
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CHAPTER 7

Introduction
Diffusion o f  water from aqueous ionic solutions 

Experimental 
Results and discussion 

Effect o f  ionic concentration on diffusion o f water 
Experimental 
Results and discussion 

SPEES/PES-PVOH laminate 
Experimental 
Results and discussion 

Effect o f  annealing temperature on SPEES/PES 
Experimental 
Results and discussion

7.1. Introduction

It is clear that any polymer diffusion consists of at least two parts, i.e., the polymer 

membrane and the diffusing species. It is expected that the variations in any o f these 

have a possible effect on the diffusion process. In chapter 6 , the diffusion of pure water 

into SPEES/PES film was described. In all of those studies the interfering effects of all 

ionic species or contaminations on diffusing water molecules were eliminated. All of 

the polymer films were treated in the same way.

In this chapter the effect of various cations and anions on diffusion of water molecules 

into SPEES/PES in addition to the effect of annealing temperature on the polymeric 

film will be described.

7.2. Diffusion of water from ionic aqueous solutions

SPEES/PES can be used as membrane films for desalination of brackish or sea-water. 

It is known that a number of anions and cations with varying concentrations exist in 

such water. This section describes the effect of presence of these ions in diffusion of 

water molecules into SPEES/PES.
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7.2.1. Experimental

The solutions used in this study were all ionic aqueous solutions with 0.2 molar 

concentration. The chloride salts (99+ %) used for preparation of the solutions were 

obtained from Aldrich Chemical Company. The polymer films were SPEES/PES (S8 ) 

and were cast from NMP solution onto a ZnSe ATR prism. Figure7.1 shows the ATR 

prism with coated polymer film in contact with an ionic solution. The thickness of the 

films after annealing at 65 °C for 24 hours were 10 ± 0.5 pm as measured with a 

surface profiler(Laser Form Talysurf). The FTIR-ATR spectroscopy was carried out 

as described earlier (see section 6.2.2.) using a Mattson Polaris FTIR spectrometer 

equipped with a bullseye MCT detector. A series of spectra at regular time intervals 

were collected with the parameters specified in table 6.2. The spectra were 

manipulated using Mattson FIRST® software.

ci (H2o)n H,0

A h A Na (H20 )n

° \  y °^  As ,
O) (O) (O. ©

y

Figure 7.1: Schematic diagram o f experimental set up for diffusion o f cationic aqueous solutions into 
SPEES/PES film, (a) diffusing solution, (b) polymer film, (c) incident IR radiation, and (d) ZnSe A TR 
prism.
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7.2.2. Results and Discussion

Figure 7.2 shows a comparison of the v(OH) band of water in SPEES/PES (S8 ) after 

diffusion from various ionic aqueous solutions. It is clear that there is no significant 

difference in shape of this band between these spectra. This may indicate that the state 

of water in SPEES/PES is independent of the ions present in the solution.

Figure 7.3 shows the plots of diffusion of water from some ionic aqueous solutions 

(Li+, Na+, K+, Cs+) measured by the integrated intensity of the v(OH) band of 

diffusing water into SPEES/PES as a function of time. It is clear that the intensity at 

equilibrium level is different depending on the type of cation present. The order of the 

equilibrium intensity is: Li+ > Cs+ > Na+ > K"*-. The diffusion coefficients for the 

diffusion of these ionic solutions is shown in table 7.1. It is clear that the values of 

diffusion coefficients also follow the above order.

Ion D, (cm2/sec) D, (cmVsec) Xa

Pure Water (1.8 ± 0.27) x 10-8 (2.16 + 0.24) x 10-9 0.76 + 0.03

Li+ (9.77 ± 0.1) x 10-9 (15.6 + 0.1)x 10'10 0.58 ±0.02

Na+ (6 .69±0.1)x  10-9 (5.13 ± 0.1) x 10-i° 0.62 ± 0.03

K+ (4.27 + 0.1) x 10-9 (6.13 ± 0.1) x l0 -'° 0.53+0.03

Cs+ (9.23 +0 .1)x  10'9 (7.18 ± 0.1) x 10-'° 0.71 ±0.04

Ca++ (6.05 ± 0.1) x 10‘9 (4.89 ± 0.1) x 10-1° 0.51 ±0.02
Table 7.1: Diffusion coefficient o f diffusion o f water molecules into SPEES/PES (S8) in the presence 
o f cations.
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Figure 7.2: A comparison o f v(OH) band o f water in SPEES/PESfrom various ionic aqueous solutions
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The above observations can be explained based on a combination of various factors 

affecting the diffusion of the water molecules into the SPEES/PES membrane. 

However, it should be noted that, it is difficult to draw a definite conclusion based on 

these data. In this section we have been tried to discuss a number of factors which are 

expected to be responsible for the above data. These include (a) the interaction of the 

polymer with the water molecules and the ionic species at the polymer surface before 

diffusion of the water molecules takes place, and (b) the effect of the hydrated ionic 

species on diffusion of water within polymer matrix.

Figure 7.4-7.8  show plots of log (A/A^) as a function of log (t). It is possible to 

determine the value of exponent 'n' in the following diffusion equation from the slope 

of the curves in figures 7.4-7.8 .

Mt _ 4 f D t V

or

L°g = Lo§(]“)  + n L o g (^  +nLog(t)
7T

The solid line indicates the slope for an exponent n=0.5. This represents case I 

(Fickian) diffusion. The other extreme is a case II diffusion when n=l. The slope of the 

curves corresponding to the diffusion of water from aqueous ionic solutions indicates 

that the exponent 'n' in each case has a value between 0.5 and 1. This indicates an 

anomalous diffusional behaviour and it is an evidence for need of a 'dual' mode model 

describing two Fickian behaviours.
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Quezado et al [7.1] characterised the water-anion-cation interactions at low water 

contents by studying the infrared spectra of Nafion membranes (see chapter 5) in 

twenty different cationic forms. Spectra in the OH stretching region and in the H-O-H 

bending region allowed the distinction between hydrogen bonded and non-hydrogen- 

bonded water molecules. This gave information on the mode of attachment of water 

molecules to the cation-anion pairs.

When there is a good match between the Lewis acid strength of the cation and the 

Lewis base strength of the anion, ion pairs are relatively stable and water molecules 

tend to attach themselves to the polymer surface. When the acid strength of the cation 

and the base strength of the anion are mismatched, as is the case for small cations of 

high charge or for large cations of low charge, water molecules tend to be inserted 

between the ion pairs even at the lowest water contents. Their study of the OH 

stretching ( 3520 cm*1) and H-O-H bending ( 1630 cm-1) bands showed that, at low 

water content, the attachment of water molecules to cations and anions in Nafion 

membranes may have the following three modes (See figure 7.9).

H "/ Ox M+—/ 0. + "/ O
M - ( /  O - S -  J  0 7 S -  M - O - S

H \ 0 X H   \ 0  I \ 0 /
H \Y  H

(a) (b) (c)

Figure 7.9: various modes o f attachment o f water to cations and anionic sites in polymer film
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In mode (a), the water molecules are inserted between the cation and anion, while in 

modes (b) and (c), the water molecules are attached to the cation-anion pair without 

disrupting the cation-anion "bond". It would be expected that the interaction between 

cation and anion in mode (a) would be weaker than that in modes (b) and (c). Quezado 

et al [7.1] found that alkali metals followed mode (a) primarily, while for alkaline earth 

metals, modes (b) and (c) were dominant.

In another study, Lowry and Mauritz studied the ionic hydration effects in 

perfluorosulfonate ionomers by FTIR spectroscopy [7.2] by examining the changes in 

the -SO3 " symmetric stretching band which can be used to measure the strength of the 

interaction between cations and the SO3 " groups. They showed that the position of the 

band was almost the same for Li+, Na+ and K+ (1058 cm'1) in hydrated membranes.

This may be due to the presence of well developed hydration shells and thus the 

formation of completely dissociated ion pairs (no strong cation-anion interaction). 

However, in the case of Rb+ and Cs+, there is no well developed hydration shell. These 

ions can approach the polymer anionic groups (-SO3 ") and form a stronger cation- 

anion interaction. In our work it was not possible to obtain well resolved v(S03“) 

bands with good S/N ratio in order to study the possible changes in the width and 

position of this band. This was due to highly absorbing nature of SPEES/PES in the 

relevant range of the IR spectrum.

A cation with weakly bound hydration shell, such as Cs+, would be expected to form a 

relatively strong interaction with polymer anionic sites and in this way it is competing 

with the water molecules to be absorbed onto these sites. As a result of weaker 

hydration, more water molecules are present as totally mobile molecules to diffuse into 

the polymer film and hence give a higher level of water intensity at equilibrium.

Whereas for Na+ with strongly bound hydration shell, with relatively weak interaction 

with polymer, more water molecules are adsorbed on the anionic sites of the polymer.
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In an ionic solution a number of different species are present including (a) hydrated 

anions and cations, (c) free water molecules, and (b) H30 + ions. Bockris [7.3] 

suggested that the term 'primary solvation' (primary hydration in the case of water as 

solvent) be used to refer to the number of solvent molecules near to an ion which have 

lost their translational degrees of freedom and move as one entity with the ion during 

its Brownian motion. The size of primary hydration shell of various ions is different 

and dependent upon the charge/size ratio of the ions. Smaller ions bind more water 

than larger ions, and cations somewhat more water than anions (since the positive 

charge is more effective in polarising the negative electronic clouds of the solvent 

molecules).

There are a number of methods for determining the hydration number. Unfortunately, 

these methods give different results [7.4]. Data for univalent ions can be divided into 

two classes: hydration numbers less than ten; and those considerably greater than ten. 

Methods giving the lower values measure the primary hydration number and those 

giving higher values, the primary hydration together with an indefinite contribution 

from the secondary hydration. Table 7.2 shows the hydration number of a number of 

ions. The heats of hydration and bare ionic radii of the ions used in this work are 

shown in table 7.3.

Ion From
compressibility

From
entropy

From apparent 
molar volume

From mobility Most probable 
integral value

Li+ 5 - 6 5 2.5 6 5 + 1

Na+ 6 - 7 4 4.8 2.4 4 ± 1

K+ 6 - 7 3 1 .0 3 ± 2

Cs+ 0 -1

Mg++ 16 13 14 13 ± 1

Ca++ . 1 0 7.5 - 10.5 9 ± 1

ci- 0 -  1 3 0 2  ± 1

Table 7.2: Primary hydration number o f individual ions as determined by various methods [7.5]

200



Ion Heat of Hydration 
(Kcal g io n 1)

Bare ionic 
radius, (nm)

Li+ -136 0.068

Na+ -114 0.095

K+ -94 0.133

Cs+ -80 0.169

Mg++ -490 0.061

Ca++ -410 0.099

ci- -65 0.181
Table 7.3: Heat o f hydration and bare ionic radius o f individual ions [7.6]

SPEES/PES is an ion exchange polymer. Since, the sulphonation of the copolymer 

occurs in 98% H2S04, the counter ions are H+ ions. The counter ions are partially free 

and can readily be exchanged for others of the same sign from soluble electrolytes. On 

this basis, as a result of long exposure of the SPEES/PES film to such ionic solutions, 

an ion exchange process is expected. When the polymer film is exposed to an ionic 

solution, it is expected that the free water molecules and the hydrated ionic species will 

be adsorbed on the surface of the polymer film. The polymer contains anionic sites 

(S03"), and the surface of the polymer will be in contact with the ionic solution 

containing H30 +.

An array of H30 + ions as well as the hydrated ionic species is formed adjacent to the 

polymer surface (figure 7.10). As a result of adsorption of some of the hydrated ionic 

species, it is expected that a number of the water molecules are prevented from 

adsorption on the surface of the polymer and consequently diffusion into the polymer 

matrix will be affected.
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Figure 7.10: Polymer surface in contact with an ionic aqueous solution

The nature of these species depend on their hydration number and hydration plays an 

important role in; (a) the specific adsorption on the polymer ionic sites. In general, the 

specific adsorption of an ion is enhanced by large size and therefore larger 

polarisability (charge/size ratio) and by weaker hydration, which itself is a function of 

ion size. For example, the large 1“ ion is the most strongly adsorbed and the small but 

highly hydrated Na+ ion is adsorbed least, (b) the larger hydrated ions occupy more 

space at the surface of the polymer and thus prevent more water molecules being 

adsorbed and further diffusing into the polymer film.
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On this basis, it is expected that the diffusion of water molecules from various cationic 

solutions to be different. From table 7.1, it is clear that the diffusion of water into 

SPEES/PES from Li+ and Cs+ solutions have greater diffusion coefficients than those 

of Na+ and K* solutions.

One possible reason for this observation is that strongly hydrated small Li+(H20 )n has 

weak adsorption via solvent separated interaction. Therefore, there is easy H20  access 

to the surface. Weakly hydrated ions like Cs+(H20 ) have ion-ion interaction but the 

charge/size ratio is small so the interaction is not strong and water access is still 

relatively high. Na+ and K+ have higher charge/size ratio and can interact via ion-ion 

interactions and effectively stop water molecules getting to surface. As a result, the 

diffusion coefficient decreases. This argument is consistent with the data.

SPEES/PES is a reverse osmosis membrane and, on this basis, it is expected that most 

of the ionic species are prevented from penetrating into the polymer matrix. However, 

it is reasonable to expect that a number of these species diffuse into the membrane and 

also carry with them some water molecules (depending on their hydration shell).

The results obtained in this study are in a good agreement with those of Xue et al 

[7.7]. who studied the interdiffusion of metal ion-hydrogen ion couples in Nafion (see 

chapter 5) membrane systems by a rotating diffusion cell (RDC) technique. They 

showed that at high metal concentration (0 .1  mol/1), the transport rate is controlled by 

membrane diffusion and the metal diffusion follows the order Li+ < Cs+ < Rb+ < Na+ 

< K+ for alkali metals, and Y^+ < Ca^+ < Na+ for ions of similar ionic size (0.095- 

0.099 nm). It is clear that this order of diffusion is the reverse of the order of data 

obtained in this study. However, it should be noted that they measured the diffusion of 

metal ions into the polymeric system, whereas in the studies described here the 

diffusion of water molecules in the presence of the above cations is described. This
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implies that maybe there is some degree of competition (and maybe complementarity) 

between the diffusion of ionic species and water molecules.

It should be noted that in a FTIR-ATR experiment, the amount of those water 

molecules measured are those detected within the range of the evanescent field (see 

chapter 1). However, it is clear that there are a number of types of water molecules 

present during the diffusion process. The major categories include: (a) free water 

molecules which are totally mobile and can diffuse into the polymeric system freely, (b) 

water molecules which are surrounding the metal ions (hydration shell) and move with 

the metal ions, (c) water molecules which are bound to the ionic sites of the polymeric 

system (ionomer), (d) the H30 + ions, and (e) the water molecules forming water 

"clusters" possibly in the microvoids within the polymer matrix. In this study we have 

measured the integrated intensity of the v(OH) band of diffusing water which results 

from a combination of of these different types of water molecules. It should be noted 

that it is more difficult to distinguish a particular diffusion process.

As described earlier, it is known that in aqueous solutions, metal ions are generally 

surrounded by a layer (or multilayer) of water molecules. The hydration number 

depends on both ionic radius and charge (charge/size ratio) and the diffusion rate of an 

ion in aqueous solution depends on the size of its hydration shell.

However, in a polymer matrix the movement of the hydrated ions seems to be different 

from that in aqueous solutions. Crank and Park [7.8] state that diffusion coefficients in 

the polymer are always less than those of the same ions in free solution. This is partly 

due to the obstructing effect of the polymer chains. Alffey et al [7.9] showed that, at 

infinite dilution, a high proportion of the counter-ions would always be found within a 

few A of the chain. Thus an electrical double layer is formed by the fixed charges and 

the attendant counter-ions. It is relatively easy for the counter-ions to diffuse in a 

direction parallel to the chain axes because they then remain within the cylindrical shell
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in which their electrostatic potential is low. This mechanism is called "chain diffusion" 

[7.10] and would lead to very tortuous diffusion paths. In order to jump from the 

atmosphere around one chain to its neighbour, the counter-ions have to overcome the 

intervening electrostatic potential barrier in the direction of diffusion. This process 

which is called [7.10] "volume diffusion", becomes more and more difficult as the 

separation of the chains is increased by swelling. Both mechanisms of diffusion occur 

simultaneously in relative amounts which are determined by the swelling, ionic 

concentration and temperature.

In concentrated polyelectrolyte solutions, the double layers around neighbouring 

chains overlap considerably and the potential barriers present less hindrance to volume 

diffusion. In such solutions the obstruction to diffusion is mainly caused by the bulky 

polymer chains and causes the diffusion coefficient to decrease with increasing 

concentration. Boyd and Soldano [7.1 1] have examined the effects of valency and type 

of counter-ion and have shown that the degree of swelling in the polymers varies and 

depends on the nature of the counter-ions. It tends to be greater with highly hydrated 

ions, such as magnesium, than with relatively poorly hydrated ions, such as Cs+.

Since, the ion diffusing into the membrane carries a number of water molecules 

(depending on its hydration number) it is expected that, when a cation such as Na+ or 

Li+ with relatively large hydration shell enters the range of the evanescent field, it 

brings more water molecules into this 'detecting' region than a cation with a poorly 

bound hydration shell such as Cs+. On the other hand, the ions a with strongly bound 

hydration shell, cause greater extent of swelling and are expected to diffuse slower 

than less hydrated ions due to decreased volume diffusion (jumping from one polymer 

chain to its neighbour).

205



Table 7.1 shows the diffusion coefficient for the diffusion of water in aqueous Na+ and 

Ca++ solutions. These two ions have similar bare ionic sizes (0.095 - 0.099 nm). 

However, it is clear that diffusion coefficient of water molecules from Ca++ solution is 

lower than that of Na+ solution.

This observation may also be explained by the effect of charge/size ratio of Ca+̂  and 

Na+ ions on adsorption onto polymer anionic sites. Ca++ ion, with a similar size to Na+ 

but a greater charge/size ratio has a greater ion-surface interaction and competition of 

these hydrated cations for adsorption on the surface of the polymer film with water 

molecules and also the metal ion-sulfonate interactions.

All of the aqueous ionic solutions used so far were prepared from the chloride salts 

and thus Cl" ion was present as the anion. It was shown that various cations have 

significant effect on the diffusion of water into the SPEES/PES membrane. In order to 

study the effect of anions other than Cl" ion, a NaNC>3 solution was prepared and the 

effect of NO3" ion was examined.

Figure 7.11 shows the integrated absorbance of v(OH) band of diffusing water into 

SPEES/PES as a function of time from aqueous solution containing N 0 3". The 

comparison of the diffusion curve of water from N 0 3" ion solution with that of Cl" ion 

solution is shown in figure 7.12. It is clear that the intensity at equilibrium is lower in 

diffusion of water from Cl" ion solution than that of N 0 3" ion solution. It is expected 

that the N 03" ion with greater size than Cl" ion causes greater degree of swelling in the 

polymer. As a result, more water molecules will be present in the polymer matrix and 

thus, greater water intensity at equilibrium.
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7.3. Effect of ionic concentration on diffusion of water into SPEES/PES

The effect of various ions on the diffusion of water into SPEES/PES (S8 ) was 

described in section 7.2. However, it is important to know whether the concentration 

of these ions in the aqueous solution has any significant effect on diffusion of water.

7.3.1. Experimental

A variety of Na+ aqueous solutions were prepared with different concentrations. NaCl 

(99.99%) was obtained from Aldrich Chemical Company. The polymer films were 

SPEES/PES (S8 ) and were cast from a NMP solution on ZnSe ATR prism and 

annealed at 65 °C. The infrared spectra were collected using a Mattson Polaris 

spectrometer. The FTIR-ATR technique was utilised and the spectrometer parameters 

are summarised in table 6.2. The spectra were manipulated using Mattson FIRST® 

software.
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Figure 7.11: A plot o f integrated absorbance o f v(OH) band as a function o f time for diffusion o f
water from N O f ion solution in SPEES/PES (S8) and (S20)
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7.3.2. Results and Discussion

Table 7.4 shows the values of diffusion coefficients for diffusion of water from sodium 

chloride solutions with different concentrations into SPEES/PES (S8 ). It is clear that 

both diffusion coefficients; Dj and D2 decrease with increasing Na+ ion concentration.

One possible explanation for these variation in value of diffusion coefficients is the 

effect of hydrated Na+ ion on adsorption of water molecules on the surface of the 

polymer film.

Concentration
(mole)

Dj (cm2/sec) D2 (cm2/sec) xa

Pure Water (1.80 ± 0.27) x 10-8 (5.96 ± 0.24) x 10-9 0.76 ± 0.03

0 .2 (6.76 ± 0.08) x 10-9 (5.21 ±0.09) x lO*10 0.81 ±0.04

0 .6 (4.69 ± 0.1) x 10-9 (2 .6 6  ± 0.08) x 1 0 -10 0.71 ±0.03

0.85 (2.27 ± 0.1) x 10-9 (1.45 ± 0.1) x 10-10 0.66 ± 0.04
Table 7.4: Diffusion o f water from Na+ aqueous solutions with various 
concentration into SPEES/PES (S8).

As was described in section 7.2., upon exposing the SPEES/PES (S8 ) polymer surface 

containing anionic sites (S03~) to an aqueous Na+ solution, a double layer analogous 

to an electrode double layer is formed. The hydrated Na+ ions as well as the water 

molecules are adsorbed on the surface of the polymer. It is clear that in this way the 

higher concentration of the ions in the solution, the greater the surface of the polymer 

film which will be occupied by the ions. On this basis, it is clear that the diffusion of 

water molecules into the polymer matrix will be slower and thus a lower diffusion 

coefficient. It is also for this reason that, as can be seen from table 7.4, the diffusion of 

water molecules from pure bulk water is much faster than that of aqueous ionic 

solutions.
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Increasing the Na^ ion concentration can also increase the swelling of the polymer 

matrix. Since the polymer chains have to accommodate more ions in the matrix, thus 

more water molecules will be present in the polymer at the equilibrium state. This is 

manifested as a greater intensity of the v(OH) band at the equilibrium (see figures 7.13 

and 7.14).

A plot of logCAj/Aoo) as a function of log(t) for diffusion of water from Na+ ion 

solution with various concentrations is shown in figure 7.15. It is clear that the 

exponent 'n' again takes a value between 0.5 and 1. This indicates an anomalous 

diffusion behaviour and the need for a 'dual' mode diffusion model.

211



D) 
C 

-i 
O 

M 
C 

>
1. 0-

0 . 8-

0 . 6-

Pure Water 

Na+ (0.2 M) 

Na+ (0.6 M) 
Na+ (0.85 M)

0 . 2-

3400 3200 3000 280036004000 3800
W avenum bers

Figure 7.13: A comparison o f v(OH) band o f water at equilibrium in SPEES/PES (S8) from aqueous 
Na+ solutions with different concentrations

212



In
te

gr
at

ed
 

in
te

ns
ity

 
(c

m
2)

450

400

Pure Water 

Na+ (o.2 M) 
Na+ (0.6 M) 
Na+ (0.85 M)

300

250

200

150

100

50

1000 1500500 20000 2500 35003000
Time (secs)

Figure 7.14: A plot o f the integrated intensity o f v(OH) band versus time for diffusion o f water into
SPEES/PES (S8)

213



(bawv)Boi

2.4  

2.2 

2 

1.8 

1.6

1.4 

1.2

1

0.8 

0.6 

0.4
0 0.5 1 1.5 2  2.5 3 3.5 4

iog( t )

Figure 7.15: A plot oflog(A/Aoc) versus log(t) in diffusion o f water from Na+ ion solutions with 
various concentrations

214

o 0.2 M
* 0.6 M
+ 0.85 M

- n= *0.5

- n= A1



7.4. SPEES/PES-PVOH laminate

A polymer membrane used for desalination purposes consist of various layers. These 

include: (a) an ultra fine membrane with honeycomb structure for supporting the 

fragile sulphonated polyetherethersulphone/ polyethersulphone (SPEES/PES) layer,

(b) a layer of SPEES/PES, and (c) a layer of insoluble polyvinylalcohol.

So far, the study of the diffusion of water into a single layer of SPEES/PES has been 

described. However, in order to examine the diffusion of water into a multilayer film, 

a two-layered model sample consisted of a top layer of PVOH and a bottom layer of 

SPEES/PES (S8 ) was prepared.

The possible changes at the interface between the constituent layers before and after 

diffusion of water was studied by Raman confocal microspectroscopy (see section

2.4.2.) and a depth profile of the laminate was obtained. The diffusion of water into 

the laminate was studied using FTIR-ATR spectroscopy technique.

7.4.1. Experimental

(a) Sample preparation

PVOH was purchased from Aldrich Chemical Company Ltd and SPEES/PES (S8 ) 

was obtained from NWW Acumem Limited.

The SPEES/PES (S8 ) layer (bottom layer) of laminate films was deposited onto a 

ZnSe ATR prism from N-methyl-2-pyrrolidonone, NMP (99 +  %, HPLC grade) 

using the dip coating procedure [3.22]. A PVOH film was then deposited onto the 

SPEES/PES (S8 ) layer as a 'coating' by the same technique with water as solvent, to 

produce a laminate. At each stage samples were dried in the oven at 65 °C for 24 

hours.
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In previous depth profiling experiments, the laminate was deposited onto a quartz slide 

in order to prevent interfering fluorescence from the substrate in Raman spectroscopy. 

However in this study, the laminate was deposited on a ZnSe ATR prism. In this way 

it is possible to obtain a depth profile of the laminate before and after diffusion of 

water into the film from the same point on the laminate film.

Figure 7.16 shows a schematic diagram of such polymer laminates. The thickness of 

PVOH and SPEES/PES layers were determined to be 3 and 7 pm (within 5% and 2 % 

accuracy), respectively, with the use of a surface profiler (Laser Form Talysurf).

PVOH LAYER

SPEES/PES LAYER

ATR PRISM

Figure 7.16: The quartz slide and the deposited polymer laminate o f PVOH-SPEES/PES.

(b) Raman confocal microspectroscopy procedure

Raman spectra were recorded on a Renishaw Ramascope© spectrometer (system 

2000). The Ramascope was set up in confocal mode using a lOOx short-working- 

length objective (NA value of 0.95), a slit width of about 15 pm and a CCD area of 4 

x 576 pixels. The long axis (576 pixels) defines the spectral dimension and the short 

axis describes the height of the image. The arrangement of the CCD and the slit width 

acts as the pinhole for blocking out-of-focus signals. This confocal arrangement 

provides the depth resolution of about 2.5 ± 0.3 pm.
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A depth profile of each laminate was then obtained by focusing the microscope 

stepwise (1  pm) through the polymer laminate and recording a spectrum at each step. 

The position, area and the full width at half height (FWHH) of the important bands 

were determined as a function of the depth using the Renishaw curve-fitting 

programme.

(c) FTIR-ATR procedure

The diffusion of water into the laminate was studied by FTIR-ATR technique. A 

Mattson Polaris FTIR spectrometer was utilised and the instrumental parameters are 

summarised in table 6.2. The temperature of the diffusing water was 25 °C.

7.4.2. Results and Discussion

(a) Depth profiling

Figure 7.17a shows a Raman depth profile of the laminate before diffusion of water. 

The bands at 854 and 917 cm-1 correspond to PVOH and the bands at 1071 and 1146 

cm"l correspond to SPEES/PES. Since the depth resolution of the confocal Raman 

technique used in this is 2.5 ± 0.3 pm, it is expected that the characteristic bands of the 

bottom layer to be observed in this spectrum. However, it is the spectra corresponding 

to the depths of 2  - 6  pm which show evidence of a laminate interface between the two 

layers. All of the characteristic bands at a depth of 9 pm correspond to pure 

SPEES/PES.

After the depth profile of the dry laminate has been collected, the film was subjected to 

diffusion of pure water. In order to examine any changes to the interface layer as a 

result of water diffusion, the depth profile of the wet film at the same point (where the 

depth profile of dry film has been collected) was obtained. Figure 7.17b shows the 

corresponding Raman spectra.
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A comparison of the spectra corresponding to the interfacial region of the laminate 

before and after diffusion shows no changes to the position or the shape of the bands 

corresponding to PVOH or SPEES/PES. This may indicate that there are no 

significant interactions between these two polymers at the interface or only weak 

interactions of water with polymer. However, it should be noted that the spectral 

resolution of the Raman confocal technique using a Renishaw Ramascope is 2 ± 0.2 

cm-1. Thus, spectral changes smaller than this cannot be accurately determined.

(b) Diffusion of water

Figure 7.18 shows a plot of integrated intensity of v(OH) band of diffusing water as a 

function of time. A comparison of the curves corresponding to the diffusion of water 

in a SPEES/PES film with that of SPEES/PES-PVOH laminate shows that the 

intensity at the equilibrium is lower in the case of laminate than a single film of 

SPEES/PES. Table 7.5 shows the values of diffusion coefficient corresponding to 

water diffusion into a SPEES/PES film and a SPEES/PES-PVOH laminate.

Membrane
Dj (cm2/sec) D2 (cm2/sec) x a

SPEES/PES (S8 ) (1.52 ±0.27) x 10-8 (1.47 ± 0.24) x 10-9 0.76 ± 0.03

SPEES/PES-PVOH (3.95 ± 0.08) x 10-8 (3.91 ± 0.09) x lO 10 0.70 ± 0.04
Table 7.5: Diffusion coefficient corresponding to diffusion o f water into SPEES/PES and
SPEES/PES-PVOH laminate
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Table 7.5 shows that the diffusion coefficient (Dj) corresponding to the Langmuir 

sorption of the water is greater in the case of the laminate. On the other hand the 

diffusion coefficient (D2) corresponding to long term diffusion of water described by 

Henry's Law is lower in the case of the laminate.

Another factor controlling the rate of diffusion is the concentration of the water 

molecules in contact with the surface of the SPEES/PES layer. In the case of 

SPEES/PES film, water diffuses into the polymer matrix from a reservoir of pure bulk 

water. Whereas in the case of a the laminate, water molecules have to first penetrate 

into the PVOH (top layer) before diffusing into the SPEES/PES layer. It is clear that 

the concentration of the water molecules for diffusion from a PVOH film in the case of 

the laminate is lower than the bulk water diffusion into SPEES/PES.

Figure 7.19 shows a plot of log(At/A00) as a function of log(t). It is clear from this 

figure that the slope of the experimental diffusion curves is greater than that of 

corresponding to n=0.5. This indicates an anomalous diffusion behaviour.
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7.5. Annealing temperature

All of the polymer films used in the diffusion studies described in previous sections 

were prepared by annealling at 65 °C. However, in order to investigate the effect of 

annealing temperature on the diffusion of pure water, a number of SPEES/PES films 

were prepared at different temperatures. It is shown that the changes in polymer 

morphology brought about by the thermal history can influence the diffusion process.

7.5.1. Experimental

The polymer films were SPEES/PES (SI2) and cast from a NMP solution onto a ZnSe 

ATR prism. The films were then annealed at various temperatures (65, 89 and 98 °C) 

for 24 hours. The FTIR-ATR spectroscopy procedure was carried out using a Mattson 

Polaris spectrometer. The infrared spectra were collected at room temperature using 

the parameters presented in table 6.2. A Mattson FIRST® software was used for 

manipulating the data.

7.5.2. Results and Discussion

Figure 7.20 shows a comparison of the v(OH) band of diffusing water into 

SPEES/PES. The significant difference between the spectra is the intensity of the band. 

The intensity of the v(OH) band is lower for the films annealed at higher temperatures. 

Figure 7.21 shows a plot of integrated absorbance of v(OH) band as a function of time 

for diffusion of water in polymer films annealed at 65, 89, and 98 °C. Table 7.6 shows 

the values of diffusion coefficient for the above films.



Annealing Temperature 

(»C)

D, (cm2/sec) D, (cm2/sec) x a

65 (1.29 ± 0.1) x 10-8 (1.39 ± 0.08) x lO’9 0.83 ±0.1

89 (1.51 ±0.09) x lO"9 (1.08 ± 0 .1) x 1 0 -9 0.71 ±0.09

98 (8.72 ± 0.1) x 10- 10 (6.81 ±0.08) x lO’ 10 0.64 ± 0.09

Table 7.6: Diffusion o f water into SPEES/PES (SI 2) films annealed at various temperatures

It is apparent from figure 7.21 and table 7.6 that:

1- Diffusion in the films annealed at lower temperatures reach an equilibrium state 

faster than ones annealed at higher temperatures.

2- The intensity at equilibrium is greater for the diffusion in the films annealed at lower 

temperature.

3- As the annealing temperature increases, the curves become more sigmoidal in shape. 

This means a slow initial (induction time) diffusion and after a time delay the rate of 

diffusion increases significantly.

4- The diffusion coefficients are greater for the films annealed at lower temperatures.
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The above observations are due to the morphological changes of the polymer matrix as 

a result of annealing at high temperatures. The diffusion of small molecules moving 

through the polymer matrix is dependent in part, on the polymer morphology. This 

controls the propagation of a molecule from one site to another and the flexibility of 

the polymer chains required to cooperate with the movement. The diffiisivity of the 

molecule can be influenced by any factor that changes either the structure or the 

flexibility of the polymer. It is thought [5.51] that the diffusion pathways will be in the 

amorphous regions.

There are two major factors controlling the polymer morphology. These are (a) the 

processing history and (b) the defect content. The surface perfection and thickness of 

crystalline lamellae are modified by the number of random branches which occur 

during the crystal growth process as the defects are excluded to the lamellar surfaces. 

The number of defects moved to the surface of lamellae are determined by the thermal 

history, and the lamellar thickness is determined by the annealing temperature and 

time.

A number of researchers [7.12 - 7.15] have investigated the surface orientation effect 

in melt crystallised PE which occurs because thermal cooling first causes nucleation at 

the surface, which then induces spherulitic growth normal to the surface. On this basis, 

the time delay for diffusion in the films annealed at high temperatures can be due to 

existence of some surface skin [5.16]. This can also explain the lower diffusion 

coefficient for highly annealed films which indicates a slower diffusion of water into 

the polymer matrix.

Subjecting any glassy polymer film to high annealing will act to increase the packing 

density of the film dependent on time and temperature. Gas and vapour sorption in 

glassy polymers such as SPEES/PES takes place by a dual-mode mechanism in which 

there are two categories of sorption sites: Small Henry's mode sites which correspond
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to d-spacing (average interchain-separation) and larger Langmuir sites which represent 

excess free volumes which have been frozen into the glass as a result of the inability of 

the macromolecules to undergo maximum close packing during quenching. The lower 

equilibrium intensity level observed in the diffusion in the films annealed at higher 

temperatures can be explained by greater close packing (denser packing) of the 

polymer matrix. Thus, a smaller free volume is present in the matrix for diffusion of 

water.
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Chapter 8

Introduction
Summary and conclusion 
Future work

8.1. Introduction

The main aim of this chapter is to summarise the results and discussions in the rest of the 

thesis and to draw a conclusion. Some future work will also be suggested.

8.2. Summary and conclusion

It was shown that confocal Raman microspectroscopy may be employed to obtain depth 

profiles of polymer laminates. The advantage of this technique is that it can provide 

information about the physical and chemical interactions of various layers of a polymer 

laminate. This is due to a higher degree of depth resolution (2pm) in confocal Raman 

microspectroscopy in comparison with non-confocal Raman spectroscopy.

In chapter 3, the effects of three different parameters on the nature of chemical and 

physical interactions at the interface were discussed. In order to investigate the effect of 

molecular weight, a PVOH/PMMA laminate was chosen. Three different laminates with 

various PMMA molecular weights were examined, with a view to studying hydrogen 

bonding interaction between the alcohol and ester groups of PVOH and PMMA layers. 

The v(C=0) band showed no apparent frequency shift due to hydrogen bonding 

interactions between the ester and alcohol groups. Dilution of PMMA carbonyl lone pair 

dipoles in the interfacial region (with a band shift opposite to that associated with 

hydrogen bonding interaction) may be responsible for the absence of observable v(C=0) 

band shift. However, considerable broadening of the v(C=0) band has been observed in 

the interfacial region. This confirms the existence of hydrogen bonding interactions. It was
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difficult to study variations in the v(O-H) band of PVOH layer, due to the very low 

intensity of the hydroxyl group vibration. It was also demonstrated that (as expected) for a 

given annealing time, PMMA films with lower molecular weight show a greater degree of 

interdiffusion compared to those with higher molecular weights.

In order to study the effect of annealing temperature, a PVOH/PAN laminate was chosen. 

Some degree of hydrogen bonding between the constituent polymers in this laminate was 

also expected between the nitrile group of PAN and the hydroxyl group of PVOH. It was 

demonstrated that increase in annealing temperature resulted in an increase in 

interdiffusion. However, the observed data showed that the degree of hydrogen bonding 

reduced if the polymer laminate is annealed at a higher temperature than the glass 

transition temperature, Tg of both of the constituent polymers. At temperatures higher 

than Tg. mobility of the polymer chains will increase significantly. Thus, some hydrogen 

bonding breakage and consequently phase separation due to dissociation of intermolecular 

hydrogen bonding resulted.

In order to examine whether the changes in the band width of the nitrile band in 

PVOH/PAN are due to hydrogen bonding, a system with no known hydrogen bonding 

interaction was studied. The system for this experiment was PAA/PAN. Although PAA 

contains hydroxyl group in its structure, the system did not show great degree of hydrogen 

bonding to PAN. This may be due to hydrogen bonding interactions (intra and 

intermolecular) between the carbonyl and hydroxyl groups of various PAA chains. Thus, 

the formation of intermolecular hydrogen bonds with PAN is hindered. However, the 

interfacial region of the PAA/PAN laminate seems to be broader than that of PVOH/PAN 

laminate because of the lower molecular weight of PAA in comparison to PVOH.
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It was also observed that the polymer systems that have been annealed at higher 

temperatures show a greater degree of fluorescence. The background fluorescence makes 

the collection of the spectra with well resolved bands increasingly difficult.

The effect of annealing time was studied using a PVOH/PMMA laminate. No significant 

change was observed as a result of annealing the laminate at various lengths of time. One 

possible explanation for this is that the interdiffusion processes reached the equilibrium 

state in the initial stages of annealing process. However, it should be noted that the small 

changes in the interdiffusion process after rapid initial one is difficult to detect with 

confocal Raman microspectrometry. This is due to the limitations of this method with 

approximately 2  pm resolution along the optical axis, z.

In chapter 4, it was demonstrated that information about the possible physical and 

chemical interactions in a polymer blend can be investigated using Raman imaging with 

global illumination and confocal Raman mapping of the surface.

Point by point confocal Raman mapping provides better resolution in the lateral direction 

and as such can be used to determine the changes in the Raman spectra due to physical 

and chemical interactions at the interfacial borders between different constituents in a 

heterogeneous polymer blend. However, the long time needed to obtain such Raman maps 

can be a disadvantage. On the other hand, Raman imaging with global illumination is much 

faster technique, but only can provide information about the distribution of various phases.

The Raman map of a PMMA-PAN blend shows the variations in intensity of the Raman 

band corresponding to characteristic Raman band of each component. It is clear that PAN 

particles are embedded in a PMMA matrix.
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The Raman map corresponding to band width of v(C=N) shows that no significant 

changes has occurred and as such no interactions between PMMA and PAN phases is 

seen. This has been rationalised by probable absence of any compatible functional groups 

in these two polymers for interactions such as hydrogen bonding.

However, the Raman map of PAN-PVOH blend shows significant changes in the band 

width of the nitrile band of PAN. This band broadening is expected to be a result of 

hydrogen bonding interactions between the hydroxyl group of PVOH and the nitrile band 

of PAN. The Raman map of interfacial region in a PMMA/PVOH laminate has also been 

obtained. It shows a uniform distribution of constituent polymers at the interface.

The results of studies corresponding to the diffusion of pure water into sulphonated 

polyetherethersulphone/polyethersulphone, SPEES/PES was discussed in chapter 6 . It was 

shown that the state of water in the polymer matrix is different from that of liquid water. 

The v(OH) band of water in the polymer has shifted to higher frequency. This could be 

due to a shift in equilibrium between strongly and weakly hydrogen bonded water 

molecules. This is in accordance with the continum model, describing water as having 

essentially complete hydrogen bonding, at least at low temperatures, but as having a 

distribution of angles, distances, and bond energies.

However, the v(OD) band of HDO in SPEES/PES shows no apparent shift in position. 

However, this band is broader in SPEES/PES than pure water. The possible reason is the 

effect of the environment around the v(OH) and v(OD) vibrations. In an 18% solution of 

D20/H 20, v(OH) or v(OD) vibrations are surrounded predominantly by hydrogen atoms 

and as such OD species are well separated, and thus oscillate in an OH 'diluted' 

environment. This results in a narrower range of environments and thus, a narrower 

v(OD) band.
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It was shown that the diffusion process is not Fickian nor case II. SPEES/PES is a glassy 

polymer with high degree of homogeneity. It was found that the diffusion of water into 

SPEES/PES is best described by a dual mode sorption model. Other researchers have also 

found that dual mode sorption model can describe the diffusion processes in glassy 

polymers.

The degree of sulphonation of SPEES/PES has significant effect on the diffusion 

coefficient. The diffusion coefficients was greater for water diffusion into SPEES/PES 

with higher sulphonation level. This is due to greater tendency of SPEES/PES with higher 

number of hydrophilic sulphone groups. It was also determined that the absorption level at 

equilibrium increased significantly from the first sorption process. In addition the time 

taken to reach the equilibrium state is very rapid in the first sorption. The desorption 

process seemed to be different than sorption, i.e. the rate of desorption was different than 

sorption. This implies a hysteresis effect.

In chapter 7, the results of diffusion of water from aqueous ionic solutions into 

SPEES/PES was presented. It was shown that the rate of diffusion of water from various 

ionic solutions ( Li+, Na+, K+, Cs+) is different. The order of the equilibrium intensity and 

diffusion coefficient is: Li+ > Cs+ > Na+ > K+. In order to explain the data, it is thought 

that a number of factors have to be considered. However, it should be noted that, it is 

difficult to draw a definite conclusion based on the present data.

One possible reason for this observation is that the small, strongly hydrated Li+(H20 )n has 

weak adsorption at the polymer interface via solvent separated interaction. Therefore, this 

improves ease of H20  access to surface. Weakly hydrated ions like Cs+(H20 ) have ion-ion 

polymer interactions but the charge/size ration is small so interaction is not strong. Na+ 

and K+ have higher charge/size ratio and can interact via ion-ion interactions and
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effectively stop water molecules getting to surface. As a result, the diffusion coefficient 

decreases. This argument is at best consistent with data.

It was shown that the concentration of the ionic solutions has a significant effect on the 

diffusion process. The diffusion coefficient of water from Na+ solution with higher 

concentration is smaller than that of lower concentration. The hydrated Na+ ions as well as 

the water molecules are adsorbed on the surface of the polymer. It is clear that in this way, 

the higher the concentration of the ions in the solution is, the greater the surface of the 

polymer film which will be occupied by the ions. On this basis, it is clear that the diffusion 

of water molecules into the polymer matrix will be slower and thus give a lower diffusion 

coefficient. It is also for this reason that, as can be seen from table 7.4, the diffusion of 

water molecules from pure bulk water is much faster than that of aqueous ionic solutions.

The depth profiling study of a laminate PVOH-SPEES/PES shows no significant 

interaction between the constituent layers. In addition a study of diffusion of pure water 

into the laminate shows a greater diffusion coefficient than the diffusion of pure water into 

a single layer of SPEES/PES. This implied that the PVOH layer can facilitate the diffusion 

process.

It was also found that the diffusion of water into SPEES/PES annealed at lower 

temperature reached an equilibrium state faster than ones annealed at higher temperatures, 

and as the annealing temperature increases, the plot of diffusion curves become more 

sigmoidal in shape. This is due to morphological changes of the polymer matrix as a result 

of annealing at high temperatures. The diffusion of small molecules moving through the 

polymer matrix is dependent in part, on the polymer morphology. This controls the 

propagation of a molecule from one site to another and the flexibility of the polymer 

chains required to cooperate with the movement. The diffusivity of the molecule can be
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influenced by any factor that changes either the morphology or the flexibility of the 

polymer. It is thought that the diffusion pathways are in the amorphous regions.

8.3. Future work

There are a number of areas of study which could be carried out in order to help better 

understanding of the interdiffusion and diffusion processes discussed in this thesis.

These include:

(a) The in situ study of molecular interactions at the interfacial region during interdiffiision 

in a polymer laminate. One of the areas of work presented in this thesis was the effect of 

annealing temperature on the degree of interdiffusion. The polymer laminates first were 

annealed at a particular temperature and then after cooling, a depth profile of the laminate 

was obtained. However, this gave no information about the rate of interdiffusion in such 

laminates. Confocal Raman microspectroscopy could be utilised to determine the rate of 

interdiffusion by focusing onto the interfacial region. The subsequent analysis of the 

spectra collected at regular time intervals should, in principle, give information about the 

molecular interactions between the constituent polymer layers during the interdiffusion 

process.

(b) The further study of state of water in SPEES/PES. The work presented in this thesis is 

corresponding to diffusion of water into SPEES/PES. The shift in the position of v(OH) 

band of water was reported. However, in order to give a better understanding of 

molecular interactions between the water molecules and the S03" sites of the polymer, the 

study could be carried with low water content.
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(c) The effect of various ionic forms of SPEES/PES (e. g. Li+, Na+, K+, Cs+, Ca++, Mg++) 

on the diffusion of pure water. SPEES/PES material used in the work presented in this 

thesis was in H+ form. However, it is important to determine whether other forms of 

SPEES/PES have any significant effect on the rate of diffusion of pure water. FTIR-ATR 

spectroscopy can be used in situ to provide information about the molecular interactions 

between S03" sites and H20  molecules in the presence of various counter ions.

(d) The diffusion of hydrated ionic species into SPEES/PES. In chapter 7 the results of 

diffusion of water from an aqueous N 0 3" solution was presented. However, due to high 

absorbance of SPEES/PES in the region of spectra which N 03" bands appear, it was 

difficult to obtain reliable information about the rate diffusion of this hydrated ion into the 

polymer matrix. However, it is expected that other ionic species (e.g. SCN") could be 

selected for such this study providing that they have infrared bands in the a region of 

spectrum which does not interfere with highly absorbing SPEES/PES bands.
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alcohol) Laminates by Confocal Raman Microspectroscopy

SOHAIL HAJATDOOST and JACK YARWOOD*
Sheffield Hallam University, Materials Research Institute, Pond Street, Sheffield SI IWB, U.K.

We report a molecular depth profiling study of a PMMA/PVOH 
laminate on quartz using confocal Raman microspectroscopy. It is 
demonstrated that this technique can be successfully employed to 
study the hydrogen-bonding interaction between the ester and al­
cohol groups near the interfacial region. The carbonyl, v (C = 0), 
band of PMMA shows significant broadening in the interfacial re­
gion. Various PMMA/PVOH laminates with different PMMA mo­
lecular weights have been studied, and it is demonstrated that the 
PMMA layers with lower molecular weight show a greater degree 
of interpenetration for a given annealing time.
Index Headings: Confocal Raman microspectroscopy; Poly(vinyl alco­
hol); PoIy(methyl methacrylate); Polymer laminate; Depth profiling.

INTRODUCTION

Polymer laminates, formed by the combination o f sev­
eral polymers to form multilayer structures, are used, for 
instance, as food packaging materials and are important 
in connection with areas such as biocompatibility,1-2 ad­
hesion,3 and diffusion.4-8 Such laminates may be a com­
bination of two or more layers. The properties o f these 
polymeric layers at the interface are affected by poly­
mer/polymer interdiffusion, and, in all applications, the 
properties o f the laminate are determined by the concen­
tration profile of the two polymers across the interface.

A number of techniques have been used to study the 
polymer laminates. These techniques include waveguide 
Raman spectroscopy,9 external reflection and attenuated 
total reflection infrared spectroscopy (FT-IR/ATR),10-11 
scanning electron microscopy combined with energy-dis­
persive spectroscopy (SEM/EDS),12 transmission electron 
microscopy (TEM),13-14 and transmission electron micros­
copy combined with energy-dispersive spectroscopy  
(TEM/EDS).15 Furthermore, several techniques have been 
utilized to measure the concentration profile across the 
interface. These include Rutherford backscattering spec­
troscopy (RBS),16 small-angle X-ray scattering (SAXS),17 
small-angle neutron scattering (SANS),18 secondary ion 
mass spectrometry (SIMS),19 IR microdensitometry,20 and 
neutron reflectometry.21

The polymer laminate used in this work was a two- 
layered model sample consisting o f a top layer o f 
poly(vinyl alcohol) (PVOH) and a base layer o f  
poly(methyl methacrylate) (PMMA). Figure 1 shows the 
schematic diagram of the deposited polymer laminate on 
a quartz slide. This experimental system was chosen for 
two reasons: (1) it was possible to find a solvent that 
dissolves the PVOH but not the PMMA, and (2) it is not 
unreasonable to expect interfacial interactions by hydro­
gen bonding between these two polymers.

Received 30 June 1995; accepted 7 January 1996.
* Author to whom correspondence should be sent.

Pereira and Yarwood11 have used FT-IR/ATR spec­
troscopy with the barrier film technique to obtain a depth 
profile o f a PMMA/PVOH laminate. However, this tech­
nique requires preparation o f  many laminates with 
PMMA layers o f different thicknesses. Tait et al.9 have 
used waveguide Raman spectroscopy to obtain a depth 
profile o f a PVOH/PMMA laminate. This technique is 
limited by difficulties found in achieving a viable wave­
guide.

In this work, we have used confocal Raman micro- 
spectroscopy to study the variations in the interfacial re­
gion in model polymer laminates as a function o f poly­
mer molecular weight. This technique does not provide 
the information on as small a scale as in the case o f 
neutron total reflection or TEM, but it does have advan­
tages— for example, (1) the need for little sample prep­
aration, (2) the nondestructive nature o f the technique, 
and (3) the ease o f use o f the technique.

Tabaksblat et al.22 have given a detailed assessment o f  
confocal Raman microscpectroscopy. Because o f the use 
o f a pinhole, this technique provides good spatial reso­
lution along the optical axis, Z, o f the microscope and 
also good spatial resolution in the lateral direction, XY  
(perpendicular to the optical axis). The high resolution 
achieved by this technique is due to the use o f a pinhole 
(see Fig. 2).

The light reflected from a selected plane in a laminate 
is focused to a point and allowed to pass through a pin­
hole positioned in front o f the detector. The rays that are 
reflected from below and above the plane o f focus are 
mainly (but not totally) blocked by the opaque regions 
around the pinhole.

EXPERIM ENTAL

Polym er Laminate Preparation. Poly(vinyl alcohol) 
was obtained from Aldrich Chemical Company Ltd.; 
poIy(methyl methacrylate) [PM M A® and PMMA (II)] 
samples were donated by ICI (Wilton); and PMMA(III) 
was purchased from Fluka Chemicals Ltd. PMMA films 
were deposited onto a quartz slide from dichloromethane 
(DCM) o f spectroscopic grade by the dip-coating pro­
cedure.23 A PVOH film was then deposited onto the 
PMMA layer as a “coating” by the same technique, with 
water as solvent, to produce a laminate (Fig. 1). At each 
stage, samples were dried in the oven at 70 °C for 24 h. 
The thicknesses o f the PMMA and PVOH layers were 
determined within 1% and 5% accuracy, respectively, 
with the use o f a surface profiler (Laser Form Talysurf).

Confocal Raman Microspectroscopy. Raman spectra 
were recorded on a Renishaw Ramascope spectrometer 
with the 632.8-nm line o f a H e-N e laser. This instrument 
is equipped with a Peltier cooled charge-coupled device

558 Volume 50, Number 5, 1996 0003-7028 / 96 / 5005-0558S2.00/0 
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PM M A

Quartz
slide

IG. 1. The quartz slide and deposited polymer laminate of PMMA 
nd PVOH.

CCD) detector, a holographic grating (1800 grooves/mm), 
nd two Raman holographic edge filters, which prevent 
he backscattered laser radiation from entering the spectro- 
raph. The stigmatic single spectrograph is attached to an 
lympus BH2 microscope. The Ramascope was set up in 

onfocal mode with a 100X short-working-length objec- 
ve [numerical aperture (NA) value of 0.95], a slit width 
f  about 15 |xm, and a CCD area o f 4 X 576 pixels (pixel 
ize, 22 jxm2). The long axis (576 pixels) defines the spec- 

;1 dimension, and the short axis describes the height of 
e image.24 The arrangement of the CCD and the slit acts 

s the pinhole for blocking out-of-focus signals. The depth 
solution of the confocal arrangement was checked by 

sing a silicon sample as a reference material. In this ex- 
riment the focus o f the laser was stepwise (1 jxm) 
anned away from the silicon, and the signal intensity of 
e fundamental vibration at 519 cm-1 was recorded. Fig- 
e 3 shows a plot o f Raman intensity as a function of 
stance away from silicon surface. The depth resolution 
as thus determined as 2.0 ±  0.3 p-m by the full width at 
lf-maximum (FWHM) criterion. However, it should be 
ted that actual depth resolution depends on the specific 
deal properties (absorption, refraction, and scattering) of 
ch system that is measured. It is clear from Fig. 3 that, 
though about 90% of the scattered light is contributed 
>m 2.5 |xm below and above the plane o f focus, signif- 

ant Raman scattering light is also contributed from the 
gions further above and below this region.
A depth profile o f each laminate was then obtained by 
cusing the microscope stepwise (1 p,m) through the

slit width

CCD area 
(4 x 576 pixels)

LASER BEAM

CCD area capturing light 
from confocal section 
(pinhole effect)

FILTER

CCD detector

ENTRANCE SLIT

MICROSCOPE
OBJECTIVE

FOCAL PLANE

. 2. Schematic diagram of the principle of confocal Raman micro- 
ctroscopy.
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F ig . 3 . Plot of the intensity (Raman counts for total exposure time) of 
the most fundamental vibration of silicon as a function of distance from 
the surface.

polymer laminate and recording a spectrum at each step. 
Thus the amount o f each polymer signal present in the 
laminate, as a function of the depth, was determined.

RESULTS AND DISCUSSION

PMMA/PVOH laminates prepared with various molec­
ular weights o f PMMA were used for these experiments 
(see Table I). The thicknesses o f the PMMA and PVOH 
layers were 4.5 ±  0.5 p,m and 9.5 ±  0.5 |xm, respectively. 
This system was selected to examine interactions at the 
interfacial region due to possible hydrogen bonding be­
tween the carbonyl group o f PMMA and the hydroxyl 
group of PVOH. Another advantage o f this system is that 
we can deposit the PVOH layer from water on a PMMA 
substrate, since PMMA is not soluble in water. Spectra 
of the pure individual films are shown in Fig. 4.

In order to obtain a depth profile o f each laminate, the 
550-1100 cm -1 region o f the spectrum was recorded. 
Figure 5 shows the spectra recorded as a function o f 
depth for the PMMA(III)/PVOH laminate. As expected, 
the initial spectra show no bands corresponding to 
PMMA and only PVOH bands at 854 and 917 cm -1 (Fig. 
5a-5d). The subsequent spectra (Fig. 5e-5j) indicate the 
presence o f PMMA with bands at 813 and 601 cm-1 as 
well as PVOH bands. The important feature o f this re­
gion, which we call the interfacial region, is that, as we 
continue recording the spectra through the depth o f the 
laminate, the intensities o f the PMMA bands increase as 
the intensities o f the PVOH bands decrease. This result 
is expected, since, with focusing at the deeper parts o f 
the laminate, spectra are collected closer to the PMMA

TABLE I. Molecular weight of the polymers used.

Polymer MW (g m ol-')

PVOH 50 X 103
PMMA(I) 800 X 103
PMMA(II) 120 X 103
PM M A(in) 34 X 103

APPLIED SPECTROSCOPY 559
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Fig. 4. Raman spectra of (a) pure PMMA film and ([b) pure PVOH 
film.

layer and further away from the PVOH layer. It is this 
region which is expected to show some hydrogen-bond­
ing interaction between the ester and alcohol groups of 
the PMMA and PVOH layers, respectively. Finally, the 
last spectrum (Fig. 5k) shows only bands corresponding 
to the pure PMMA. However, the intensity o f the PMMA 
bands shows a decrease on moving into the pure PMMA 
layer. This phenomenon has been observed for all three 
cases. The loss o f intensity o f the PMMA band in the 
lower regions is probably due to the effects o f absorption, 
scattering, and mismatch o f the refractive index o f the 
two polymers at the interface. The details o f these pro­
cesses need further investigation.

It is clear from Fig. 5 that the bands corresponding to 
both PMMA and PVOH layers appear in some of the 
spectra. Since both polymers have Raman bands in the

was uuuzea to aisunguisn spectra cunespunumg uj me 
PVOH and PMMA layers. Thus a spectrum of pure 
PVOH film (see Fig. 4b) was first obtained, and this spec­
trum was used for spectral subtraction without any inten­
sity weighting. Then the spectrum o f pure PVOH film 
was subtracted from each spectrum. However, in order to 
remove all the bands corresponding to the PVOH layer, 
it was necessary to add scale and offset values to each 
of the input files before they were subtracted. Figure 6 
shows the results o f the spectral subtraction. It can be 
seen that the first detectable sign o f PMMA band at 813 
cm-1 has appeared in the plane o f focus about 4 |xm be­
low the top surface o f the upper layer in the 
PMMA(III)/PVOH laminate. However, it should be noted 
that this observation does not indicate the position o f the 
upper boundary of the interfacial region. The reason for 
this condition is that, as mentioned earlier (see Fig. 3), 
although approximately 90% of the scattered light is col­
lected from about 2.5 p.m below and above the plane of 
focus, significant Raman signals may be contributed by 
PMMA in the lower regions.

The spectral subtraction method was repeated, as 
above, to determine the last spectrum which shows any 
bands corresponding to the upper layer (PVOH). Hence, 
a spectrum of a pure PMMA film (see Fig. 4a) was first 
collected, and then this spectrum was used for subtraction 
without adjustment o f the intensity. As mentioned earlier, 
scale and offset values were added to each o f the input 
files before they were subtracted. Figure 7 shows the re­
sults o f the subtraction. It is clear that the last detectable 
sign o f the bands corresponding to PVOH at 917 and 854 
cm-1 appears in the spectrum o f the plane o f focus about 
10 p.m below the top surface. For the reasons mentioned 
above, it should be noted that this observation does not 
necessarily define the position o f  the lower boundary o f  
the interfacial region.

In order to determine whether the depth o f penetration

3500
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§2000o
|  1500cto
*  1000
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1000

900
800

700Depth ( nm)
600 A cm

F ig . 5. Three-dimensional representation of the depth profile of PMMA(III)/PVOH/quartz laminate obtained by focusing the microscope stepwise 
(1 (J im ) through the laminate.
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s related to the molecular weight o f the PMMA film, we 
erformed the same experiment and obtained the depth 
rofiles for the PMMA(II)/PVOH and PMMA(I)/PVOH 
aminates with PMMA molecular weights o f 120,000 and 
00,000, respectively. Figure 8 shows the plot o f intensity 
s Raman counts for total exposure time as a function of  
epth for the all three different PMMA/PVOH systems, 
t should be noted, however, that in view of the depth 
^solution o f the confocal microscope, we cannot deter- 
line the exact upper and lower boundaries o f the inter- 
acial region, and thus the limits o f each region in Fig. 8 
re not as sharp as those presented. In addition to this 
onsideration, it should be noted that, unlike the case for 
le infrared technique, in a Raman experiment the value 
f  intensity (Raman counts) in a fixed time scale may 
lightly vary because of the effect o f various factors such 
s slight changes in laser intensity or dust particles, and 
o on. Thus, this degree o f uncertainty has been corrected 
y adding error bars to each intensity value.

It is clear from Fig. 8 that the degree o f interpenetra- 
on is not the same in all three systems. Indeed, although 
is difficult to determine the exact position o f the inter- 

icial region, it can be seen that the interfacial region is
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Fig. 7. Raman data obtained by subtraction of a pure PMMA film 
from each of spectra recorded in the depth of the PMMA(III)/PVOH 
laminate.

broader for the laminates with lower PMMA molecular 
weight.

One possible explanation for the relationship between 
molecular weight and the degree o f interpenetration o f  
PMMA is the effect o f molecular weight on the mobility 
o f the polymer chains at a limited annealing time. Boven 
et al.,10 using infrared spectroscopy, have shown that the 
rate o f the interdiffusion is dependent on the molecular 
weight o f the polymers used. This means that the poly­
mers with the lower molecular weight reach a completely 
mixed (equilibrium) system faster than the polymers with 
higher molecular weight. We believe, therefore, that the 
PMMA(III)/PVOH laminate with lower PMMA molec­
ular weight has come closer to the completely mixed sys­
tem than PMMA(I)/PVOH laminate with much higher 
PMMA molecular weight. However, it should be noted 
that a full theoretical description o f the interdiffusion o f 
polymer species has not yet been elucidated. Neverthe­
less, this study indicates the potential power o f confocal 
Raman microspectroscopy to study the extent and rate o f 
interdiffusion in polymer laminates.

Interfacial Effects. So far we have shown that the two 
polymers interpenetrate towards each other at the inter­
facial region. In this region, the existence o f some degree 
of hydrogen-bonding interaction between PMMA and 
PVOH films might be expected. It is well known25 in 
vibrational spectroscopy that hydrogen bonding is man-
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G. 8. Plot of the intensity (Raman counts for total exposure time) as 
function of depth for (a) PMMA (I)/PVOH laminate, (b ) PMMA 
I)/PVOH laminate, and (c) PMMA (TII)/PVOH laminate.
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Fig. 9. Raman spectra of carbonyl band of PMMA(IIl)/PVOH lami­
nate. Carbonyl band corresponding to (a) upper part of the interfacial 
region; (b) middle of the interfacial region; (c) PMMA layer; and (d ) 
a pure PMMA film.

ifested by frequency shifts, band broadening, and inten­
sity changes in the carbonyl, v (C = 0), and hydroxyl, 
v(O-H), bands o f the ester and alcohol groups o f the 
polymers. Unfortunately the v(O-H) band (at about 3400 
cm-1), which is very strong in the infrared spectrum, does 
not have a very high Raman cross section (see Fig. 4b). 
However, the v (C = 0 ) band is clearly visible in the Ra­
man spectrum, and the possible changes in this band at 
the interfacial region can be studied. Figure 9 shows the 
Raman spectra recorded at the 1600-1900 cm -1 region 
for the various depths o f the PMMA(III)/PVOH laminate. 
It is clear that the carbonyl band is broader near the upper 
part o f the interfacial region (Fig. 9a) than in the PMMA 
layer (Fig. 9c), even allowing for a relatively low signal- 
to-noise ratio.

Since the PVOH film has been deposited on the 
PMMA film from a water solution, one should consider 
whether hydrogen bonding between the hydroxyl group 
of water and carbonyl group of the ester (PMMA) may 
be responsible for the v (C = 0) band broadening. In order 
to check this, a pure PMMA film was coated with a water 
layer and then was dried in an oven for the same drying 
temperature and time (70 °C, 24 h) used for the laminates.
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A comparison of the spectra o f the PMMA film before 
and after a few hours o f exposure to water shows a 

(C = 0 ) band broadening. However, the spectrum of 
PMMA after complete drying shows no v (C = 0 ) band 

roadening. This result indicates that all the hydrogen 
onding due to water-PMMA association has been re- 
loved after complete drying. Thus it can be concluded 

hat the v (C = 0) band broadening in the laminate after 
omplete drying is due to hydrogen bonding between the 
ydroxyl group of the PVOH and the carbonyl group of 
he PMMA.

Figure 10 shows a plot o f full width at half-height 
FWHH) of the v (C = 0) band as a function o f the dis- 
ince, Z, from the top surface focal plane o f the laminate, 
he error bars have been determined on the basis o f un- 
ertainty caused by the noise level in the spectra for mea- 
uring the exact FWHH. As expected, for the hydrogen- 
onding interaction, the bandwidth is much broader at 
le interfacial region and decreases as it approaches the 
MMA layer. Indeed the bandwidth measured for the 
(C = 0 ) band of pure PMMA region (Fig. 9c) o f the 
iminate is in a good agreement with that measured for 
PMMA film (Fig. 9d). However, there was no obvious 

hift o f the v (C = 0) band, as might also be expected for 
hydrogen-bonded interaction. One possible explanation 
)r this result is the effect o f the dilution phenomena in 
le interfacial region. In this region the PMMA carbonyl 
roup may interact via dipolar interaction with other 
MMA carbonyls or via hydrogen bonding with sur- 
mnding PVOH molecules. Shelley et al.26 have explored 
le variation in Raman isotropic v (C = 0) band position 
id  half-width (FWHH) for DMF as a function o f con- 
mtration in carbon tetrachloride, CC14. They have 
lown that the v (C = 0) band shifts to higher frequency 
ith band broadening as the mole fraction o f DMF de- 
•eases. It is also known27-29 that the v (C = 0) band shifts 
i lower frequency with band broadening due to inter- 
lolecular hydrogen bonding. A close examination of the 
>ectra o f PMMA/PVOH laminate shows that the con- 
;ntration of PMMA decreases from the pure PMMA 
yer to the upper sections o f the interfacial region. It is

interactions with other PMMA carbonyls in the PMMA 
layer compared to the interfacial region. This dilution ef­
fect is expected to lead to a blue shift with band broad­
ening of the v (C = 0) mode in the interfacial layer. On 
the other hand, the degree of hydrogen-bonding interac­
tion between PMMA and PVOH molecules is higher in 
the interfacial region compared with that in pure PMMA. 
This condition is expected to lead to a red shift with band 
broadening of the v (C = 0) band. Thus, the overall result 
of these two effects on the v (C = 0 ) band is expected to 
be little or no frequency shift with band broadening. In 
this sense our observations may be rationalized.

SUMMARY AND CONCLUSION

We have shown that confocal Raman microspectros­
copy may be employed to obtain depth profiles o f poly­
mer laminates. The system chosen for this detailed in­
vestigation was PMMA/PVOH. Three different laminates 
with various PMMA molecular weights were examined, 
with a view to studying hydrogen-bonding interactions 
between the alcohol and ester groups o f PVOH and 
PMMA layers. The v (C = 0) band shows no apparent fre­
quency shift due to hydrogen-bonding interactions be­
tween the ester and alcohol groups. We believe that di­
lution o f PMMA carbonyl lone pair dipoles in the inter­
facial region (with a band shift opposite to that associated 
with hydrogen-bonding interaction) may be responsible 
for the absence o f an observable v (C = 0 ) band shift. 
However, considerable broadening o f the v (C = 0 ) band 
has been observed at the interfacial region, which con­
firms the existence of hydrogen-bonding interactions. We 
have not been able to study variations in the v(O-H) band 
of the PVOH layer because o f the very low intensity o f 
the hydroxyl group vibration. We have also demonstrated 
that, for a given annealing time, PMMA films with lower 
molecular weight show a greater degree o f interdiffusion 
compared to those with higher molecular weights. This 
observation points to the possibility o f studying the ex­
tent and rate of interdiffusion in polymer laminates with 
confocal Raman microspectroscopy.
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