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ABSTRACT

In this Honors Thesis, I describe a method created by
Profesor Van Ness and myself which effectively differentiates
regions of unique polymer composition within comingled products.
My goals are two fold. First, in order to provide the necessary
background knowlege for another student to efficiently continue
work on this project I discuss the foundations of our project,
outline basic infrared spectroscopy techniques and describe the
evaluation of spectra. Second, I describe our method in detail
and discuss the results acheived through it with regard to the

MCC5SIB blend.



Introduction

As our society commits itself in the coming years to
recycling a greater proportion of plastics from the solid waste
stream, the need to develop useful recycled materials will
increase. Because of the expensive nature of sorting different
types of post-consumer plastic wastes, recycled plastic blends
are often the most cost effective recycled plastic materials.
One obstacle to the development of blends with attractive
physical properties is the inherent incompatibility of most
polymer combinations. While such blends are made from an evenly
mixed feedstock of multiple polymers, the resultant recycled
product often is not uniform in composition. Distinct regions
within a blend have a relative composition of polymers different
than that of the blend as a whole. The physical properties of
the blend are affected by such migrations in ways that we can not
explain unless the nature of the migration is known. In order to
efficiently design composite polymer materials the nature of
polymer migrations in a recycled blend must be understood.

My research over the past two years with Professor Van Ness
has culminated in our development of a method by which we can
detect changes in relgtive polymer composition in different
regions of a plastic blend. Our method is very inexpensive,
quick, and produces semi-quantitative results. All other
available methods involve equipment considerably more expensive
than an infrared spectrophotometer, and many are less accurate.

We have tested this method on one particular blend which contains
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primarely polyethylene terephthalate and high density
polyethylene. The blend, on which we have focused our study, is
one of a family of blends consisting of resins derived from a
mixture of plastic post-consumer waste. This mixture represents
to a first approximation the plastics recovered from curbside
collections wherein all clean plastic bottles are collected. We
refer to products and blends made from this feedstock as "Model
Cities" materials. We have demonstrated that our method is
capable of detecting changes in the relative composition of this
blend.

Before we can analyze a blend with our method, we must know
the identity and have an estimate of the relative abundance of
each of the constituent polymers. Our analysis involves a
comparison of the infrared spectra of films cut from the
designated blend with the infrared spectra of the most prevalent
constituent polymers in their pure form. The spectra of pure
polymers are distinguished by multiple peaks of a size and
location standard for that polymer. A peak in the spectrum of
one polymer may not even exist in that of another polymer. We
compiled and edited a list of regions containing major peaks for
each spectra of the pure polymers we knew to exist in the blend.
We then calculated thé'areas under these peaks for each of the
pure spectra and for the spectrum of the blend. For each
spectrum we calculated the relative area under each peak compared
to the total area under all the designatéd peaks. A comparison

of the relative areas under the specific peaks in the pure



spectra with those of the sample spectra provides a means to
calculate the relative abundance of a polymer constituent within
a specific region of a blend.

Before I describe the specific aspects of our method, I will
first characterize the nature of plastics, and the technique of
infrared spectroscopy. I do so with two goals in mind. I wish
to familiarize the reader with the terms and concepts necessary
to understand the details of our method. I also hope that by
providing background material on infrared spectroscopy and my
work with plastics that the person continuing on with my research

will efficiently be able to continue where I have left off.



Chapter 2
An Overview of Polymers

The constituent polymers of most recycled blends belong to a
class called thermoplastics. Thermoplastics are characterized by
long chain structure and a low branching ratio. The individual
chains do not link with each other chemically, but instead, they
intertwine to form a cohesive mass, sometimes crystalline in
character. When thermoplastics are heated, the chains are able
to move around rather uninhibited relative to each other. 1In a
heated condition, the material takes on almost a liquid character
such that it can be easily molded to any shape. Upon cooling,
long chains regain their rigidity, and the molded shape is
retained.!

The Model Cities blend and other recycled plastic blends
that our project will consider are composed of primarily three
types of polymers. Other polymers and a compatibilizer in the
blends are present only in meager proportions. Their presence
does not influence in any significant way the infrared spectra of
the composite. For this reason my description of polymers and
their infrared spectra will focus specificly on high density
polyethylene (HDPE), polystyrene (PS) and polyethylene
terephthalate (PET).

A polymer is defined as a single molecule with a molecular
weights of one thousand to ten million built up by the repetition
of small simple chemical units called monomers. The manufacture
of polymers, therefore, takes place in two stages. First, the
monomer unit must be either collected or produced. Second, the
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separate monomers are added successively end to end to form a
chain molecule in a process termed ’polymerization’. To use PE

as an example:

First Stage

Obtain CH2=CH2 as a gas found naturally

ethylene
2nd Stage
polymerization

CH,=CH, + CH,=CH, + CH,=CH,+ .... ========-=—=--- >

2 2 2 2
n molecules of ethylene

—CHZ-CHZ_CHZ-CHZ-CHZ—CHZ-

polyethylene

In the polymerization of ethylene, the double bond is opened
and one of the electrons which had been shared between the two
carbons moves so as to be shared by one of the original carbons
with a carbon atom from a different ethylene molecule. Carbon
atoms are not stable unless they share eight valence electrons at
any given time. The addition of an ethylene molecule to a chain
always leaves the end carbon with only seven electrons in its
outer orbital: two in the covalent bond with the adjacent carbon,
two shared with each hYdrogen and one unbonded. This
electrophilic carbon, in turn, promotes the cleaving of the
double bond in another ethylene molecule.

This process inevitably continues until one of two
circumstances arise: 1) the reaction progresses until it reaches
equilibrium - no more unreacted ethylene is present, or 2) in the
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polymerization process, an impurity such as a stray proton or a
methane (CH3) group may become bonded to the chain ending carbon
rather than another ethylene molecule.? If the polymerization
reaction is carried out with few impurities present, the
resultant chains can be very long. These highly regular chains

usually take up the low-energy zig-zag form shown in figure 2.1.
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Figure 2.13
Real examples of polymers do not exist without defect
structures. This is not surprising if one views polymerization
as a sequence of reactions which has to be repeated perfectly
many thousands of times. One imperfection in polyethylene is
called ’branching’. Figure 2.2 demonstrates the effect of
branching in which side chains extend from the main polymer

backbone.

Figure 2.2

The branches present in PE consist of either methyl groups or
short methylene sequences terminated by a methyl group.*

Below the melting point, polymer molecules may come together
to form a crystalline structure, or they may intertwine into what

is referred to as an amorphous region. Not all polymers are




capable of crystallizing. One of the essential features of a
polymer for crystallization is symmetry. This is clearly
achieved in linear PE, as it has no regular branches which would
disrupt the individual chains from coming together and achieving
the lowest energy level. The occasional branching of PE does not
prohibit the crystallization of the sections of the molecule
between the branch points.’

In crystallization from the melt, PE chains frequently
become a part of a microcrystalline polymer called a spherulite.
Microtomed sections of crystalline PE show that the internal
structure of sphereulites is radially symmetric. Their diameter
can grow to over one micron. The spherulite grows by crystalline
fibers attaching to a nucleus and filling in the amorphous space
between them with either more crystal fibers or cross linking
(Exhibit 2.1 shows an artists depiction of this process). The
size of a sphereulite depends to a great degree on the cooling
rate of the melt. If the melt cools slowly, fewer nucleation
sites arise, and the average radius increases.® In polarized

light, these strhctures, shown in Figure 2.3, appear as a Maltese

Figure 2.3’



The cross- appears because the sphereulites behave as crystals
with radial optical symmetry, and in this case there are four
extinction positions.

Sphereulites are produced when the overall crystallization
rate is the same in all directions in space. Directionally
dependant crystallization rates produce a different morphology of

crystal called "shish-kebab" structures as shown in Figure 2.4.

Figure 2.4

Shish-kebab structures are formed by equiaxial growth and main
chain orientation in the direction of stress. At higher
stresses, the crystallization is obviously induced by a
continuous series or row of nuclei arranged along the direction
of flow.?

As I have just described many levels of PE crystalline
order, it is important to recall that no solid polymer can be
completely crystalline. Polyethylene is divided into two
categories based on its percent crystallinity. Low density
polyethylene (LDPE) i; 40-60% crystalline and high density
polyethylene (HDPE) is 60-80% crystalline. Low density
polyethylene is more flexible, transparent, and has a greater
branching ratio than HDPE. The level of;crystallinity in LDPE is

achieved through high pressure polymerization, 1000-3000




atmospheres. The polymerization of HDPE involves the use of
catalysts in addition to application of extreme pressure.’ By
the polymerization of PE under other conditions of temperature,
pressure and catalyst, a range of polymers can be manufactured
including oils, greases, and soft waxes.!

In addition to HDPE and LDPE, polystyrene is an abundant
component in the blends which we analyze. The monomer unit of
PS, shown in Figure 2.5, is identical to that of PE with one
important exception. The structure of a styrene monomer is an
ethylene molecule with a benzene side group. The polymerization
process of PS is identical to that of PE. The benzene side group

is very stable and remains a spectator throughout the process.
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Figure 2.5

The PS chain is very similar to that of PE with one
significant alteration. Every other carbon along the chain is
bonded to one hydrogen'and one benzene side group. The size of
this side group and iés high electron density limit the
interactions between PS chains, and affect the relative
orientation of neighboring monomer units. Although the benzene
ring has a neutral charge, its concentrafion of electrons repel

one benzene side group from its immediate benzene neighbors. The




summation of these repulsive forces among the side groups
produces a spiral orientation of the groups along the length of
the chain. This configuration represents the lowest energy state
for a single chain and is the form assumed by the solid state of
polystyrene.

While the benzene side group itself is not reactive, its
presence does significantly affect the morphology of solid
polystyrene. The large size of the benzene side groups and their
spiral orientation along the length of the chain make the
crystallization of PS very difficult. The carbon atom in the
benzene ring farthest from the main chain is estimated to be
3.879 angstroms away from the chain backbone, whereas the length
of the bond between a carbon on the chain and one of its
constituent hydrogens is only 1.062 angstroms.!! If PS does
achieve some degree of crystallinity, its form resembles that of
a closed zipper. In order for PS to achieve a significant degree
of crystallinity, the temperature of the liquid polymer must
remain near its melting point for a prohibitively long duration.
In plastic molding processes, the dooling period is usually only
a matter of minutes. While this time interval is sufficient for
PE to achieve a large proportion of crystallinity, only small
intervals along the wﬁéle PS chains are able to align with
portions of other chains. The zipper-like structure of sporadic
crystalline regions along neighboring PS chains significantly
limit relative chain mobility. An imporﬁant result of

polystyrene’s limitation of intra-chain mobility is that the
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solid state of PS, though amorphous, is characterized by
significant rigidity.

Polyethylene terephthalate, the most common form of
polyester, is more complicated than the two polymers which I have
previously discussed. Its monomer unit, shown in Figure 2.6,
contains four different functional groups: para-benzene, ester,

carbonyl and aliphatic.
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Figure 2.6
The éolymerization process for PET does not involve the cleaving
of a double bond as is the case with PS and PE. The monomer
unit, ethylene terephthalate is unstable, and therefore, its
production must be carried out simultaneously with the
polymerization reaction. As this synthesis is quite complicated
and not necessary to the understanding of our project, I will not
describe it here.

Unlike PS, the nature of PET is very amenable to
crystallization. The‘carbonyl side groups of PET do not extend
from the main chain to the degree that benzene does in PS. The
length of the C=0 bond is 1.22 angstroms, less than one third the
distance occupied by the benzene side gfoup in PS.”? The narrow

nature of the PET chain and the multiple locations of high
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electron density in each monomer encourage high levels of
crystallinity in PET.

Contrary to this evidence, PET left to cool without any
special treatment immediately after its manufacture produces an
amorphous solid. However, when tensile stress is applied to a
PET sample as it is being quenched, the rate of crystallization
increases. Crystallization takes place during the stretching
process. The resultant crystals are very stiff and do not melt
when the stress is removed.!

The tensile strength of PET film is about 25,000 psi, twice
that of aluminum and almost equal to that of mild steel.™
Polyethylene terephthalate is an attractive material for, among

other uses, soda bottles because of its toughness and relatively

low cost of manufacture.
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Chapter 3
Infrared Spectroscopy

Our samples are composed of atoms bound together by chemical
bonds. To a first approximation, the force required to make a
small change in the length of a bond or a small change in the
angle between two bonds is proportional to the change produced.
Molecules, therefore, consist of a set of coupled harmonic
oscillators. If a molecule is disturbed from its equilibrium
state it will vibrate in such a way that the motion can be
considered to be the superposition of a number of simple harmonic

5 The modes of vibration of a given chemical bond

vibrations.!
can take on one of three forms: stretches, bends or rotations.

Figure 3.1 shows these three modes for a portion of a PE chain.

H H H~ o H “F
oo ] L
oo | | 1

H H - hug H M
C—H S+retch C-H Bend C-C Rotation

Figure 3.1
Each mode of vibration for a particular bond has a unique
fundamental frequency. The stretch mode is usually the highest
energy vibration, followed by the bend mode. The energy
associated with the rotational mode of vibration is often so low
that it is not resolved in the infrared spectrunm.

An infrared spectrophotometer obtains a spectrum of a film
by directing a portion of the infrared spectrum at the film and
then recording what fraction of the light at each wave number the
sample absorbs. Transmittance readings at different frequencies
provide specific details about the characteristics of the sample.
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If the frequency of infrared light directed at a sample is
identical to one of the normal modes of vibration for a chemical
bond in the sample, the bond will absorb a portion of the light.
Under such a scenario, between two and ten calories, per mole of
affected chemical bonds, are absorbed by a film, and subsequently
given off in the form of heat. The frequency at which any peak
in the absorption spectra appears is, therefore, also one of the
normal modes of vibration for the molecules in the sample.!” As
the three polymers which I have described in detail share many
similarities in their chemical composition, many peaks in the
Model Cities spectra are contributed to by multiple component
polymers.

In order to understand the spectra of a polymer blend, one
must first become familiar with the spectra of each component
polymer in its pure state. As each type of chemical bond in a PE
molecule is also present in PS and PET, so do the peaks
characteristic of a PE spectra also appear in the other two
spectra. All of the chemical bonds in a PS molecule are also
represented in the structure of PET, and likewise each peak in
the PS spectrum also exists in the PET spectrum. In order to
simplify the explanation of the pure spectrum of PE, PS and PET,
I will describe the pdre spectra of each polymer individually
from most simple to most complex.

There are three regions of intense absorption in the
infrared spectra of PE. They are centeréd near 2920, 1470 and

725 cm-1 as in Figure 3.2 below. The first two are associated
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with the internal modes of vibration of the CH2 groups, while the
third is due to the rotational mode of vibration along the carbon

backbone.
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(A Pure PE Spectra)
Figure 3.2

The most prominent band in the PE spectrum, centered at 2900
cm-1, is assigned to C-H stretching. In less crystalline, pure
samples, the edges of the peak often extend up to 3100 cm-1 and
as low as 2500 cm-1. The wave number at which the absorption
occurs indicates the type of carbon to which the hydrogen is
attached.!® Portions of PE chains under strain cause the
absorption by C-H stretching at wave numbers above 3000 cm-1. A
common source of chain sequences under strain exist at the point
in which a individual chain folds back upon itself in a
crystalline or semicrystalline state.

Absorption at the wave numbers between 3000 and 3250 cm-1 in
the C-H stretch band result from a bond between hydrogen and an
unsaturated carbon. This functional group in a PE sample exists
in the form of either unreacted ethylene, or partially degraded
PE in the sample. The most intense absorption in the C-H stretch
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peak occurs near 2900 cm-1 with the support of two other weak
peaks at 2912 and 2932. These two peaks are inevitably
overlapped by the large C-H stretching peak. Their presence is
caused by overtones of the 1463/1473 cm-1 doublet which
corresponds with the (CH2)-(CH2) stretching fundamental.!?

The C-H bending mode characteristic of PE appears near 1400
cm-1. The higher energy peak centered at 1470 cm-1 corresponds
C-H bending in methylene, CH2. This peak often overlaps a
portion of its close neighbor peak, 1360 cm-1 which corresponds
to C-H bending in methyl groups. In PE, the ratio of methylene
to methyl groups depends on the amount of branching and the
average molecular weight. The proportion of methyl groups in a
PE sample has a direct impact on the degree of crystallinity in
the sample. The ratio of the area under these two peaks can,
therefore, be used to provide an indication of the relative
crystallinity of the sample.?

The vibration of the C-C bond in PE is reflected by the
large peak centered at 725 cm-1. The deformation of the bond is
commonly described as ’‘rotational’ or ‘rocking’. This motion may
roughly be described as a twisting of the CH2 group about the -C-
C- skeletal axis. In solid PE, this peak is usually appears as a
doublet structure. A€ room temperature, the doublet consists of
two peaks, one at 720 cm-1 and the other at about 730 cm-1. This
doublet serves as another valuable source for measuring the
relative crystallinity of a PE sample. The peak at 720 cm-1 is

linked to vibrations within the crystalline portion of the
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sample. In all PE spectra, the higher wave number component has
the greater level of absorption. In very crystalline HDPE
samples, the intensity of the lower peak is almost equal to that
of the dominant peak. In LDPE the relative intensity of the
lower band falls off significantly. In molten PE samples, the
doublet structure is not resolved at all.?

The benzene ring side group present in PS greatly
complicates the polymer’s spectra. The high electron density of
this ring affects the other adjacent bonds in the monomer unit.
The influence of the unsaturated ring on the infrared spectra of
PS is to increase the fundamental energy of vibration of many of

the neighboring bonds. A spectra of a pure PS film is shown in

Figure 3.3 below.

1600

WAVENUMBER(CM™)

Figure 3.3
On the benzene ring, three types of C-H bonds exist. Of the
five aromatic hydrogené in each monomer unit of PS, two pairs are
symmetrically situated and the remaining hydrogen is unique in
its position farthest from the main chaiﬁ. These three distinct

groups each have different fundamental modes of vibration. The
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hydrogen bonded to the carbon, which retains the benzene side
group, is also significantly affected by the double bond
character of the ring. Both the complex nature of the forces in
PS, and the lack of symmetry in the molecule cause the PS spectra
to be quite complicated.

The bond most affected by the ring unsaturation is the C-H
bond coming off of the benzene ring. This bond absorbs at
greater wave numbers than we would expect if we ignored the
double bond character of the ring. This same effect is felt to a
limited degree by the C-H bond shared by the carbon which has the
benzene side group. The stretching vibration of these C-H bonds
occur always at wave numbers greater than 3000 cm-1.

Two types of bending vibrations exist for the C-H bonds
within the benzene ring. The in-plane vibrations occur between
1300 and 1000 cm-1. These bands are rarely useful, however,
because other, stronger absorptions in the same region overlap
them. We use the out-of-plane vibrations, between 900 and 690
cm-1, to assign the position of substituents on an aromatic ring.
The monosubstituted nature of benzene in PS always gives a strong
absorption near 690 cm-1. If this band is ever absent from the
spectra of an aromatic compound, than we know conclusively that
no monosubstituted riﬁés are present. A second stronger band
corresponding to out-of-plane bending also appears near 750 cm-1.

As the aliphatic backbone of PS is very similar to that of
PE, each of the peaks in PE’s spectra aré also reflected in the

spectra of PS. On this basis, we assign the stretching modes of
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CH2 along the chain backbone to a large peak around 2900 cm-1.
The peak at 1450 cm-1 corresponds to the bending mode of CH2.

The location of this peak is almost identical with the same
absorption in the PE spectra, 1460 cm-1. The aromatic ring
significantly affects the fundamental frequencies of vibration of
the C-C main chain bond in PS. As a result the peak
corresponding to the rocking vibration exists at higher wave
numbers in the PS spectra than it does in PE. The location of
the C-C rocking peak is coincident with the peaks assigned to in-
plane bending.?

The C=C bond does absorb infrared light in the form of a
stretching vibration between 1600 and 1425 cm-1. Conjugation of
a C=C double bond with either a carbonyl group or another double
bond provides the multiple bond with more single bond character
(through resonance as shown below), and thus a lower frequency of

vibration.

[ ;§1?43 -—_— C+—?=C—C’ ]

Figure 3.4%
With several conjugated double bonds, the number of C=C
absorptions often corrésponds with to the number of conjugated
double bonds.?* Three large peaks centered at 1430, 1480, and
1595 cm-1 reflect the presence of the three conjugated double in
the benzene side group of PS. The last significant feature of a

PS spectra is the presence of four distinct peaks between 2000
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and 1700 cm-1. These peaks are a result of combination and
overtone absorptions. The number and locations of these peaks
are characteristic of a monosubstituted aromatic ring. These
peaks in addition to the C-H out-of-plane bending region, 900-690
cm-1, serve as ’‘fingerprints’ as to the type of aromatic
substitution present in the sample.?

My description of the spectra of PS, though intentionally
incomplete, does demonstrate that reasonably complete assignments
for all the peaks are possible for a polymer with a repeat unit
as large as that of PS. Ethylene terephthalate is larger and
more complex than styrene, and therefore, its spectra, shown in
Figure 3.5 below, is more complicated and perhaps confused than

the other two spectra which I have already presented.
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Figure 3.5
The vibrational spectfum of PET is more complex than that of PS
for two reasons: 1)PET contains oxygen and 2)PET is partially
crystalline, and thus the intensities of several peaks depend of
the crystalline / amorphous ratio. The interpretation of the PET

spectra is most clear if we examine the contribution of two
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symmetric parts of the monomer unit individually. The two
subunits, shown in Figure 3.6, demonstrate symmetry, and

contain different functional groups.

—OCH -
-0C co— 2CH,0

Figure 3.6
The subunit which contains benzene is bisubstituted in the para
position by two carbonyl groups. The second subunit is an
ethylene molecule with ether linkages on both ends. These C-0
units are part of an ester linkage in the polymer.

As PET contains all the functional groups of PS, every
vibrational mode present in PS also exists in PET and is likewise
reflected in its spectrum. The stretching vibration of the
aromatic C-H bonds absorb in the same location as the
corresponding vibration in PS. However, the presence of oxygen
adjacent to the aliphatic C-H bonds leads to a shift in the C-H
stretching frequencies. The center of the C-H stretching peak in
PET is approximately 2960 versus a center of 2900 cm-1 in PE.?

In PS, the benzene contains three conjugated double bonds. 1In
PET, the ﬁenzene has gé its immediate neighbors two carbonyls
whose double bonds are part of a conjugated bond resonance fornm,
shown in Figure 3.7. It is therefore, possible for a resonance

form of PET to have either four or five conjugated double bonds.
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This conjugation affects the vibrations of the benzene ring and
those of its neighboring carbonyl groups.

The stretching vibrations for all the possible resonance
forms of conjugated carbon/carbon double bonds are resolved into
one large, or multiple, weak peaks in the region between 1400 and
1600 cm-1. In most films, the peaks either appear as small bumps
or they fade into the background noise.

The most stable resonance form of the conjugated double
bonds is shown in figure 3.4 A. The C=0 bond has a stretching
vibration slightly higher in energy than that of the C=C bond.
The C=0 stretching peak is centered at 1705 cm-1. This carbonyl
stretching peak is the most important peak in the PET spectra for
three reasons: 1)It is always present as a large, single peak
2)It does not overlap;With any other major peak in the PET
spectrum and 3)No other polymers which we consider have a major
absorbance peak in the same location.

Another significant feature of the PET spectrum is
manifested in the strong and broad C-0 stretching vibrations

which appear between 1300 and 1000 cm-1. This type of vibration
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involves two different types of carbons in PET. The (C=0)-0
stretch exists at 1263 cm-1. The (CH2)-0 stretch often occurs as
a doublet at 1100 and 1120 cm-1. Whether or not this doublet
reflects the crystalline / amorphous content of the sample is a
subject of current investigation.?® The two or more peaks caused
by C-0 stretching are contributed to and / or obscured by
aromatic out-of-plane C-H bending vibrations which absorb in the
identical region. Polyethylene terephthalate samples typically
absorb a tremendous amount of light in this region. The
resultant peaks overlap to such an extent that they often can not
be distinguished as individual peaks.

As PET has many different functional groups, its spectra
resembles that of a polymer blend. The absorbencies by specific
groups overlap with the peaks created by other functional groups.
As a result, unless a film containing PET is very thin, multiple
peaks become so large that an accurate analysis of the PET

spectrum becomes impossible.
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Chapter 4
The Infrared Spectra of a Polymer Blend

The Model Cities blend which we consider in our analysis is
composed of retrievable post consumer plastics in the proportion
that they exist in the solid waste stream. High Density
Polyethylene and PET are the major components of the Model Cities
blends that we have analyzed. The percent composition of the
Model Cities blend is listed in Appendix 4.1. The polyolefin
component of the blend includes PE, PP and a portion of the films
which are composed hydrogen substituted carbon chains. The
polyolefin components, of which HDPE is by far the most abundant,
all have very similar spectra. Our analysis of the relative
abundance of PET to PE inevitably, therefore, includes the other
polyolefins as a portion of the PE component. Table 4.2 lists
the relative abundance of the Model Cities Blend in which all the
polyolefins are considered to be one component.

Other polymers in the blend, polystyrene and polyvinyl
chloride, exist in such a small proportion that they do not
significantly affect the morphology of the blend. We have,
therefore, chosen to ignore them in our analysis.

Studies that Professor Van Ness made in the summer and fall
of 1991 on a specific:ﬁodel Cities blend, called MCC5SIB, aroused
his suspicions that the distribution of component polymers within
the blend is not homogeneous. Electron micrograph pictures the
MCC5SIA blend show a band between 150 and 400 microns below the
sample surface in which regions of PET are more defined than
other zones within the sample. In an effort to confirm his
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suspicion Professor Van Ness decided that we would investigate a
method by which the infrared spectrophotometer could provide
insight into the relative composition of the region in question.

For a polymer without polar sidegroups, like PE,
intramolecular interactions are weak. A great majority of the
peaks in the infrared spectrum of PE can be attributed to the
fundamental harmonic frequencies of an isolated single chain
rather than the crystal. A smaller number of features in the
spectrum correspond to vibrations of various defect structures or
end groups.?

The natural frequency of vibration of a polar bond depends
to a small degree on the attractive, repulsive and stearic forces
felt by the bonded atoms. The same polar bond in different
compounds or crystalline structures is influenced by different
forces. For example, a C=0 bond absorbs specifically at 1735 cm-
1 for a ketone whereas the same bond in an aldehyde absorbs at
1720 cm-1. Crystallinity also has a significant effect on the
types of vibrations possible in a polymer chain. The vibrations
of a molecule in a crystal lattice are altered by any polar
groups that are in the direct vicinity. The vibrations of such a
molecule are also limited by the confining nature of crystalline
structures. The peak; in the spectra of a crystalline, apolar,
sample tend to be more narrow and defined than those of a
noncrystalline and / or polar polymer sample. In the spectra of
a apolar, crystalline sample, a large peék will often be resolved

into doublets. One peak corresponds to a specific vibration in
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the crystalline regions of the sample, and the other to that in
the amorphous regions.

The bonds between atoms in a largely amorphous sample are
influenced by many different intermolecular forces. Such forces
in a pure crystalline sample, however, are limited, and influence
each monomer in the crystal to the same degree. The range of
absorption corresponding to a specific vibration in a pure
crystalline sample, therefore, spans far fewer wave numbers than
the range of wave numbers corresponding to the same vibration in
an amorphous sample. The breadth of a particular peak
corresponding to a vibration in an amorphous region of the sample
may even overlap the peak corresponding to the same vibration in
the crystalline regions of the sample.

In the Model Cities series, the types of intermolecular
forces which affect any given chemical bond are numerous and
diverse. In such an environment, the range of the frequencies of
vibration for a specific type of chemical bond is considerably
broader than those of the same bond in a pure, crystalline
sample. An unfortunate effect of broad peaks in the spectra of a
mostly amorphous polymer blend is that large peaks corresponding
to a given vibration often overlap small neighboring peaks
corresponding to a combletely different vibration. The
overlapping nature of important peaks complicates the
interpretation of the infrared spectra of most polymer blends.

All of the major peaks in a Model Cities spectra can be

assigned to the fundamental frequency of vibration for a specific
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chemical bond prevalent within the sample. Smaller peaks can be
attributed to one of three categories. Many types of polymers
present in the blend in small proportion may contain chemical
bonds which are not present in any of the most prevalent
components of the blend. For example, the carbon-chlorine bond
is dominant in the spectra of pure polyvinyl chloride,.PVC.
Because PVC comprises only 2 percent of a Modes Cities blend, the
contribution of the carbon-chlorine bond, not present in PET, PE,
nor PS, manifests itself in only a minor peak in the blend’s
spectra. Small peaks in a spectra which can not be attributed
directly to any one chemical bond can often be attributed to
Fermi resonance. Absorption at a given wave number can be the
result of the fractioning of the energy to two lower frequencies
which are absorbed by the sample.® For example, a small peak
could result in a Model Cities spectra at approximately 2185 cm-1
due to the characteristic PE peaks at 735 and 1450 cm-1. The
third potential cause of a minor peak is a contaminant in the
sample. Examples of contaminants in the MCC5SIB blend include
water, dirt, catalysts and compatibalizers remnant from the
polymer’s processing.

The spectra of recycled polymer blends have significant
background absorptiongin addition to the absorption outlined by
major and minor peaks. Background absorption is defined as the
area in a spectrum between zero percent absorbance and an
imaginary line connecting the points of the spectrum with the

least absorbance. This imaginary line is called the baseline.
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Background absorption has four main causes: 1)the overlapping of
large peaks, 2)extraneous absorption as a function of the extra
thick nature of a sample, 3)light reflection and scattering due
to a rough film surface and 4)an abundance impurities in the
sample including catalysts, additives, dyes and other impurities
not removed during the recycling process. The overlapping of
major peaks is the cause of a low baseline in regions of the
spectra where we know there to be standard modes of vibration
characteristic of the sample. The particularly thick nature of a
film is usually the cause of a uniformly low baseline. Light of
any frequency can only permeate so many layers of atoms. The
thickness of a film is a potential cause of absorption in regions
of a spectra which do not correspond to any vibrations with in
the sample. Figure 4.3 is a spectra of PET which has a constant
amount of background absorption due to the unusual thickness of

the film.

3000 1200 1000
WAVENUMBER(CM-') r WAVENUMBER(CM ')

(spectra of a film, 125 microns thick PE film)
Figure 4.3

Many spectra that we analyze have background absorption present
throughout, but to different degrees of severity. We are not
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sure what the cause of this discriminating background absorbance
is. Background absorbance of any variety is a hinderance to the
analysis of spectra. In the Chapter Five I describe a manner

through which we are able to eliminate the effects of background
absorption, and thereby attain accurate measurements of the areas

outlined by specific peaks.
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Chapter 5
A Project Description and
Sample Preparation
The blend that we have analyzed with our method is
manufactured from molded pelets. The Center for Plastics
Recycling Research at Rutgers collected postconsumer plactics,
and pelletized the resultant composite resin. The Polymer
Precessing Institute at Castle Point, New Jersey, then
manufactured samples from these pellets. The individual samples
were molded into an odd shape which resembles a flattened
dogbone. Dogbone samples are approximately three millimeters
thick and fifteen centimeters in length. Figure 5.1 shows a true
size outline of the dog bone sample with a corresponding three

dimensional axis to which I will refer for the remainder of this

chapter.

(3-D drawing of dogbone w/ axis: X=length; Y=width Z=thicknes)
Figure 5.1

Dr. Van Ness gained an indication of differences in the
samples’ morphology through electron micrograph pictures of their
cross sections. He cooled the samples to the temperature of
liquid nitrogen and then fractured them by impact, producing
fracture surfaces alternately perpendicular and paralell to the
long axis of the dogbone.
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Electron micrograph pictures of cross sections of MCC5SIB
dogbones, fractured at different locations along the X axis of
the sample, often demonstrate a region of unique morphology
between 150 and 500 microns under the sample’s surface. At the
corners and ends of the sample, these regions exhibit greater
thickness. This type of morphology does not exist in other
regions of the sample. The distinguishing feature of this
peculiar region is the morphology of the PE / PET interaction.
The PE and PET exist as slabs stacked upon each other.
Neighboring slabs of like composition share multiple ’bridge’
structures between them, giving the appearance of three
dimensional continuity for both the PE and PET phases. Although
the size of the slabs are minute, and the intra-slab connections
mostly nonvisible, the connections provide the region with unique
physical properties. We refer to this band, present within the
surface throughout the blend, as a cocontinuous region. Exhibits
5.1 is a copy of an electron micrograph picture which
demonstrates the presence of the cocontinuous region.

In the surface and inner regions of the sample, the PET
exists as discrete units within a background of PE. An analogous
composition to that of the surface and central portion of the
MCC5SIB blend is that‘gf cherry jello. According to this
analogy, the gelatin represents the PE and the cherries represent
the PET. The cherries, like the PET, are separate, independent
species. The properties of the jello mikture are, therefore,

controlled by the continuous gelatin region. Exhibits 5.2 and
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5.3 are electron micrograph pictures which contrast the
morphology present within the cocontinuous region to that of the
center region of the MCC5SIB blend.

The essence of my project is to determine whether the change
in morphology<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>