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University of Washington
Abstract

Analysis of Synthetic Polymers
by Near-infrared Spectroscopy

by Charles Edward Miller

Chairman of Supervisory Committee: Professor Bruce E. Eichinger
Department of Chemistry

As the role of polymeric materials in industry broadens, it
becomes increasingly important to provide rapid quality evaluation
of these materials. Existing quality evaluation methods, such as
physical testing, FT-IR spectroscopy, Differential Scanning
Calorimetry, and X-ray scattering, cannot be used for rapid quality
evaluation, because they require substantial sample preparation and
long analysis times, and are usually destructive. In contrast, near-
infrared (NIR) spectroscopy requires minimal sample preparation
and is not destructive. Therefore, NIR spectroscopy can be used for
rapid analysis of polymers, if it is periodically calibrated with a
reference analytical method.

The success of NIR methods depends on the ability of NIR
spectroscopy to determine important compositional and structural
properties of polymers. Earlier NIR analyses have demonstrated
successful determinations of a few properties, but these studies were
very limited in scope, and did not utilize newly-developed NIR

instrumentation and multivariate calibration techniques. In this



work, the ability of NIR spectroscopy to determine several important
compositional and siructural properties of polymers is demonstrated,
with the aid of multivariate calibration methods. Results indicate
that NIR spectroscopy can determine composition in styrene-
butadiene copolymers, Reaction Injection Molded (RIM)
polyurethanes, polyurethane foams, and EPDM terpolymers,
microstructure of poly(butadiene) and styrene-butadiene
copolymers, crystallinity in poly(ethylene terephthalate) and
Ethylene-Propylene-Diene (EPDM) terpolymers, phase separation in
RIM polyurethanes, and adsorption of poly(octadecyl methacrylate)

to alumina. Other effects, such as n-x interactions and sequencing

effects in polymers, can also be detected by NIR spectroscopy.
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Chapter 1

Introduction

1.1 Rationale for this study

The development of polymeric materials has had a great
impact on a wide range of applications (1). These applications
include food and beverage containers, tires, insulation, automotive
exteriors, packaging materials, human-implantable devices, and
membranes. In addition, polymeric materials are currently replacing
metal and ceramic materials for many. applications (2). Thé
development of new polymer applications and increased demand for
current polymer applications are expected to cause a large increase
in the production of polymers. As polymer production increases, the
demand for rapid and reliable quality evaluation of these materials
also increases. Rapid quality evaluation enables the characterization
of fast polymer production processes and can improve the quality
control of slower processes.

Several analytical methods can accurately determine physical,
chemical and structural properties of polymers for quality control
purposes. Spectroscopic metnods, such as infrared (3-7), NMR (6-8),
and Raman spectroscopy (6,7), can determine compositional and
structural properties of polymers. Thermal analysis (9) and
chromatography (10) can also provide compositional and structural

information. Rheological methods (11), such as dynamic mechanical



analysis, determine several different physical properties. All of
these methods provide useful information that can be used to assess
the "quality" of a polymeric material. Unfortunately, these methods
also require substantial sample preparation, are labor-intensive, and
are usually destructive. In a situation where rapid quality control is
necessary, these methods cannot provide timely results.

One approach to the problem of rapid quality control is the use
of a correlative analytical method. In this approach, a faster
analytical method is trained by a reference analytical method to
determine an important property of a material. If the faster method
provides sufficient information to determine the property, it can be
used for rapid quality analysis.

Near-infrared (NIR) spectroscopy has long been used as a
correlative method in the agricultural industry (12-17). The
weakness of NIR absorbance bands enables rapid analysis of
relatively unprepared materials. NIR transmission spectroscopy can
be used to analyze bulk materials up to several centimeters thick. In
addition; powdery and fibrous materials can be directly analyzed by
NIR diffuse reflectance spectroscopy. Recent developments in NIR
instrumentation have resulted in the production of commercial
instruments that are capable of rapid process analysis.

Despite the sampling ease of NIR spectroscopy, the
determination of properties by NIR spectroscopy can be difficult.
This difficulty is caused in part by the broadness and high overlap of

individual bands in NIR spectra. Fortunately, multivariate modeling



methods, such as Multiple Linear Regression (MLR) (18) Partial Least
Squares (PLS) (19-23), Classical Least Squares (CLS) (19,24,25), and
Principal Component Regression (PCR) (21,23), can provide accurate
correlations of NIR spectroscopy to reference analytical methods,
because the entire spectrum is used for analysis.

The combination of NIR spsctroscopy and multivariate
modeling has been used for rapid analysis of agricultural materials
(12), and can also be used for rapid analysis of polymeric materials.
However, NIR polymer analysis methods can be successful only if
NIR spectroscopy contains sufficient information to determine
important properties of polymers. Earlier analyses (26-42) have
demonstrated the ability of NIR spectroscopy to determine several
properties of polymers. However, most of these analyses only
suggested the feasibility of NIR methods, and did not demonstrate
accurate quantitations of polymer properties. In addition, new |
developments in the areas of NIR instrumentation, multivariate
calibration, and high-performance polymeric materials provide a
new incentive for research in NIR polymer analysis.

In this work, the ability of NIR spectroscopy to determine
chemical, structural, and physical properties of several different
polymeric materials is demonstrated. In most cases, multivariate
techniques are used to determine the effect of various properties on
the NIR spectrum. Quantitative studies are done to demonstrate the

ability of NIR spectroscopy to quanﬁtate several different polymer



properties. Qualitative studies are done to identify NIR spectral

features that are used to determine various properties of interest.

1.2 Near-infrared Spectroscopy

1.2.1  Information Content of NIR Spectra

1.2.1.1 Standard Spectral Attributes

For the purpose of this discussion, the near-infrared spectral
region is defined to be 780 nm (visible red) to 2500 nm (the
boundary of the mid-infrared region). NIR spectroscopy provides
information about vibrational overtones and vibrational
combinations in a molecule (12-17). A vibrational overtone band
occurs when a single photon excites a molecular vibration from the
ground state (in which the vibrational quantum number, v, equals 0)
to a second or higher excited state (in which v = 2 or greater). A first
overtone band occurs from a v = 0 to 2 trans'ition, a second overtone
band occurs from a v = 0 to 3 transition, and so on. A combination
band occurs when a single photon simultaneously excites two
different molecular vibrations in the molecule. Overtones and
combinations of vibrational transitions are affected by the same
factors as the fundamental vibrational transitions (transitions from v

=0 to v = 1) , which are studied by mid-infrared and Raman



spectroscopy. As a result, much of the information provided by IR
and Raman spectroscopy is also provided by NIR spectroscopy.
Overtone and combination transitions are forbidden for
harmonic molecular vibrations. Therefore, the presence of
anharmonicity in molecular vibrations is essential for the existence
of overtone and combination bands (43-46). There are two types of
anharmonicity that affect molecular vibrations: mechanical
anharmonicity and electrical anharmonicity. Mechanical
anharmonicity occurs if the potential energy of the vibration as a
function of displacement of the vibration has terms of third or higher
order. Electrical anharmonicity occurs if the dipole moment of the
vibrating group is non-linearly related to the displacement of the
vibration. In most real molecules, vibrations are not harmonic and
dipole moments are not linear with displacement. As a result,
overtone and combination bands are observed for most materials.
Estimated frequencies of overtone bands are integer multiples
of the frequency of the fundamental band. Anharmonicity causes
actual frequencies of overtone bands to be slightly less than
estimated frequencies. The intensity of the first overtone band is at
least one order of magnitude less than the intensity of the
fundamental band. In general, as one moves from an n' to a (n+l)th
overtone band, the intensity of the band decreases by at least one
order of magnitude and the bandwidth increases. The frequencies of
combination bands are approximately the summation of the

frequencies of the two or more vibrational transitions involved in the



combination.. The intensities of combination bands are significantly
less than the fundamental bands of the modes involved in the
combination (46).

Figure 1.1 displays some of the overtone and combination
bands for the CH group in chloroform (44). This figure shows that
the overtone and combination bands in the NIR region are much
weaker than the fundamental bands in the IR region. All of the NIR
' bands involve the CH stretching mode (3019 cm-1). This result
indicates that only the molecular vibrations with high frequency
fundamental bands, such as CH, NH, OH, and C=0 stretching modes,
contribute to prominent overtone and combination bands in the NIR
spectrum. Lower frequency vibrations, such as the CH bend in
chloroform (1216 cm-1), can combine with the higher frequency CH
stretching vibration (3019 cm-1) to make a combination band in the
NIR spectrum (4217 cm-1). In this case, the combination band
depends on the character of both the CH bending and CH stretching
vibrations in the molecule. Very low frequency vibrations, such as
the C-Cl vibrations in chloroform, are not well-represented in the NIR
spectrum. The sixth, seventh and higher overtone bands of these
modes have frequencies in the NIR region, but they are expecied to
be very weak.

Although NIR spectra contain information from only a few
different functional groups, they can be very complicated. The
chloroform molecule, which has only one "NIR active" CH group, has

many different overtone and combination bands in the NIR spectrum
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(46). These bands arise from the multitude of possible combinations
of fundamental and overtone vibrations in the molecule. For
molecules with many different CH, NH, and OH groups, even more
bands are expected. The complexity of NIR spectra, combined with
the broadness of individual NIR bands, makes the interpretation of

NIR spectra difficult.
1.2.1.2  Hydrogen-bonding

Hydrogen bonding is a significant factor in several of the
properties studied in this work. Therefore, it is important that the
effects of hydrogen bonding on overtone and combination bands be
addressed. A hydrogen bond can form between a donor group,
which is usually a OH or NH group, and an acceptor group, which has
a lone pair of electrons. The vibrations of both the donor and
acceptor groups are greatly affected by the formation of a hydrogen
bond. |

In most cases, hydrogen bonding causes a decrease in band
frequency, an increase in band width, and a decrease in band
intensity of the overtone and combination bands of the donor group
(47,48). It should be noted that the band intensity trend is exactly
the opposite for fundamental bands in the IR spectrum. In fact,
several IR analyses of polymers indicate that the free NH and OH
stretching bands are too weak (relative to bands from hydrogen-

bonded groups) for useful interpretation (49,50). NIR spectroscopy



provides a better means to characterize hydrogen bond donor groups
than IR spectroscopy, because bands from both free and hydrogen-
bonded donor groups have significant intensities (51,52).

The effect of hydrogen bonding on the NIR bands of acceptor
groups is not well-characterized, because the overtone and
combination bands from acceptor groups are not as strong as the
bands from donor groups. Several studies in this work (Chapters 6.2
and 7.2) (53,54) indicate that hydrogen bonding causes a decrease in
the band frequency with no significant change in the band intensity

of second overtone C=0 bands.
1.2.2 NIR Band Assignment Techniques

In many applications of NIR spectroscopy, it is necesary to
assign absorbances to support a conclusion or to validate a
calibration. Unfortunately, NIR bands cannot be assigned on the
basis of quantum-mechanical calculations, because the simulation of
NIR bands requires a detailed knowledge of the anharmonicity of the
vibrations in the molecule (which is seldom available). As a result,
experimental methods of band assignment must be used for NIR
analysis. Unfortunately, the high overlap and large number of NIR
bands in a spectrum can cause experimental assignments to be
tentative.

NIR bands can be assigned on the basis of previously assigned

fundamental bands of the same material. Calculation of NIR band
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frequencies from fundamental band frequencies is discussed in
Chapter 1.2.1.1. There are several problems with this method of
band assignment: 1) uncertainty in the calculated band frequency,
arising from uncertainty in the anharmonicity of the vibration, 2)
lack of band intensity information, and 3) the possible presence of
many combinations or overtones at the same NIR frequency. As a
result, NIR band assignments based on IR band positions are usually
tentative.

More accurate band assignments can be made from NIR
analysis of model compounds (53-56). In the case of NIR polymer
analysis, several model compounds can be used, each of which
contain unique functional groups that are present in the polymer. It
is also possible to characterize hydrogen bonding effects by analysis
of model compounds in the bulk and in solution (53,54). Model
compound analyses provide good assignments of NIR bands because
anharmonicity approximations are not necessary and band intensity
information is available. However, suitable model compounds are
not always available, and assignments can be difficult if there is a
high overlap of NIR bands in the model compound spectra. In these
cases, band frequencies calculated from the frequencies of
fundamental bands can be used to assist the band assignments.

NIR bands can also be assigned on the basis of their behavior
under certain changes in conditions. For example, a 1922 nm band
that disappears upon drying of a polyurethane sample (Chapter

1.1.3.4) (54) is probably a water band. The isotope substitution



11

method has also been used to assign NIR bands (57), although it is

not used in this work.
1.23 NIR Sampling Methods

One of the greatest advantages of NIR spectroscopy is sampling
ease. Bulk materials can be analyzed with minimal preparation in

many cases. Two different NIR sampling. methods are used in this

work: transmission and diffuse reflectance.

1.2.3.1 Transmission

NIR transmission spectroscopy can be used to analyze bulk
non-scattering polymers and polymer solutions (Chapters 3 and 4)
(58,59). A transmission measurement at a single wavelength
involves the measurement of the intensity of an incident light beam
(Io) and the intensity of the light beam after it traverses the sample

(I). The absorbance (A) can then be calculated:
A = -log(I/I,) ' (1.1)
If there is only one absorbing component in the sample, the

absorbance is proportional to the concentration of that component,

according to the Beer-Lambert law:
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A = abc (1.2)

where a is the molar absorptivity of the component, b is the path
length, and c is the molar concentration of the component in the
sample.

Several analyses in this work involve transmission
spectroscopy of polymers dissolved in a non-absorbing solvent.
Carbon tetrachloride is the solvent used in all of these analyses. The
path length (b in Equation 1.2), which corresponds to the width of
the cuvette used for NIR sampling, can be held constant for all
samples in the analysis. However, it is difficult to prepare solutions
that each have the same dilution ratio (or total concentration of
polymer in solution). As a result, it is often necessary to normalize
each solution spectrum to the sample concentration prior to analysis
of the spectra.

In transmission spectroscopy of bulk polymers, the sample
thickness corresponds to the path length. Unfortunately, it is
difficult to accurately measure the thickness of a bulk sample. This
difficulty is especially severe if the bulk sample is relatively
unprepared and does not have a well-defined thickness. As a result,
it is usually not possible to normalize NIR spectra of bulk polymers
to the sample thickness. However, several data correction methods
can be used to approximately correct NIR spectra for thickness
effects. Classicai Least Squares (CLS) calibrations (Chapter 1.5.2.1)

(19,24,25,59) can perform accurate predictions in the presence of
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thickness effects. Other methods, such as Multiplicative Scatter
Correction (MSC, Chapter 1.2.5) (21,60,61) and Path Length |
Correction with Chemical Modeling (PLC-MC, Appendix B) (62) can
also be used to reduce thickness effects in the NIR spectra of bulk
polymers.

The low absorptivities of NIR bands greatly simplify NIR
transmission sampling. The analysis of polymer solutions in non-
absorbing solvents can be made in thick path length (4 mm to 10 cm)
cuvettes, which are easy to fill and clean. NIR transmission sampling
of flowing streams (up to several centimeters in diameter) in a
process environment is also possible. NIR transmission spectroscopy
can also be used to analyze thick bulk polymers (1 mm to 10 mm
thick), which are easy to prepare. As a result, NIR transmission
sampling of polymers is much faster and easier than IR transmission
sampling, which requires solution casting or pressing of the sample

into thin films.
1.2.3.2 Diffuse Reflectance

NIR diffuse reflectance spectroscopy (63-67) can be used for
the analysis of highly-scattering polymers, such as crystalline PET
(Chapter 5) (56) and reaction injection molded (RIM) polyurethanes
(Chapter 7) (54). In diffuse reflectance spectroscopy, the inmtensity of

ht reflec . -

light reflected by the sample (R) is used to obtain a pseudo-

absorbance value (A;):
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A; = -log(R/R,) (1.3)

where R, is a reference intensity value. R, can be the reflected
intensity of incident light from a highly-scattering, non-absorbing
standard (such as a ceramic plate), or the intensity of the incident
light. The intensity of light reflected from the sample (R) has
contributions from specular and diffuse reflectance. Specular
reflectance arises from incident light that is regularly reflecied, but
not absorbed, by the sample. Diffuse reflectance arises from incident
light that has been absorbed and incoherently emitted by the
sample. In NIR spectroscopy, absorbances are too weak to affect the
specular reflectance of the material. As a result, only diffusely
reflected light contains information about the chemistry of the
sample.

Although the pseudo-absorbance value (A;) is commonly used
in quantitative NIR diffuse reflectance analysis (12), there is no
theory that relates this value to concentration. Other quantities, such
as the Kubelka-Munk function (63,65,67), have been used to
linearize reflectance values with respect to concentration. The choice
of the pseudo-absorbance value for use in this work is based solely
on the success of earlier analyses that used this value (68).

In NIR diffuse reflectance spectroscopy, the scattering of
incident light is caused by refiectance ai refractive index interfaces

in the sample. For a powdery material, such as powdered
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poly(ethylene terephthalate), air/polymer interfaces and
crystalline/amorphous polymer interfaces (Chapter 1.3.2.2) (56)
cause much of the scattering.v For a bulk polymer with trapped
bubbles or voids, such as reaction injection molded (RIM)
polyurethanes (Chapter 7) (54) and foams (Chapter 8) (69),
scattering is caused by reflection at void/polymer interfaces. As a
result, the magnitude of scattering by polymer samples depends on
the particle size of powdery samples or on the void size and void
density of porous samples.

The ability of a sample to scatter incident light strongly affects
its specular and diffuse reflectance. Scattering differences cause
differences in the overall intensity of specularly reflected light. This
effect results in baseline offset differences in diffuse reflectance
spectra. The effect of a scattering change on the diffuse reflectance
is a change in the effective path length of the sample. This change,
which is equivalent to a path length change in transmission
spectroscopy, causes multiplicative differences in diffuse reflectance
spectra. It is necessary to reduce baseline offset and multiplicative
effects in diffuse reflectance spectra in order to perform accurate
quantitative analyses. Derivative spectra (Chapter 1.2.5) can be used
to reduce baseline offset effects. Multiplicative Scatter Correction
(MSC, Chapter 1.2.5) (21,60,61) and Path Length Correction with
Chemical Modeling (PLC-MC, Appendix B) (62) can be used to reduce

multiplicative effects.
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As stated before, the low absorptivities of NIR bands lead to
several advantages for diffuse reflectance spectroscopy. The
effective path length of a diffuse reflectance sample, which (for a
given sample) is inversely related to the intensity of scattered light
from the sample (63), can be very large for NIR spectroscopy. As a
result, large particles (up to several mm in diameter) and bulk
porous polymers with a low density of voids can be analyzed without
preparation. Samples need not be ground into a fine powder or
diluted in an inert scattering material, as in IR diffuse reflectance
spectroscopy (70). In addition, the lack of intense absorptions
eliminates the presence of reststrahlen bands, which complicate IR

diffuse reflectance spectra (71).
1.2.4  NIR Instrumentation
1.2.4.1 Typical Instrumental Attributes

Recent developments in NIR instrumentation (13,17,72) have
made NIR spectroscopy accessible to many potential users.
Tungsten-halogen sources provide high intensities over the entire
NIR spectral region (780 nm to 2500 nm). Concave holographic
gratings blazed for the NIR region have few defects and high focusing
power. Fixed filter NIR instruments have higher throughput and
iower nominal resolution than grating monochomator instruments,

and can be used for specific applications in hostile environments.
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Tilting-interference filter instruments offer the ruggedness of fixed
filter instruments and have rapid-scanning capabilities. An
interferometer, which provides wavelength accuracy and throughput
advantages, can also be used for NIR spectroscopy (73). Sensitive
room temperature detectors, such as lead sulfide (with detection
from 1000 nm to 3000 nm) and silicon (with detection from 780 nm
to 1000 nm) are commonly used in commercial NIR spectrometers.
Typical signal-to-noise ratios for NIR spectra obtained in this work
are in the rangev of 100:1 to 1000:1, although ratios as great as
100,000:1 are possible (13).

Collection and detection optics in NIR spectroscopy depend on
the sampling method. A single detector is used to collect transmitted
light. An integrating sphere can be used to collect and focus
diffusely reflected light onto several detectors. Diffusely-reflected
light can also be detected by several detectors that are blaced on the
illuminated side of the sample. Figure 1.2 shows approximate
sampling configurations for the NIR instruments used in this work.

There are several instrumental advantages of NIR spectroscopy
over other spectroscopic methods. Because low-hydroxyl optical
fibers efficiently transmit NIR light, remote NIR spectroscopy can be
done over optical fibers (73,74). Inexpensive glass and quartz optics,
which do not absorb NIR radiation, can be used in NIR instruments.
Furthermore, the weakness of NIR water vapor absorptions

eliminates the ne
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Figure 1.2: Simplified diagrams of the sampling geometries of

the two near-infrared instruments used in this work.
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1.2.4.2 Instrumentation in This Work

A Pacific Scientific 6250 NIR instrument was used for the
diffuse reflectance and tfansmission measurements in Chapters 3, 4
and 5. A lead sulfide detector was used to obtain transmission
spectra (see Figure 1.2).‘ The reference transmission intensity (I,, in
Equation 1.1) was obtaiﬁed from the transmission spectrum of an
empty cuvette. Other lead sulfide detectors, which are on the
illuminated side of the samples and off the axis of the incident light
path, are used for detection of diffusely reflected light. Reference
reflectance intensity (R,, in ‘.Equation 1.3) was obtained from the
diffuse reflectance spectrum of a ceramic reflectance standard.
Absorbance values (A in Equation 1.1) were uséd for analysis of
transmission spectra, and pseudo-absorbance values (A;, in Equation
1.3) were used for analysis of diffuse reflectance spectra.

A Technicon InfraAlyzer 500C NIR diffuse reflectance
instrument was used for the studies in Chapters 2, 6, 7 and 8. This
instrument . uses an integrating sphere to efficiently collect diffusely
reflected light (Figure 1.2). Although transmission measurements
cannot be made on this instrument, "transflectance" measurements
can be made for the analysis of ‘bulk non-scattering polymers and
polymer solutions. A transflectance measurement involves the
an inert scatiering background at

the sampling region of the spectrometer. For both diffuse reflectance
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and transflectance measurements, the intensity of unattenuated
source light was used as the reference intensity (R,). Pseudo-
absorbance values were used for the analysis of reflectance and
transflectance spectra.

Both instruments have a tungsten-halogen source, a
holographic grating, and lead sulfide detectors. The spectral range
1100 nm to 2500 nm was used for most experiments. Wavelength
accuracy was +/- 1 nm, wavelength repeatability was 0.02 to 0.05
nm, and the nominal resolution was 10 nm for both instruments.
NBS Standard Reference Material 1920 (75) was used for wavelength

calibration of the Technicon InfraAlyzer instrument.

1.2.5 Spectral Pretreatment Methods

Non-reproducible sampling can cause baseline offset and
multiplicative effects in NIR spectra (12). Variable sample
placements in the spectrometer and differences in the intensity of
scattered light from different diffuse reflectance samples (Chapter
1.2.3.2) cause baseline offset differences in the spectra.  This effect
can be reduced by taking the first derivative of each spectrum with
respect to wavelength. If differences in baseline curvature of the
spectra are significant, the second derivative of each spectrum can be
used. The use of derivative spectra not only reduces baseline

ties, but can also be used io resoive highly-overiapped
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bands. Unfortunately, derivative spectra are noisier than the original
spectra, and are very difficult to interpret qualititively.

Multiplicative effects in NIR spectra can arise from variations
in the scattering properties of diffuse reflectance samples (Chapter
1.2.3.2) and from variations in the thickness of transmission samples
(Chapter 1.2.3.1). Multiplicative Scatter Correction (MSC) has been
used to reduce multiplicative and baseline offset effects in NIR

spectra. The MSC model is given by the equation
x=al +bx+e (1.4)

where x is a NIR spectrum, X is a reference NIR spectrum, 1 is a
vector of ones, a is the MSC additive constant, and b is the MSC
multiplicative constant. All of the vectors have m elements, where m
is the number of wavelength responses in a single NIR spectrum.
Given x and X, the estimates of a and b (a and B) can be determined

by the least-squares method. The MSC-corrected spectrum (x.) is

then calculated from
xc = 1/b (x- a1). (1.5)

In most cases, the reference spectrum (X) is chosen as the average
spectrum of a series of calibration spectra. The MSC method
performs an accurate correction if additive and muliiplicative

spectral variations are much larger than the spectral variations from
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chemical effects. However, when spectral variations from chemical
effects are large, the MSC method performs inaccurate corrections.
The Path Length Correction with Chemical Modeling (PLC-MC)
method, described in Appendix B (62), can be used for accurate
multiplicative correction when spectral variation from chemical

effects is large.

1.3 Polymer Chemistry

A polymer is a material composed of molecules that have
covalently-bonded chemical repeat units (11,76). Homopolymers,
such as poly(ethylene terephthalate) (PET) (Chapter 5) and
poly(octadecyl methacrylate) (POMA) (Chapter 2), contain only one
chemical repeat unit; copolymers, such as styrene-butadiene
copolymers (SBR) (Chapter 4), and polyurethanes (Chapter 6, 7 and
8), contain two different chemical repeat units; terpolymers, such as
ethylene-propylene-diene terpolymers (Chapter 3), contain three
different chemical repeat units. In this section, chemical, structural
and physical properties of polymers are briefly reviewed. Only the

properties studied in this thesis are discussed in detail.
1.3.1  Chemical Properties of Polymers

1.3.1.1 Composition
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Composition refers to the mass percentages of the different
chemical repeat units in a copolymer or terpolymer. FTIR
spectroscopy (6,7), NMR spectroscopy (8), and elemental analysis

(55) can be used to determine composition.
1.3.1.2  Moisture Content

Several polymer systems, such as poly(ethylene terephthalate)
(Chapter 5.3.4) (56) and polyuretha'né block copolymers (Chapters
6.2.3 and 7.3.4) (53,54) are moderately 'hygrqscopic. Moisture
retention in these polymers is the result of hydrogen bonding of
water molecules to hydrogén bond acceptor groups of the polymer,
such as C=0, N-H, and C-O groups. Moisture content can be

determined by thermogravimetry and Karl-Fischer titration.
1.3.2  Structural Properties of Polymers
1.3.2.1  Isomerism

There are several different types of isomerism in polymer
molecules. Structural isomerism is a major source of variation in
butadiene polymers (Chapter 4) (11,77). Three different structural

1SOImCT

5 are possibie in poly(butadienej (PBD): cis-1,4, irans-1,4, and

1,2 butadiene (see Figure 1.3). These different structural isomers
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arise from three different addition reactions of monomers to growing
polymer chain ends during polymerization (78). The relative
amounts of the three structural isomers, also called the
microstructure, can be controlled by the choice of polymerization
catalyst and temperature. NMR (3,41,79,27) and FTIR (3,4,81)
methods can be used to determine the microstructure of PBD and
other materials that have structural isomers.

Conformational isomerism, which refers to the differences in
conformational states of functional groups in a polymer chain, is an
important factor in the analysis of poly(ethylene terephthalate) (PET)
(Chapter 5) (82-84). There are two separate examples of
conformational isomerism in PET: the terephthalic acid part of the
molecule can assume a planar cis or planar trans conformation of the
p-carboxylate groups about the phenyl ring, and 2) the ethylene
glycol part of the molecule can assume a trans or gauche
conformation (Figure 1.3). The relative amounts of trans and gauche
ethylene glycol groups in PET is an indicator of the orientation of the
polymer molecules. Conformational isomerism in polyme: molecules

can be determined by NMR (8) and FTIR spectroscopy (82-84).

13.2.2  Crystallinity

Crystallinity refers to the packing of polymer chains in an
ordered configuration. In a typical semicrystalline polymer, regions

of crystalline polymer are dispersed.in a matrix of amorphous
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polymer chains (Figure 1.4) (11,85). The polymer chain segments in
crystalline regions are bound together by intermolecular forces, such
as van der waals forces, hydrogen bonding and dipole-dipole forces.
Like inorganic crystals, the crystalline regions of polymers give
discrete X-ray diffractions. However, the sizes of crystalline regions
in polymers are only on the order of 10 microns. In this situation,
crystalline regions act as filler particles in the amorphous polymer,
and provide strength to the material.

The thermodynamics of crystallinity are described by the

equation

AGC= AHc - TASc (1.6)

where AG. is the free energy of crystallization, AH, is the enthalpy of
crystallization, AS. is the entropy of crystallization and T is the
absolute temperature. The temperature at which AG. equals zero
(Tm) is the melting temperature of a crystal. As a result,
crystallization is thermodynamically favored at temperatures below
Tm. For polymers, there is a strong dependence on the kinetics of
crystallization, because the ordering process requires that the
polymer chains rearrange themselves. Substantial rearrangements
of polymer chains can occur at temperatures above the glass
transition temperature (Tg) of the polymer. As a result,
crystallization of polymers can occur ai temperatures above Ty and

below Tp.
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Figure 1.4: The configuration of polymer chains in crystalline

and amorphous regions of a semicrystalline polymer.
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Several methods can be used to determine crystallinity in
polymers. Density measurements can be used (86), since the
densities of crystalline and amorphous polymer differ. Differential
Scanning Calorimetry (DSC) (9,86-89) and X-ray diffraction (86,90)
methods can also be used to determine crystallinity. Neutron
diffraction (91) yields detailed information about chain folding in

polymer crystals.

1.3.2.3 Orientation

The orieatation of amorphous polymer chains is a very
important property for fibers and textiles (92). Orientation can
develop in amorphous regions (Figure 1.4) of fibrous poiymers as a
result of spinning or drawing processes. In the case of PET fibers
(Chapter 5), drawing causes the formation of crystalline polymer in
addition to the orientation of amorphous polymer. The degree of
amorphous orientation affects the shrinkage and strength of PET
fibers. Amorphous oﬁentation in polymer fibers is usually

determined by birefringence measurements (92,93).

1.3.24  Sequencing

Sequencing tefers to the ordering of repeat units in a polymer
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sequencing are shown in Figure 1.5, where A and B refer to different
chemical repeat units in a copolymer or different isomers of the
same chemical repeat unit in a homopolymer. Alternating polymers
can form crystalline domains, block polymers can phase separate (a
phenomenon described in Chapter 1.3.2.5), and random polymers are
generally incapable of crystallization or phase separation. As a
result, the properties of a polymer depend greatly on the sequencing
of monomer units in the polymer molecules (11).

The determination of sequencing in polymers requires a
method that can distinguish_ between different sequences of several
monomer units. NMR spectroscopy has been used to determine
sequencing (8,80), because the technique has sufficient resolution to
provide discrete peaks for sequences of up to 4 or 5 unifs.
Vibrational spectroscopy methods, such as FTIR, Raman and NIR
spectroscopy, do not have the necessary resolution to determine long
sequences of repeat units. However, these methods can be used to

distinguish between structures with large differences in sequencing.

1.3.2.5 Phase Separation

The different blocks in a block copolymer can behave like
incompatible phases in a binary mixture. For example, polyurethane
block copolymers (Chapters 6 and 7) contain ha:d blocks (with highly
poiar functionalities) and soft blocks (with nom-polar functionalities).

If the temperature is sufficiently high to cause mobility of the
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Figure 1.5: Three different types of sequencing in polymer
chains. A and B correspond to different repeat units in the

polymer.
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polymer chains, these incompatible blocks can separate in the bulk
copolymer. This process, known as phase separation, produces polar
and non-polar domains in the copolymer (49,50,94-101). In the case
of polyurethanes, the size of hard block (or polar) domains are on the
order of tens to hundreds of angstroms. These hard block domains
serve as crosslinks between different polymer chains, and therefore
provide elastic properties to non-crosslinked polyurethane systems.
X-ray scattering (50,96,101,102) and differential scanning
calorimetry (49,94,96,99) can be used to study phase separation.
Several FTIR methods have been proposed for the analysis of phase

separation (49,50,97-100,103).

1.3.2.6  Adsorption to Surfaces

The adsorption of polymers to surfaces is used for the
production of several materials, such as storage media devices and
ceramics (104). Polymers can adsorb to inorganic surfaces by
hydrogen bonding or dipole-dipole interactions between functional
groups on the surface and functional groups on the polymer. The
bonding strength of polymers to surfaces depends on the adsorption
mechanism. Spectroscopic methods, such as FTIR (105-107) and
external reflectance-IR spectroscopy (108), can be used to

characterize surface adsorption processes.

1.3.3  Physical Properties of Polymers
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1.3.3.1 Density

The density of polymeric materials depends on chemical,
structural and physical factors. Crystallinity and amorphous
orientation affects the density of semicrystalline polymers (86). A
density gradient tube, which contins a fluid with a known density
gradient, can be used to determine the density of semicrystalline
polymers. For porous bulk polymers, such as reaction injection
molded (RIM) polyurethanes (Chapter 7) (54), and polyurethane
foams (Chapter 8) (69), the density is affected by the size and
concentration of voids in the polymer. The density of a foam sample

can be obtained from voiume and mass measurements of the sample.
1.3.3.2 Modulus

The modulus is the stress required to induce one unit of strain
in an elastic material (11,76,109). Different types of moduli, such as
tensile modulus, compression modulus, and flex modulus, refer to
different geometries of stress and strain. At the elastic region of a
stress/strain curve (Figure 1.6), the polymer behaves as a perfect
elastic body. In many cases, excessive stress on the material causes
failure of the material. The modulus can be calculated as the slope of

the curve in the elastic region, as the strain approaches zero.
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Figure 1.6: A typical stress-strain curve for an elastic material.

s¢ is the stress at failure and df is the deformation at failure.
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Two different modulus measurements are used in this work: 1)
flex modulus (Chapter 7.1.2) (110) and 2) compression modulus
(Chapter 8.2) (111). The flex modulus measurement involves
placement of a load in the center of a 1" by 3" by 1/4" sample, which
is held at the two ends. A single flex modulus value is obtained from
each measurement. The compression modulus measurement
involvés a biaxial compression of a 1" by 1" by 1" sample. A
compression modulus test determines three properties of the
material: 1) the compression modulus, 2) deformation at failure (dp),
and 3) compression strength (sf). Details of flex modulus and

compression modulus measurements are given in references 110 and
111.

1.3.3.3  Thermal Conductivity

Thermal conductivity is an important property of polymers
that are used for insulation, such as rigid foams (69,112). This
property is affected by the composition and structure of the polymer
and the size and concentration of voids in the polymer. The
determination of the thermal conductivity of a foam involves the
placement of the sample between a2 hot and cold plate, and
subsequent measurement of the heat flow through the sample. The
thermal conductivity measurement used for this work, which is also

called the K-factor test, is described in references 112 and 113.
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1.3.3.4 Heat Sag

The heat sag of a material refers to the extent of deformation
that the material experiences at elevated temperatures. This
property is very important for RIM polyurethanes, which can deform
during high temperature processing or paint application (1). A heat
sag measurement involves the suspension of a 1" by 8" by 1/4"
sample at one end, and observation of the deformation that occurs
upon heating the sample at a fixed temperature for approximately
one hour. The distance that the free end sags as a result of the heat

treatment is equal to the heat sag (see Chapter 7.1.2, reference 114).

1.3.4  Correlation of Chemical and Structural Properties to Physical

Properties

In many cases, the quality of a polymeric material is judged by
its physical properties. However, the physical properties are directly
affected by the chemical and structural properties of the polymer
(11,76,115). Spectroscopic methods of analysis, such as NIR, FTIR,
and Raman spectroscopy, provide information about chemical and
structural properties. Therefore, data from these methods can be
used to estimate physical properties.

Some of the analyses in this work involve the determination of
‘chemical or structural properties by NIR spectroscopy (Chapters 2, 3,

4, 5 and 6). In these studies, it is important that the properties
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directly influence absorbance bands in the NIR spectrum. Other
analyses involve the correlation of physical properties to NIR spectra
(Chapters 7 and 8). The success of these studies depends on the
ability of NIR spectroscopy to determine chemical and structural
properties that influence the physical property of interest. If little is
known about the structure-property relations of a material, these

studies can also be used to develop these relations.

1.4 Reaction Injection Molding

Reaction Injection Molding (RIM) (98,116-120) is a common
method of preparation for pciyurethane materials. In this method,
reactants are rapidly mixed together and allowed to cure in a mold.
Polyurethanes produced by RIM are used predominantly for

automotive applications (1).
1.4.1 The Chemical Process

There are three main reactants in a RIM polymerization (Figure
1.7): 1) isocyanate (I), 2) polyol (II), and chain extender (III or IV)
(121). The polymerization involves two competing reactions that
occur during a RIM polymerization: 1) reaction of the polyol with the
isocyanate (reaction 1) and 2) reaction of the isocyanate with the

chain extender (reaction 2 or 3). If a diol chain extender (III) is
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used, a polymer with urethane groups (as in products V and VI) will
be formed. If a diamine chain extender (IV) is used, a polymer with
urethane groups (as in product V) and urea groups (as in product
VII) will be formed. It should be mentioned that side reactions of
products (V, VI, and VII) with the isocyanate (I) also occur to a
small extent. The finished polymer contains soft blocks (represented
by V) and hard blocks (represented by VI or VII).

Reactions 1,2 and 3 in Figure 1.7 result in the formation of a
linear polymer, because the functionalities (or number of reactive
groups) of the isocyanate (I) and pclyol (II) are each equal to two.
Phase separated hard block domains (Chapter 1.3.2.5) provide
crosslinks (and therefore elasticity) to linear polyurethane systems.
If covalent crosslinks are desired, isocyanates or polyols with
functionality greater than two can be used.

Phase separation of hard and soft blocks can occur during the
polymerization (118-120). If too much phase separation occurs
during the reaction, low molecular weight oligomers will be
produced. In this case, the finished material will not exhibit elaétic
behavior. However, phase separation in the finished material is
necessary to provide strength to the material. Reaction conditions
can be manipulated to balance reaction and phase separation
processes, and therefore optimize the physical properties of the
product.

The process of nucleation, which involves the escape of

dissolved nitrogen from the reactants, also occurs during the

v
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polymerization (122). As the dissolved nitrogen attempts to escape
the polymerizing mixture, many of the bubbles become trapped in
the polymer and form veids in the finished material. The size and
amount of voids in the finished material, which can be determined
by density measurements, greatly affect‘ the physical properties of
the material. In many cases (as in Chapter 7), these voids are not
equally distributed over the entire finished material. Nucleation can
be controlled by several reaction parameters (see Chapter 1.4.2).
Polyurethane foams are also produced by the RIM process
(121). Foaming can be accomplished in two ways: 1) addition of
water to the polymerizing mixture, which reacts with isocyanate
groups to produce CO; bubbles (Figure 1.7, reaction 4) during the
reaction, or 2) addition of a blowing agent (usually a
chlorofluorocarbon) to the reaction mixture, which volatilizes during
the reaction process. These reactions produce large voids in the
finished material. In most cases, these voids have a directional
characteristic, which develops as the bubbles attempt to rise out of
the polymerizing mixture. The compression properties of a foam
greatly depend on the direction of elongation of the voids in the foam

with respect to the compression direction (111).
14.2 The RIM Machine

A RIM machine takes in reactants and produces molded

polyurethane plaques (116,120,123). A simplified diagram of a RIM
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machine, adapted for polyurethane production, is shown in Figure
1.8. In most cases, the isocyanate resevoir contains only the di-
isocyanate reactant (I). The polyol reservoir contains the polyol (II),
the chain extender (II¥ or IV), the catalyst, and the foaming agent
(if foams are to be made). When an injection is made, the machine
delivers reactants from the resevoirs to a mixing area, where
impringement mixing occurs. The mixture is then injeéted into a
mold and allowed to cure. After 2 specified reaction time, the mold
can be opened and the polyurethane plaque removed.

There are several parameters (shown in Figure 1.8, labeled a
through g) that can be manipulated to change the quality of a
product. The polyol formulation (a) refers to the percentages of
polyol (I) and chain extender (IIX or IV) in the polyol resevoir.
Because the polyol exclusively forms soft blocks in the polymer
(Figure 1.7, reaction 1) and the chain extender exclusively forms
hard blocks in the polymer (Figure 1.7, reactions 2 and 3), this
parameter affects the hard block percentage of the final polymer
(98,117). The index (b) refers to the relative amounts of material in
the isocyanate and polyol resevoirs that are mixed during the
injection. An index of 100 corresponds to the mixing ratio for perfect
reaction stoichiometry, which is fixed after the formulation (a) is
determined. In practice, indices of 101 to 109 are used, which
correspond to an excess of isocyanate groups in the reaction. The use
of excess isocyanate in the reaction compensates for side reactions

that consume isocyanate groups. The index affects the hard block
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percentage in the polymer and the concentrations of side products in
the polymer.

Reaction kinetics can be controlled by the catalyst
concentration (c), the reactant temperatures (d), and the mold
temperature (e) (which is equivalent to reaction temperature).
Earlier studies (118-120) indicate that an increase in catalyst
concentration causes an increase in the molecular weight and a
decrease in the phase separation of the final product. A recent study
(120) has shown that an optimal reaction temperature exists for any
polymer system. Below the optimal temperature, more phase
separation occurs and lower molecular weight oligomers are
obtained. If the reaction temperature is too high, the phase
separation in the finished material is insufficient. The mold time (f),
which is equivalent to the reaction time, must be sufficiently long to
allow complete reaction of active groups in the polymerizing mixture.
In some cases, a significant amount of unreacted isocyanate,
hydroxyl, or amine groups are present in the finished polyurethane
plaque. In these situations, post-curing of the polymer (which
involves exposure to a temperature above the mold temperature for
approximately one hour) can be used to cause further reaction of
these groups. The post-curing process might also affect the phase
separation of the material.

The injection time (g) affects the total amount of mixed
reactants that is injected into the mold. This parameter can be

adjusted to influence the density of voids in the finished material. If
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the mold is underfilled, there is space in the mold available for the
escape of gaseous nitrogen that is formed in the nucleation process.
Various extents of underfilling result in various densities of voids in

the finished polymer (122).

1.5 Multivariate. Analysis- Full-Spectrum Methods

Each NIR spectrum contains a series of wavelength responses,
or wavelength variables. These variables can be used to determine
important properties of a sample. Because individual NIR bands are
highly-overlapped (Chaptef 1.2.1.1), it is usually necessary to use
several NIR wavelength variables for the determination of a
propertry. Two approaches can be used for multivariate analysis of
NIR spectra: 1) several chosen wavelengths in the spectrum can be
used (the wavelength-selection approach) (25,124,125), and 2) the
entire NIR spectrum can be used (the full spectrum approach) (21).
The studies in this work employ full spectrum methods, such as
Partial Least Squares (PLS) (19-23), Classical Least Squares (CLS)
(19,24,25), and Principal Components Analysis (PCA) (21,23,126).

There are several advantages of full-spectrum methods over
wavelength-selection methods for NIR analysis. Full spectrum
methods can perform better outlier sample detection than
wavelength-selection methods, and can be used to identify unknown

impurities in outlier samples. Use of all available wavelength
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variables for analysis allows for a signal-averaging advantage over
other methods that use only a few wavelength variables. Full
spectrum methods also provide important qualitative information,
such as the NIR absorbance peaks that correspond to the property of
interest. The presence of large spectral regions with no absorbance
bands can hinder the performance of full spectrum methods (127).
However, NIR spectra seldom have regions of no absorption.

There are two types of full spectrum methods used in this
work: exploratory data analysis methods, which determine patterns
in the NIR spectra of different polymer samples, and calibration
methods, which correlate NIR spectra to an important property of the

polymers.
1.5.1  Exploratory Data Analysis

Although as many as 700 wavelength variables can be
obtained for each NIR sample, many of these variables are
correlated. Given a series of spectra of different samples, it is
probable that only a few inherent trends in the spectra are displayed
in the 700 variables. The major task of an exploratory data analysis
method, such as Principal Components Analysis (PCA) (21,23,126), is
to describe a set of spectra in terms of discrete factors which
describe the few inherent variations in the spectra.

The matrix X is am by » matrix containing the spectra of m

samples at » wavelengths. If the NIR spectra in X have only f
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inherent variations, X can be reduced to a product of two matrices,

according to the PCA model:

X=TPt+E (1.7)

where T is a m by f matrix of PCA scores, P is a n by f matrix of PCA
loadings, and E contains the spectral variation not explained by the
PCA model. Given the response matrix X, the PCA scores (T) and
loadings (P) are determined by an iterative procedure.

The appropriate number of principal components for
consideration in the data analysis (f), which equals the number of
inherent variations in the spectra, can be determined by cross-
validation (126). The cross-validation procedure involves the
extraction of the spectra of some samples in the original data set (X)
and the construction of PCA models with different numbers of
principal components from the remaining samples. The ability of
each of the models to describe the spectra of the extracted samples is
then determined. The optimal number of factors (f) is the number of
factors at which addition of another factor does not significantly
improve the prediction ability of the PCA model.

Each principal component in the PCA model has a loading
spectrum and corresponding score vector. The kit principal
component loading spectrum is obtained from the k't column in ihe
P matrix, and the kth principal component scores are in the ktb

column of the T matrix (Equation 1.7). The loading spectrum of a

JUAN
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principal component indicates the NIR absorbance bands that are
used to describe that principal component of variation in the spectra.
The score vector of a principal component indicates the relationship
between different samples, with respect to that principal component.
A two-dimensional PCA scores plot shows the scores of one principal
component plotted against the scores of another principal component
for each sample. Two-dimensional scores plots can be used to enable
better discrimination between samples in the analysis. ‘

A hypothetical example of PCA applied to NIR spectroscopy is
shown in Figure 1.9. In this example, only two principal components
of variation are found in the spectra of 8 samples. The first principal
component loading spectrum has positive bands that correspond to
water bands. The second principal component loading spectrum has
positive methylene bands, which (for the sake of argument) are
absorbances from fat in the samples. It should be noted that the two
principal components have been rotated (see Equation 1.8) for
clarity; in most situations, the principal components would not
correspond exclusively to a single property (as they do in this case)
These results indicate that the first principal component describes
the variation in the water content of the samples, and the second
principal component describes the variation in the fat content of the
samples. The two-dimensional scores plot indicates that sample A, B
and C have lower first principal component scores than samples D
and E. Therefore, it can be concluded that samples D and E have

more moisture than samples A, B and C. ' Similar reasoning reveals
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Figure 1.9: An example of results obtained from Principal
Components Analysis of NIR spectra. NOTE: the two principal
components have been rotated for clarity; the loading spectra
in this figure would not be obtained in a real Principal

Components Analysis procedure.
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that samples F, G and H have greater fat content than the other
samples. It is:-ciear from this example that knowledge of the
positions of characteristic NIR bands (for moisture and fat) is
necessary to interpret PCA loading spectra. In addition,

interpretation of two-dimensionai scores plots can be aided by
information that is known about the samples used in the analysis.
For example, if the three sample groups in the scores plot (A, B and C;
D and E; and F, G and H) correspond to three different sample
classes, specific information about the moisture and fat contents of
the three sample classes can be obtained.

In many cases, there are known variations in the samples used
for PCA analysis. In the above example, each principal component
corresponds to a single chemical phenomenon of the samples. In this
case, this PCA results are easily interpreted. In other cases, the PCA
procedure might produce principal components that are each
influenced by several of the known variables of the samples.
Fortunately, principal components rotation can be used to cause each
principal component to correspond to a single known variable. Any
two principal component loadings (P;) can be orthogonally rotated

according to

Pyt =P, - [cos o -sin a]

sin o cos O (1.8)
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where P»* contains the rotated loadings, and o is the rotation angle.

The PCA scores corresponding to the new rotated loadings (T,*) are

then given by

Ta* = XPy* (1.9)

Different values of o are used until the two-dimensional scores plot
(obtained from T,*) indicates that the optimal rotation angle has
been reached. In the NIR analysis of RIM polyurethanes (Chapter 7)

(54), it is found that principal component rotation improves the

interpretability of PCA results.

1.5.2 Calibration Methods

1.5.2.1 Classical Least Squares

A Classical Least Squares (CLS) calibration (19,24,25) can be
constructed if all of the possible analytes in the calibration samples
are known, all spectra are corrected for multiplicative and baseline
offset effects, and there are no spectral effects of interactions

between analytes in the samples. The CLS model is given by

X=CK' +E (1.10)
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where K is a n by p matrix containing the spectra of each of the pure
p analytes, C is a m by p matrix containing the concentrations of the
p analytes in the n samples, and X and E are defined as before. CLS
calibration is done by calculating the least-squares estimate of K (ﬁ)

according to
K= XIC(C'C) 1. (1.11)

The estimated pure analyte spectra (in ﬁ) are the spectra of each
analyte as it exists in the calibration samples. These spectra can be
used to determine the structure or interactions of analyte molecules
in the samples.

The analyte concentrations of a future sample (Ep) are
determined by curve-fitting the estimated pure analyte spectra (ﬁ)

to the spectrum of the future sample (xp) by means of
& = x, K(K'K) 1. (1.12)

A constant baseline spectrum can be fitted along with the pure
analyte spectra during the prediction step (Equation 1.12), in order
to correct for baseline offset effects in the prediction spectrum. If all
absorbances in the spectrum are linear, the relative magnitudes of
the predicted concentrations (in Ep) are independent of the

multiplicative magnitude of the prediction spectrum (25). As a
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result, accurate predictions can be obtained from spectra with
unknown additive and multiplicative effects.

The advantages of the CLS method are the qualitative
usefulness of estimated pure analyte spectra and the ability of
calibrations to predict analyte concentrations from spectra with
additive and multiplicative effects. The disadvantages of the CLS
method are the difficult requirements for calibration, and the
inability to account for interactions between analytes or the presence

of unknown analytes in the samples.

1.5.2.2  Partial Least Squares

In contrast to the CLS method, the Partial Least Squares (PLS)
method (19-23) involves separate models for the spectral responses
and the property of calibration. The PLS calibration models are

given by the equations

X =TP'+E, (spectrum model) (1.13)

y=Tq +f, (property model), (1.14)
where y isam by 1 vector containing the values of the property of
interest for the m calibration samples, q is a f by 1 vector, f is the

residual for the property model, and X, T, P and E are defined as

before. Equation 1.13 is the calibration model for the spectral data,
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and Equation 1.14 is the calibration model for the property data. The
PLS calibration algorithm determines T, P and g such that the
maximum variation in y is explained, and the maximum variation in
X that is correlated to y is explained. The resulting calibration model
relates the spectral absorbances (X) to the property data (y).

The PLS method can provide important qualitative information
about the property of interest. The first PLS loading spectrum,
obtained from the first column of the matrix P in Equation 1.13,
indicates the NIR spectral features that are positively and negatively
correlated to the property of interest. If the property of interest is a
physical property, a correlation of the property to specific
compositional and structural features can be obtained. The PLS
regression coefficient spectrum, which can be multiplied by the
spectrum of an unknown sample to obtain an estimate of the
property, can also be used for qualitative analysis. However, this
spectrum is strongly affected by the presence of spectral
interferents, and must be interpreted with caution. As a result, the
first PLS loading spectrum provides better qualitative information
than the PLS regression coefficient spectrum.

The determination of the property of a prediction sample is
done by calculation of the sample's scores (T) from the spectrum
(using the spectral model, Equation 1.13), and subsequent calculation
of the sample's property from the scores (using the property model,
Equation 1.14). Details of PLS calibration and prediction procedures

are given in references 20, 21 and 22.
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The PLS method requires no assumption about the relationship
between NIR absorbances and the property of interest. As a result,
PLS can be used when unknown spectral interferences or analyte
interaction effects are present. In addition, the PLS method can be
used to calibrate NIR spectra directly to physicai properties, which
have unclear or complicated relationships to spectral absorbance.
Although the PLS method cannot account for multiplicative effects in
prediction spectra, these effects can be reduced by data pre-
treatment methods (Chapter 1.2.5, Appendix B). However, in a
situation where both CLS and PLS methods can be used, the
qualitative information obtained from the CLS method (the estimated
pure analyte spectra) is more interpretable than the qualitative
information obtained from the PLS method (the first PLS loading

spectrum or PLS regression coefficient spectrum).

1.5.2.3 Calibration Procedures

1.5.2.3.1 Cross Validation

The cross-validation procedure is used to determine the
optimal number of factors (f) for a PLS calibration (22). The use of
too few factors results in an insufficient calibration model. However,
the use of too many factors results in overfitting of the calibration.
Each cross-validation procedure involves the extraction of some

samples from the set of samples used for calibration, and the
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construction of PLS calibration models with different numbers of
factors from the remaining samples. The properties of the extracted
samples are then predicted from the different calibration models. A
predicted residual error sum of squares (PRESS) value is obtained

from each calibration model with use of the definition

NeY
PRESS; = Y (ci-Ciov, (1.15)

i=1

where c; is the known property of sample i, Cicv,jis the property of
sample i predicted by the model that excludes sample i, NCV is the
number of extracted samples, and j indicates the number of factors
in the PLS model. After predictions from all the different PLS
models are made, the PRESS value can be plotted against the number
of factors in the PLS calibration model (j). The optimal number of
factors is the number at which the addition of another factor to the
calibration model does not significantly lower the PRESS value.
Results from several cross-validation analyses can be used to obtain
a more confident estimate of the optimal number of factors. At this
point, a PLS calibration with the appropriate number of factors can

be constructed from the calibration samples.
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1.52.3.2 Calibration/Prediction Analysis:

Most quantitative studies in this work involve the construction
of a calibration model from a set of samples with known properties,
and subsequent use of this model to predict the properties of a
different set of samples with known properties. Results from this
procedure are then used to determine calibration error and
prediction error. The statistic used to describe calibration error is

the Standard Error .of Estimate (SEE), as defined by

NC
Z (ci,c - Ci)2
i=1

(NC-1)

v
3]
il
7~
[V
Yt
N
~

where Cic is the property of calibration sample i that is estimated
from the calibration model that uses all calibration samples, and NC
is the number of calibration samples. The Standard Error of

Prediction (SEP) is a measure of prediction error:

3 (61 - il
sgpA\ [ 5P (1.17)
(NP)

where Cip is the property of prediction sample i predicted from the

calibration model, c;p is the known property of prediction sample i,



56

and NP is the number of prediction samples. The SEP value is the
best indicator of the ability of NIR spectra to predict the property of
interest.

If there are not enough samples available to construct separate
calibration and prediction sets, prediction error can be estimated
from "leave-one-out" cross-validation. This prodecure involves N
cross-validations, where N is the total number of samples in the
analysis. Each cross-validation involves three steps: 1) extraction of
one sample from the data set, 2) construction of a PLS model from
the remaining samples, and 3) prediction of the property of the
extracted sample by the model. A cross-validated SEP (SEP.,) value

can be calculated from

N
SEP,, = et (03 - el (1.18)
N-1

Here, Cicv is the property of sample i predicted by a PLS model that

excludes sample i, c; is the known property of sample i and N is the

total number of samples in the analysis.
1.5.2.3.3  Spectral Residual of Prediction

The spectral residual of prediction is the variation in the

spectrum of a prediction sample that is not explained by the
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calibzation model (21). For the CLS method, the residual spectrum of

a prediction sample (ep) is obtained from

ep="p'§’c\p (1.19)

where I/E is determined from Equation 1.11, and Ep is determined
from Equation 1.12. The residual spectrum for the PLS method is
obtained in a similar manner (from the PLS spectrum model,
Equation 1.12). If the intensities in the residual spectrum are much
larger than the spectral noise level, the sample might be an outlier.
In addition, the residual spectrum might contain significant spectral
features that identify impurities, spectral anomalies, or other

unexpected spectral effects that cause the sample to be an outlier.

1.6 NIR Polymer Analysis, a Review

Several earlier analyses demonstrated the ability of NIR
spectroscopy to determine several important properties of polymers.
Composition determinations for ethylene-propylene copolymers (26)
and polymer blends in food packaging (27) were made by NIR
spectroscopy. Several NIR studies of molecular order in proteins and
synthetic polymers were also done (29-32). NIR spectroscopy was
also used to study the swelling of gelatin by water (28), and to

monitor polymerization reactions (35,36). Hydrogen bonding in



58

polyamides (128), crystallinity in cellulose fibers (33), thermal
history of nylon (34), geometrical isomerism in poly(butadiene) (38),
hydroxyl groups in fatty acids (37), and terminal epoxide groups (39)
were also determined by NIR spectroscopy. NIR molecular weight
determinations were done for poly(butadiene) (41) and '
poly(ethylene glycols) (42).

There are several main departures of the work in this thesis
from previous NIR polymer analysis work: 1) direct analysis of bulk
polymers (past work has focused on the analysis of polymer
solutions), 2) use of current NIR instrumentation, which yields
higher-quality spectra than the instrumentation used in most
previous work, 3) use of multivariate calibration methods, which
enables the determination of properties that previously could not be
determined by NIR spectroscopy, and 4) analysis of polymers that

are currently relevant.
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Chapter 2

Near-infrared Diffuse Reflectance Analysis of
Poly(octadecyl methacrylate) Adsorbed on Alumina

2.1 Introduction to Chapter 2

The coating of refractory powders by methacrylate polymers
has beneficial effects on the processing of ceramic precursors (1).
The mass of adsorbed polymer, the amount of surface covered with
polymer, the thickness of the polymer coating, and the configuration
of the polymer at the surface are important properties that can
potentially affect the quality of a ceramic product.

Methacrylate polymers adsorb to refractory surfaces through
hydrogen-bonding between carbonyl groups of the polymer and
hydroxyl groups of the surface (2). It has been shown (2-4) that
mid-infrared spectroscopy can successfully characterize hydrogen-
bonding processes. Frequency and intensity changes in polymer
carbonyl stretching bands in IR spectra resulting from polymer
adsorption have been used to investigate the effects of adsorption on
the polymer. Likewise, changes in surface hydroxyl stretching bands
in IR spectra resulting from polymer adsorption have been used to
investigate the effects of adsorption on the surface.

Near-infrared (NIR) diffuse reflectance spectroscopy (5,6) can
also be used for the analysis of polymer-coated refractories. Coated

particle specimens usually require substantial preparation for IR
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spectroscopy, but require little or no preparation for NIR
spectroscopy. However, because near-infrared spectra are
dominated by absorbance bands from O-H, C-H, and N-H bonds in the
specimen, NIR spectroscopy is generally applicable only to the
analysis of surface hydroxyl groups and C-H, N-H, and O-H bonds in
the polymer.

NIR spectroscopy usually provides better information about
hydrogen-bonding states of hydroxyl groups than IR spectroscopy.
Absorptivities of free hydroxyl bands in near-infrared spectra are
generally higher than the absorptivities for hydrogen-bonded
hydroxyl bands (7,8). As a result, a better discrimination between
free and hydrogen-bonded hydroxyl groups can be made using NIR
spectra. Earlier, near-infrared analyses of cellulose (9), sucrose (10),
and nylon (11) demonstrated the ability of NIR spectroscopy to
determine relative amounts of different hydrogen-bonded states of
O-H and N-H groups. In this work, the ability of NIR spectroscopy to
study the adsorption of poly[octadecyl methacrylate] (POMA) on

alumina is considered.

2.2 Experimental

Alumina particles (AKP-30, 0.4 pm, Sumitomo) were placed in
a 1.04 mg/ml solution of POMA (Polysciences, Inc.) in heptane. After

stirring for 24 hours, the excess solution was decanted, and the
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particles were rinsed twice with the solvent. The coated particles
were then air-dried for 48 hours.

Near-infrared reflectance spectra of uncoated alumina, coated
alumina, and pure POMA were obtained with a Technicon
InfraAlyzer 500C near-infrared reflectance instrument with a
tungsten filament lamp and a lead sulfide detector. See Chapter
1.2.4.2 for details of instrumentation. A reflectance sampling cell
(12) was used to introduce the powder specimens to the reflectance
spectrometer. The pure POMA was analyzed as a thin film on a
ceramic disk. Each scan covered a spectral range of 1100 to 2500

nm, and each scan required about 2 minutes.

2.3 Results

The hydroxyl groups on the alumina surface can assume three
possible states (see Figure 2.1): free (I), self-associated (II), and
associated with polymer (III). For the uncoated alumina, only states
I and IT are present. As the polymer adsorbs to the alumina,
hydroxyl groups in state I convert to state III. It is also possible
that some hydroxyls in state II convert to state III during
adsorption.

Near-inffared reflectance spectra of pure POMA, uncoated
alumina, and POMA-coated alumina are shown in Figure 2.2, A, B,
and C. The polymer spectrum has absorption bands at 1212, 1395,
1728, 1761, 2309, and 2349 nm which result from methyl and
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Figure 2.1: Simplified diagram of three possible states for
surface hydroxyl groups: free (I), self-associated (II), and

associated with polymer (III).
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methylene groups in the polymer. The specttum of the uncoated
alumina shows sharp bands at 1385 nm and 1882 nm from free
surface hydroxyl groups (Figure 2.1(I)), and broader bands centered
at 1452 nm and 1938 nm from self-associated sufrace hydroxyl
groups (Figure 2.1(II)). The free hydroxyl bands are well-resolved
from the broader self-associated hydroxyl bands.

In the POMA-coated alumina spectrum (Figure 2.2(C)), the
bands from methylene groups on the pendant octadecyl chains in the
polymer, observed at 1210, 1726, 1760, 2306, and 2347 nm, are
each shifted to slightly shorter wavelength than the bands in the
pure polymer spectrum. In addition, the free O-H bands at 1385 nm
and 1882 nm are absent as a result-of conversion of surface hydroxyl
groups from state I to state III.

To further investigate the near-infrared spectral shifts
associated with adsorption, an "ideal” POMA-coated alumina
spectrum was constructed from the pure alumina and pure POMA
spectra (Figure 2.2(D)). The weights of the two pure spectra used to
construct the "ideal” spectrum were determined by least-squares
curve-fitting the pure component spectra to the coated alumina
spectrum (excluding the spectral regions with surface hydroxyl
bands). The difference of the "ideal” POMA-coated alumina spectrum
and the real POMA-coated alumina spectrum is shown in Figure 2.3.
Sharp negative peaks at 1382 nm and 1879 nm indicate depletion of
free surface hydroxyl groups, and a weak positive peak at 1927 nm

indicates production of polymer-bound hydroxyl groups (Figure



75

‘pParaqe; oIk
1X01 oy} ul 0} pamojar syiSuspeaep (D ‘Tz omSyy) wnnoads eununpe paNLod-YINQOJ [Bel oY
woxy (( ‘z'¢ 2msy]) wnnoads eurwnfe pajeod-YINOd JBOPL., Oy JO uondenqng :¢'z oIndiyg




(wu) YBuejerom

00SZ 00YZ O0SZ 00ZZ QOlZ 000Z 0061 Q08 00Z1 0091 OOSL OO¥L OOEl QOZL COLl

oA

Gl

N

6281

Zvee coee

{ v}
2268

2821

[ 4448

Z8tl

TTo'0~
- 20"0—

- g10°0-
- 910°0~
- ¥10°0~
- Z10°0-
- 10°0-

- 800°0~
- 900°0~
- 00°0-
- Z00°0~

o

~ 200°0
— ¥00°0
- S$00°0
800°0

Ayjsusiui



76

2.1(II1)) upon adsorption. In addition, peaks at 1722, 1757, 2302,
and 2342 nm indicate that the bands from groups on the pendant
octadecyl chains in the polymer shifted upon adsorption. These
results suggest that polymer adsorption can be monitored by
observation of small shifts of methyl and methylene polymer bands
or disappearence of free surface hydroxyl bands in the near-infrared
spectrum.

It is possible that self-associated hydroxyl groups (Figure
2.1(II)) were converted to polymer-bound hydroxyl groups (Figure
2.1(III)) during polymer adsorption. However, because the
hydrogen bond acceptor strengths of hydroxyl and carbonyl groups
are nearly equal (13), no major spectroscopic differences between
the hydroxyl bands of states II and III are expected. IR spectral
information about carbonyl band shifts is needed to determine the
extent of conversion from state II to state III.

The shift of methylene bands to shorter wavelengths upon
adsorption suggests that the structure of the pendant octadecyl
chains in the bulk polymer and in the adsorbed polymer are
different. An NIR study of ethylene-propylene-diene terpolymers
(Chapter 3) (14) showed similar spectral shifts that probably
resulted from decreased crystallinity of ethylene blocks in the
terpolymer. Infrared and NMR investigations might provide specific
information regarding the change in polymer chain conformation

upon adsorption.
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This analysis has demonstrated the ability of NIR spectroscopy
to analyze polymer-coated refractories. Determination of relative
amounts of the surface states I, II, and III is currently being
investigated. NIR spectroscopy can be combined with IR

spectroscopy to perform extensive and detailied investigations of

1

similar adsorption processes.
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Chapter 3

Analysis of Ethylene-Propylene-Diene Terpolymers
by NIR Spectroscopy

3.1 Introduction to Chapter 3

Ethylene-propylene-diene monomer rubbers (EPDMs) are used
for many different applications, including automotive belts, hoses,
and tires, non-automotive hoses, and electrical insulation. These
terpolymers are mostly composed of ethylene and propylene units,
but also contain diene functionalities in the polymer backbone that
are used to make crosslinks. Earlier studies have shown that
important physical properties such as modulus, relaxation, and
thermal transitions are greatly influenced by the composition of
these polymers (1,2).

Near-infrared (NIR) spectroscopy (3,4), which has been used to
determine important properties of bulk agricultural materials, can
also be used to analyze bulk EPDM terpolymers. Earlier NIR analyses—
of ethylene-propylene co-polymer films (5-7) demonstrated the
ability of NIR spectroscopy to determine chemical composition.
However, these calibrations used only one or two absorbance bands
at user-chosen wavelengths. Furthermore, only the combination
region was used for these anmalyses. Improvements in NIR |
instrumentation and multivariate data analysis made after the

earlier analyses have provided abilities both to improve calibrations



80

and to use spectral regions other than the combination region for
quantitative analysis.

In this work, near-infrared spectroscopy in the combination,
first overtone, and second overtone region is combined with the
multivariate methods of Classical Least Squares (CLS) (8,9) (Chapter
1.5.2.1) and Partial Least Squares (PLS) (8,10,11) (Chapter 1.5.2.2) to
provide calibrations for chemical components in ethylene-propylene-
diene monomer (EPDM) terpolymers. EPDM samples with 1,4-
hexadiene (HD) and ethylidene norbornene (ENB) diene monomers
were used for this study. Results indicate that the combination, first
overtone, and second overtone regions of the spectrum can be used
to determine ethylene and propylene concentrations in the
terpolymers, and the combination region can be used to determine

diene concentrations.
3.2 Experimental

Commercially available EPDMs were used in this analysis
(labeled sample 1 to 14): samples 1 to 5 are Nitriflex EPDMs, samples
6 to 8 are Royalene EPDMs, and samples 9 to. 14 are Nordel EPDMs.
The diene unit used in the Nitriflex amd Royalene samples is 5-
ethylidene bicyclo[2.2.1] hept-2-ene (or ethylidene norbornene, ENB),
and the diene unit used in the Nordel samples was 1,4-hexadiene
(HD). All samples were obtained as un-crosslinked polymers.

Reference chemical composition values of the EPDM polymers were
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obtained by FT-NMR spectroscopy of the samples dissolved in CDCIl3.
The compositions of the samples ranged from 52 to 73.6% ethylene,
21.8 to 44% propylene, 0 to 8.1% ENB and 0 to 4.6% HD. Estimated
errors in the NMR composition values are 2 % (mass) for ethylene
and propylene, and 0.5 % (mass) for ENB and HD.

NIR spectra of the polymers were obtained using a Pacific
Scientific 6250 Near-infrared grating spectrophotometer (Chapter
1.2.4.2). Each scan lasted about 30 seconds. Spectral data was saved
on an IBM-AT microcomputer for later data processing. The
polymers were sampled by NIR as solutions in CCly and as bulk
samples. For the bulk sampling, a thin piece of material
(approximately 1 mm thick) was cut and placed in a reflectance
sample cup with a ceramic background and a quartz window.
Reflectance spectra were obtained by illuminating the sample with
NIR light and collecting back-scattered light. Each sample was
analyzed in duplicate, using two different pieces of the bulk sample.

EPDM solutions of approximately 5 % (w/v) were prepared by
placing approximately 0.2 grams of polymer and 40 ml of CCly
(Aldrich) in an 80 ml vial. After 24 hours, several samples had
significant gel fractions. As a result, each solution was homogenized
(Helvitica homogenizer) for approximately 30 seconds to disperse the
non-soluble portion of the polymer. The concentration of polymer in
each solution was determined by pipetting 10 ml of the homogenized
solution into a pre-weighed aluminum pan and weighing the pan

again after solvent evaporation. The samples were then placed in a 4
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mm thick quartz cuvette and analyzed by NIR transmission
spectroscopy. The spectrum of pure CClsy solvent was then subtracted
from each solution spectrum.

NIR reflectance spectra of high-density polyethylene (HD-PE)
(Aldrich) and isotactic polypropylene (ISO-PP)(Aldrich) were
obtained by placing the samples in a reflectance sampling cup with a
quartz window. The HD-PE sample was obtained in pellet form, and
had to be ground before NIR reflectance analysis.

Spectral data pre-treatment (Chapter 1.2.5) consisted of one or
two data corrections. The bulk sample spectra were corrected with
Multiplicative Scatter Correction (MSC) (12).  Each solution spectrum
was corrected by subtracting the absorbance value at 1100 nm from
all other absorbance values, and dividing the resulting absorbance
values by the comcentration of polymer in the sample (in g/10 mL).
For both rubber and solution spectra, second derivative correction
(Pacific Scientific Co.) was sometimes used prior to subsequent
correction methods.

The NIR spectra were split into three spectral regions: region 1
(1100 nm to 1350 nm), region 2 (1570 nm to 1850 nm) and region 3
(1950 nm to 2500 nm). Each region was used separately for
multivariate analysis. A program developed by the Center for
Process Analytical Chemistry (10) was used for PLS analyses, and a
LOTUS-123 spreadsheet was used for CLS analyses. Mean-centered

spectral data were used for all PLS analyses. The prediction ability
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of CLS and PLS calibrations was estimated by a "leave-one-out"

cross-validation procedure (Chapter 1.5.2.3.2, Equation 1.18).

3.3 Results and Discussion

T TY

3.3.1 NIR Specira

NIR reflectance spectra of a high-ethylene and low-ethylene
EPDM terpolymer in the bulk are shown in Figure 3.1. Regions of
significant absorption are designated as region 1 (1100 nm to 1350
nm), region 2 (1570 nm to 1850 nm), and region 3 (1950 nm to 2500
nm). Although significant absorptions are found in the region 1350
nm to 1570 nm, instrumental anomalies in this region prevent its use
for quantitative analysis. Regions 1,2, and 3 are used separately for
multivariate analysis because they have different NIR sampling
characteristics. Region 1 is dominated by 2nd overtone C-H
stretching bands. The low absorptivity of these bands permits the
use of this region for the sampling of thick films (up to several cm
thick) and large pellets. Region 2 is dominated by 1st overtone C-H
stretching bands, which have about an order of magnitude higher
absorptivity than the bands in region 1. As a result, region 2 can be
used for thinner films (about 0.5 to 2 mm thick) and dilute solutions.
Region 3 contains C-H combination bands with much higher
absorptivities than bands in regions 1 and 2. This region is

appropriate for very thin films (less than 0.1 mm thick) and dilute



84

y N ‘wu 00ST 01
U 0S6I SI € uoiSar pue ‘wu ()G8] 01 WU (QLGI ST g uordar ‘wu (OGE[ 03 wu QLI St I uoidoy

‘(@) 7 odwes pue (y) 1 o[dwes WAJT j[Mq jo enoods 9oueldo[joI pareyul-1eoN :1'¢ oinSig




(wu) yibussaopy
00vZ 00£Z 00ZZ 00LZ 000Z Q06L 008L 00ZL 009L 00SL 00¥L 0OSL 00Z! 0OLL

z0'0
$0°0
30’0
800
L'0

ZL'o
yL'0
2.0
810
¢0

(44

20

9Z'0

epmydwy




85

solutions. Because the bulk samples were approximately 1 mm thick,
region 3 was not useful for bulk EPDM analysis. However, this
region was used for the analysis of dilute EPDM soiutions.

Although sampling difficulty increases as one goes from region
1 to region 3, spectral information and spectral resolution increases
also (Chapter 1.2.1.1). Unlike the overtone bands in regions 1 and 2,
the combination bands in region 3 are affected by fundamental
vibrations in the low-energy (approximately 600 cm-1 to 2000 cm-1)
IR spectrum, and therefore contain much more information than the

former regions.
3.3.2 CLS Results

Table 3.1 lists the "leave-one-out” SEP values of CLS
calibrations for EPDM rubber and solution samples. Second
derivative spectral correction improved the results of many
calibrations, but worsened the results for some calibrations. In most
cases, the SEP values were significantly reduced as the spectral
region changed from region 1 to region 2 (tb region 3, for the solution
samples). This result is expected, because the spectral information
content and spectral resolution increases as one moves from region 1
to region 3.

The SEP values for ethylene and propylene were, for the most
part, slightly greater than the estimated error of the reference NMR

method for determination of ethylene and propylene concentration
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Table 3.1: Prediction errors for NIR-determined compositions

of EPDM terpolymers, using the CLS method.




TABLE 3.1

Spectral Data Analyte SEP (in mass %)
region Correction?_ethvlene propyvlene ENB HD

EPDM Solutions:

1 normal 3.6 5.3 0.1 5.2
1 2nd deriv. 3.9 4.0 6.1 5.2
2 normal 2.9 3.2 4.0 4.1
2 2nd deriv. 2.3 2.1 4.2 2.4
3 normal 2.5 3.8 5.0 . 2.0
3 2nd deriv. 2.2 4.5 2.8 2.2
Bulk EPDM:
1 MSC 5.9 11 8.9 5.6
1 MSC-2D 6.5 5.9 12 2.3
2 MSC 2.9 4.5 5.1 2.3
2 MSC-2D 3.4 2.9 5.6 3.8
a

normal: subtraction of baseline at 1100 nm and normalization to solution
concentrations only

2nd deriv.: second derivative correction, then normalization to solution
concentration
MSC: Multiplicative Scatter Correction (sce reference 12)

MSC-2D: second derivative correction, then Multiplicative Scatter
Correction
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(2 %). SEP values for ethylene were generally below 4 % (mass) and
SEP values for propylene were below 6 %. The prediction errors for
ethylene and propylene in bulk EPDM elastomers were much higher
than the prediction errors for these analytes in their solutions. This
difference could have been caused by inadequate removal of
sampling effects from the bulk polymer spectra, or by the presence
of unknown effects in the bulk polymer spectra that were not
present in the polymer solution spectra.

Predictions of ENB and HD in EPDM are expected to be more
difficult than for ethylene and propylene, because the concentrations
of these monomer units are much lower than the concentrations of
ethylene and propylene units. In addition, there are few functional
groups in these monomer units that can give unique spectral signals,
especially at low spectral resolution. Region 3, which has the best
spectral resolution and most information of all three regions,
provides the best possibility for quantitative analysis of ENB and HD.
The errcrs for ENB and HD calibrations in region 3 were within 35 to
65 % of the range of concentration values of these analytes in the

samples.
3.3.3 PLS Results

The first step in all PLS calibrations was the determination of
the optimal number of spectral factors. If all chemical components

are known, and there are no interactions between them, the optimal
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number of factors for PLS calibrations using mean-centered EPDM
spectra is three, because there are 4 different chemical components
in the polymers (ethylene, propylene, ENB, and HD units). However,
additional factors might be necessary to explain unknown spectral
components. In an attempt to determine a more confident number
of factors for PLS calibrations, cross-validations were performed with
each PLS calibration using 2 user-selected prediction sets.  The
cross-validation results indicate that the optimal number of factors is
three for all calibrations that use solution spectra and four for all
calibrations that use bulk polymer spectra. As a result, three factors
were used in all PLS calibrations that use solution spectra, and four
factors were used in all calibrations that use bulk polymer spectra.

The SEP results of the PLS calibrations are shown in Table 3.2.
For the most part, SEP values for PLS calibrations were significantly
lower than the SEP values for CLS calibrations (Table 3.1). The use of
second derivative-corrected spectra caused a decrease in prediction
error in most cases.

The lower prediction errors obtained from the PLS method
relative to the CLS method suggests that there are spectral variations
in the EPDM solution and bulk spectra that cannot be modeled by the
CLS method. It is possible that the NIR spectra of EPDMs are affected
by varying amounts of block and random segments, or sequencing
effects (Chapter 1.3.2.4), in the different polymers. It is expected
that the PLS method is better able to model sequencing effects than
the CLS method.
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Table 3.2: Prediction errors for NIR-determined compositions

of EPDM terpolymers, using the PLS method.



TABLE 3.2

spectral data analyte SEP (in mass %)
region correction?_ethylene propyvlene  ENB

EPDM Solutions:

1 normal 3.7 5.0 3.7
1 2nd deriv. 2.7 3.8 2.7
2 normal 1.9 1.6 3.0
2 2nd deriv. 1.7 1.7 3.0
3 normal 1.4 2.4 2.4
3 2nd deriv. 1.6 2.5 1.4
Bulk EPDM:
1 MSC 1.9 1.9 2.6
1 MSC-2D 1.8 1.7 1.8
2 MSC 1.6 1.7 1.8
2 MSC-2D 1.7 1.7 1.0
a

same abbreviations as in Table 3.1
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The difference in performance of the PLS and CLS methods is
especially large for analyses that use bulk polymer spectra. This
difference is probably caused by morphology, or interchain
interaction effects in the bulk polymers. EPDM terpolymers with
high ethylene contents can have significant crystallinity (13,14). It is
probable that ‘crystallinity also affects the NIR spectra of these
substances. This effect can be used to explain the cross-validation
results for PLS analyses of bulk polymer spectra, which indicate that
the number of independent spectral variations (four) is one greater
than the number of variations expected for a system without
interaction effects. The extra spectral factor in the PLS calibration
enabled better modeling of the bulk polymer spectra and resulted in
better prediction results relative to the CLS analyses.

For the EPDM solution calibrations, many ethylene and
propylene prediction errors were below the estimated error of the
NMR reference method. Because the SEP values cannot be less than
the actual error in the reference method, it is suspected that the
estimated error in the NMR referehce method is too high. The PLS
calibrations for ENB and HD in region 3 were greatly improved
relative to the CLS calibrations. The results for the PLS calibrations
with the bulk samples are also very encouraging. The relatively low
SEP values for the calibrations in region 1 are particularly

noteworthy, because this region is tolerant of wide sample variations.

3.3.4  Spectral Residuals
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In CLS and PLS calibrations, all variations in the calibration
spectra must be explained to obtain an optimal calibration. The
variations in the calibration spectra that are not explained by the
multivariate model are called the spectral residuals (Chapter
1.5.2.3.3, Equation 1.19). A spectral residual of zero indicates that all
spectral variations (including noise) are modeled by the multivariate
calibration. A large spectral residual can be caused by low signal-to-
noise ratio in the spectral region used for the calibration, or by the
presence of spectral effects not modeled by the calibration method.

Table 3.3 lists the residual SS for all of the PLS and CLS
calibrations and the percent residual SS for the PLS calibrations. The
percent residual SS is the residual SS divided by the sum-of-squares
of the mean-centered calibration spectra. Note that only one residual
value is reported for each CLS calibration, because all 4 analytes are
calibfafed in the same procedure. For the PLS calibrations in this
work, one calibration model was constructed for each analyte.

The residuals for CLS calibrations are consistently higher than
the residuals for corresponding PLS calibrations. This result is a
further indication that significant spectral effects explained by the
PLS calibration are not explained in the CLS calibrations. Of
particular note is the large difference in spectral residuals for PLS
and CLS calibrations that used bulk polymer spectra. This difference
corresponds to a large difference in prediction errors (see Tables 3.1

and 3.2). Earlier, it was mentioned that crystallinity could have
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affected the spectra of the bulk samples. It is probable that this
effect, if it exists, is not accounted for by the CLS calibrations.
Comparison of PLS calibrations that use spectra in different
regions and with different data corrections can be made from
observation of percent residual SS values (the values in parenthesis
in Table 3.3). For the PLS solution calibrations, second derivative
correction caused a decrease in percent residual SS values for regions
2 and 3, but caused an increase in percent residual SS values for
region 1 calibrations. Despite this discrepancy, the prediction errors
for all regions were slightly improved or unchanged by the use of
second derivative correction (Table 3.2). For regions 2 and 3, the
deconvolution and baseline correction abilities of second derivative
correction dominated, and caused improved calibration fit and
decreased spectral residuals. In region 1, where the signal-to-noise
ratio was much less than in regions 2 and 3, the noise increasing
effect of second derivative correction became significant, which
caused the spectral residuals to increase despite slight improvements

in prediction results.
3.3.5  Qualitative Information
Although the monomer units in EPDM polymers (ethylene,

propylene, ENB, and HD) were covalently bonded in the polymer

chains, they were considered as separate chemical components in the




94

polymers. Interactions between these components can be of two
types: intrachain and interchain.

Intrachain interactions involve adjacent monomer units in a
polymer chain. For example, differences in the infrared spectra of
block and random ethylene-propylene co-polymers were observed
(7) because the vibrational spectroscopy of the ethylene and
propylene groups is sensitive to the identities of adjacent groups in
the polymer chain. Interchain interactions occur between monomer
units that are not adjacent in the same polymer chain. Polymer
crystallinity and morphology are a result of interchain interactions.

Because both intrachain and interchain interactions have been
found to affect infrared spectra of polymers (5,7), they are also
expected to affect the near-IR spectra of polymers. The nature and
extent of these interactions for the EPDM samples used in this work
can be studied by observation of CLS-estimated pure analyte spectra
and PLS regression coefficient spectra. For this discussion, spectra
corrected with the second derivative operation will not be used,
because they are more difficult to interpret qualitatively.

Figure 3.2 shows the region 1 CLS estimated pure analyte
spectra of ethylene in EPDM solution (C) and in bulk (D), the PLS
coefficient spectrum for ethylene in EPDM solution (A), and a NIR
reflectance spectrum of high-density polyethylene (HD-PE) (B). Note
that the CLS estimated pure analyte spectra (C and D) closely
resemble the spectrum of HD-PE (B). The difference between the CLS

estimated pure analyte spectra of ethylene in EPDM solution (C) and




95

Figure 3.2: upper plot- A: PLS coefficient spectrum of ethylene
in EPDM solution, B: NIR reflectance spectrum of high-density
polyethylene, C: CLS reconstructed spectrum of ethylene in
EPDM solution, D: CLS reconstructed spectrum of ethylene in
bulk EPDM; Ilower plot- E: PLS coefficient spectrum of
propylene in EPDM solution, F: NIR reflectance spectrum of
isotactic polypropylene, G: CLS reconstructed spectrum of
propylene in EPDM solution, H: CLS reconstructed spectrum of
propylene in bulk EPDM. All spectra are in region 1. Spectra
B,C,D,F,G and H were vertically offset and scaled for clarity;

spectra A and E were only scaled for clarity.
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in bulk (D) is small, but significant. The estimated pure analyte
spectrum in solution has a peak maximum at 1212 nm, and the
estimated pure analyte spectrum in the bulk has a peak maximum at
1214 nm, which is closer to the peak maximum for HD-PE (1216 nm).
Because the estimated wavelength repeatability of the NIR
instrument is 0.02 to 0.05 nm, these peak shifts are significant. In
addition, a very small shoulder at 1170 nm was observed only in the
estimated pure analyte spectrum in the bulk (D) and in the HD-PE
spectrum (B). These observations suggest that the ethylene units in
bulk EPDM were arranged more like the ethylene units in HD-PE than
the ethylene units in EPDM solutions. If one assumes that HD-PE is
highly crystalline, and the EPDM polymers do not exhibit crystallinity
in solution, these results suggest that the ethylene units in the bulk
EPDM samples have significant crystallinity.

The PLS coefficient spectrum for ethylene in EPDM solution
(Figure 3.2, A) also resembles the spectrum of HD-PE (B), except for
the negative peak at 1186 nm. This negative peak is most likely
caused by the presence of propylene absorbance bands overlapping
with the ethylene band. Its presence indicates that interfering
propylene absorbances are accounted for in the ethylene calibration.

Figure 3.2 also shows the CLS estimated pure analyte spectra
for propylene in EPDM solution (G) and in bulk (H), the PLS
coefficient spectrum for propylene in EPDM solution (E), and the NIR
reflectance spectrum of isotactic polypropylene (ISO-PP) (F). Asis

the case for ethylene, the two CLS estimated pure analyte spectra
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closely resemble the spectrum of the homopolymer (ISO-PP) (F).
However, slight differences between the estimated pure analyte
spectra and the ISO-PP spectrum are observed. These differences
might be caused by differences in intra-chain interactions of the
propylene units in the two polymer systems. In I/SO-PP, the
propylene units are cofmected in an ordered "head-to-tail”
configuration. In EPDM polymers, the propylene units might be
isolated between ethylene units in the chain, or arranged randomly
in "head-to-head” and "head-to-tail" configurations in propylene
blocks. This difference should cause a difference in the NIR
spectrum of the propylene group in the two substances. The
crystallinity effect, discussed earlier, might contribute to the
observed deviations of the estimated pure analyte spectrum of
propylene in bulk EPDM (H) from the estimated pure analyte
spectrum of propylene in EPDM solution (G). Although the propylene
units in EPDM elastomers do not exhibit crystallinity themselves,
they can be incorporated into crystalline domains of ethylene units
(13), thus causing their spectral properties to differ from those of
propylene units in solution.

The PLS coefficient spectrum for propylene in EPDM solutions
(Figure 3.2, E) is almost exactly opposite to the PLS coefficient
spectrum for ethylene (Figure 3.2, A). A positive peak at 1188 nm
indicates propylene absorption, and the negative peak at 1212 nm

compensates for overlapping absorption from ethylene units.
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Figure 3.3 is the region 2 analog of Figure 3.2. Note the shift in
peak maxima between the CLS estimated pure analyte spectrum for
ethylene in EPDM solution (Figure 3.3, C) and the spectrum of HD-PE
(Figure 3.3, B). The magnitude and direction of this shift are
identical to that for region 1 mentioned earlier. This further
indicates the large difference in morphology of ethylene units in .
EPDM solutions and in HD-PE. The estimated pure analyte spectrum
for ethylene in EPDM rubber (D) has peak maxima at approximately
the same position as for HD-PE (1730 nm and 1762 nm). However,
the peak at 1730 nm is much less intense than expected. This effect
is probably caused by the non-linear behavior of the strong ethylene
band at 1730 nm, which resulted from the use of bulk samples that
were too thick, or too absorbing.

The CLS estimated pure analyte spectrum of propylene in
EPDM solution (Figure 3.3, G) and the /SO-PP spectrum (F) are very
similar, but they do show small differences. For example, the peak at
1770 nm in the estimated pure analyte spectrum in EPDM solution
(G) is not present in the ISO-PP spectrum. As mentioned earlier,
these differences could be caused by differences in intrachain and
interchain interactions between propylene units in ISO-PP and in
EPDM solution. The estimated pure analyte spectrum of propyleme in
EPDM elastomer (H) differs greatly from the ISO-PP spectrum, much
of which is likely caused by the non-linear absorbance at 1730 nm.

The non-linear absorbance at 1730 nm is considered to be

caused by an unknown spectral effect, which should increase the
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Figure 3.3: upper plot- A: PLS coefficient spectrum of ethylene
in EPDM solution, B: NIR reflectance spectrum of high-density
polyethylene, C: CLS reconstructed spectrum of ethylene in
EPDM solution, D: CLS reconstructed spectrum of ethylene in
bulk EPDM in region 2; lower plot- E: PLS coefficient spectrum
of propylene in EPDM solution, F: NIR reflectance spectrum of
isotactic polypropylene, G: CLS reconstructed spectrum of
propylene in EPDM solution, H: CLS reconstructed spectrum of
propylene in bulk EPDM. All spectra are in region 2. Offset

and scaling were similar to that of Figure 3.2.
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number of independent spectral variations by one. PLS can explain
the extra spectral effect more easily than CLS. This assertion is
reflected in the CLS and PLS calibration results for EPDM elastomers
(Tables 3.1 and 3.2), and in the spectral residuals of the CLS and PLS
calibrations for the bulk elastomers in region 2 (Table 3.3). As a
resuit, the PLS method performs better quantitation than the CLS
method for bulk polymers in region 2.

Figure 3.4 is the region 3 analog of Figure 3.2. The CLS
estimated pure analyte spectrum for ethylene in EPDM solution
(Figure 3.4, C) is very similar to the HD-PE spectrum (B). As in
regions 1 and 2, the major ethylene peaks (at 2310 nm and 2350
nm) are shifted to lower wavelength for the estimated pure analyte
spectrum of ethylene in EPDM solution. This result further indicates
the large difference in morphology and intrachain interactions of
ethylene units in EPDM solutions and in HD-PE. The PLS coefficients
for ethylene in EPDM solution showed positive features where
ethylene peaks exist and negative peaks where interfering
absorptions exist. Small, but significant differences between the CLS
estimated pure analyte spectrum of propylene in EPDM solution
(Figure 3.4, F) and the ISO-PP spectrum (E) are also observed. As
mentioned earlier, this difference is the result of differences in
interactions for propylene units in ISO-PP and in EPDM solution.

The PLS coefficient spectrum for propylene (Figure 3.4, D) is
almost an exact opposite of the PLS coefficient spectrum for ethylene,

with the exception of a major positive feature at 2198 nm. This
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Figure 3.4: upper plot- A: PLS coefficient spectrum of ethylene
in EPDM solution, B: NIR reflectance spectrum of high-density
polyethylene, C: CLS reconstructed spectrum of ethylene in
EPDM solution; lower plot- D: PLS coefficient spectrum of
propylene in EPDM solution, E: NIR reflectance spectrum of
isotactic polypropylene, F: CLS reconstructed spectrum of
propylene in EPDM solution. All spectra are in region 3. Offset

and scaling were similar to that of Figure 3.2.
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feature is slightly visible in the CLS estimated pure analyte spectrum
of propylene in EPDM solution (Figure 3.4, F) and the ISO-PP
spectrum (E). However, it is probably free of interferent peaks, and
was therefore weighted highly in the PLS calibration. In this case,
the PLS regression method demonstrates that the best absorbances
used for calibration of an analyte are not necessarily the strongest
analyte peaks, but the peaks with fewest interferences from other
components.

In region 3, spectral resolution was much better than in regions
1 and 2. As a result, calibrations were greatly improved for all four
analytes. The CLS estimated pure analyté spectra for all 4 analytes
in EPDM solution are shown in Figure 3.5. A peak at 2274 nm,
present in the estimated pure analyte spectra of propylene, ENB, and
HD, has been previously assigned as a methyl combination band (7).
The relative number of methyl groups per monomer unit in the 3
monomers decreases as one goes from propylene to HD to ENB; this
trend is reflected in the intensity above baseline of the 2274 nm
band in the 3 estimated pure analyte spectra A, B, and D. Weak, but
significant bands are observed in the region 2130 nm to 2200 nm
only for the ENB and HD estimated pure analyte spectra. These
bands are characteristic of unsaturation (15), which is only present
in the HD and ENB units. Absorptions from methylene and methyne
groups in the polymer are observed in the region 2290-2450 nm.

The most prominent of these are the 2306 and 2346 nm bands in the
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estimated pure analyte spectrum of ethylene, which were previously

assigned to ethylene group vibrations (7).
34 Conclusion

NIR spectroscopy can be used to rapidly sample EPDM
elastomers and solutions. This work has shown that the full potential
of NIR for quantitative analysis cannot be realized unless
multivariate calibration methods are used. Unlike univariate, or 2-
wavelength calibrations used earlier, PLS and CLS methods can
account for overlap between analyte signals. In addition, PLS can
account for unknown interferents and spectral effects. Not only do
PLS and CLS provide better quantitative results, but they also
provide important qualitative information, which is observed in PLS
coefficient spectra and CLS estimated pure analyte spectra. This
additional information can be used to verify the presence of spectral
interactions, interferents and non-linearities, and to improve the

confidence of calibrations.
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Chapter 4

Determination of Microstructure and Composition of
Poly(butadiene) and Styrene-butadiene polymers
by Near-infrared Spectroscopy

4.1 Introduction to Chapter 4

Poly(butadiene) (PBD) and styrene-butadiene copolymer (SBR)
are used extensively in the tire and rubber industries (1). These
polymers contain sites of unsaturation that can react with
crosslinking agents to form elastomers. Three different types of
unsaturation can be present in PBD polymer chains (1,2) (refer to
Figure 1.3): 1,2 butadiene, cis-1,4 butadiene, and trans-1,4
butadiene, which result from different stereospecific additions of
monomers to growing polymer chain ends during polymerization.
The relative amount of these three structures (called the
microstructure) greatly affects the physical properties of PBD
elastomers formed from the polymers (2). For SBR copolymers, the
butadiene microstructure and the amount of styrene incorporated
into the polymer affect physical properties. As a result,
microstructure and composition information about PBD and SBR
polymers can be used to predict physical properties of their
elastomers.

NMR (3-6) and infrared (7,8) spectroscopy can accurately
determine the microstructure and composition of PBD and SBR.

However, these methods usually require extensive sample
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preparation, typically dissolving the polymer in a solvent or pressing
the polymer into a thin film. Both of these preparations are time-
consuming, and might alter the spectroscopy of the samples. In
contrast, near-infrared (NIR) spectroscopy can rapidly analyze bulk
polymers with minimal or no sample preparation.

In this work, transmission spectroscopy in the NIR region
(1100 nm to 2500 nm) (9-11) is combined with the multivariate
method of Classical Least Squares (CLS) (12-14) (Chapter 1.5.2.1) to
determine microstructure and composition in poly(butadiene)
polymers (PBD) and styrene-butadiene co-polymers (SBR). Earlier
NIR analyses of PBD polymers (6) and unsaturated hydrocarbons
(15) demonstrated that NIR spectroscopy can be used to determine
microstructure. However, these analyses used calibrations with only
one or two specific NIR absorbances, which had difficulty
discriminating between highly-overlapped cis-1,4 butadiene and
trans-1,4 butadiene absorptions. In contrast, the multivariate CLS
method is able to make accurate microstructure predictions despite

the high overlap of individual analyte bands in the spectra.

4.2 Experimental

23 PBD polymer samples and 17 SBR copolymer samples were
obtained from the Goodyear Tire and Rubber Co. All polymers were
obtained in a bulk state. Reference microstuctures and styrene

contents of the polymers were obtained by carbon-13 NMR
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spectroscopy (at 300 MHz) of the polymers dissolved in CDCI13. The
estimated error of the NMR reference method is 1% mass for all
analytes.

The PBD samples ranged from 0.4 to 86.2 mass % 1,2 butadiene,
3.3 to 98.3 mass % 1,4-cis butadiene, and 1.2 to 84.3 mass % 1,4-
trans butadiene. The covariances of the 1,2 butadiene, 1,4-cis
butadiene and 1,4-trans butadiene concentrations were very low for
the samples used in this work. The SBR samples ranged from 10.3 to
33.2 mass % styrene, 7.1 to 55.3 mass % 1,2 butadiene, 10.8 to 32.9
mass % cis-1,4 butadiene and 18.4 to 47.8 mass % trans-1,4
butadiene. The covariance of the 1,4-cis and 1,4-trans butadiene
concentrations was very high for the SBR samples used in this work.
As a result, there are only there are only three components that vary
in the SBR samples: styrene, 1,2 butadiene, and total 1,4-butadiene
(cis-1,4 butadiene plus trans-1,4 butadiene).

All polymers were analyzed by NIR spectroscopy in the bulk
and in CCly solution. Polymer solutions of approximately 1% (w/v)
were prepared by dissolving a weighed amount of polymer
(approximately 0.25 g) into 25 ml of CCly. A polystyrene solution
was prepared by placing approximately 0.25 g of polystyrene (Mp =
5.56 x 105, Goodyear Tire and Rubber Co.) into 25 ml of CCly.

NIR spectra were taken with a Pacific Scientific 6250 grating
monochromator instrument with a lead sulfide detector. The

nominal resolution was 10 nm, the wavelength accuracy was +/- 1
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nm, and the spectral region was 1100 to 2500 nm. All spectra were
obtained in transmission mode. Each scan lasted about 30 seconds.

Spectra of solutions were obtained by placing approximately 10
ml of the solution in a 4 mm thick quartz cuvette with a teflon cover.
The cuvette was then placed in the spectrometer for NIR sampling.
A cuvette filled with CCly was used as a reference. Each solution
spectrum was corrected by subtraction of the CCly reference
spectrum, subtraction of the absorbance value at 1100 nm from all
absorbance values, and subsequent division of each absorbance in
the spectrum by the total concentration of polymer in the solution (in
grams/25 mL).

Bulk polymers were analyzed by placing a piece of polymer,
approximately 0.5 to 1.0 mm thick and 10 mm wide, on one quartz
plate of a 2-plate quartz cell. The cover plate was then placed on the
sample to form a "polymer sandwich" between quartz plates. For
some samples, the thickness of the sample was reduced by
compression of the sample between the two plates. The 2-plate cell
containing the sample was then placed in the spectrometer for NIR
analysis. Reference spectra were obtained by scanning the empty 2-
plate cell. Each bulk polymer spectrum was corrected by subtraction
of a reference spectrum before multivariate analysis.

A thickness experiment was done using the NIR spectra of five
samples of a PBD polymer that have thicknesses between 0.17 and
21.8 mm. The thicknesses of the samples used in this study were

determined with a caliper (Randall and Stuckney).
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All CLS analyses were performed on a IBM-AT microcomputer.
The NIR spectra of the polymers were split into three spectral
regions for quantitative analyses: region I (1100 nm to 1350 nm),
region II (1570 nm to 1850 nm) and region III (1950 nm to 2500
nm). Regions I and II contain second and first overtone bands from
C-H vibrations, and are useful for analysis of ponmer solutions and
bulk polymers. Region III contains combination bands from C-H
vibrations, which are stronger than the overtone bands in regions I
and II. Region III can be used for analysis of polymer solutions,
because the solvent used in this work (CClg) is transparent in the
near-infrared region. In general, spectral resolution and
absorptivites of bands increase as one moves from region I to region
III.

PBD and SBR analyses were performed separately. In each
case, a polymer solution and bulk polymer analysis were performed
using each of the three spectral regions. In polymer solution
analyses, solution spectra were used for calibration, and solution
spectra were used for prediction. In bulk polymer analyses, CLS
calibrations constructed from solution spectra were used to correct
bulk polymer spectra for baseline and multiplicative effects; the
corrected bulk polymer spectra were then used to construct CLS
calibrations for bulk polymers, which were used to determine
microstructure and composition from other bulk polymer spectra.
For some analyses, second derivative spectra (Pacific-Scientific Co.)

were used for calibration and prediction.
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For each analysis, the ability of the NIR/CLS method to
determine microstructure and composition was determined by using
approximately half of the available samples to construct a
calibration, and using the calibration to predict microstructures and
compositions of the remaining samples. The statistic used to
evaluate the prediction ability of the NIR/CLS method is the
Standard Error of Prediction (SEP) (Chapter 1.5.2.3.2) (Equation 1.17).

The ability of CLS calibrations to describe the spectra of
prediction samples is investigated using two different analyses: 1)
comparison of spectral residuals of prediction with spectral noise
levels and 2) estimation of the number of independent spectral
variations by Principal Components Analysis (PCA). The percent
spectral residual of prediction (abbreviated %SR) is calculated

according to Equation 4.1:

"/ Eg:(az k'aJ

100

% SR = (4.1)
A~ ZZ(%‘JJZ

j=1k=1

where a;x is the absorbance value of prediction sample j at
wavelength k, a;j; is the value of the modeled spectrum (the part of
the spectrum explained by the CLS calibration model) of prediction

sample j at wavelength k, NP is the number of prediction samples,
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and NW is the number of wavelength responses in the spectrum. For
the purposes of residual analysis, baseline shifts in bulk polymer
spectra were not considered to be meaningful spectral variations. As
a result, only CLS analyses that use second derivative spectra were
considered for residual analysis.

The spectrum of a SBR solution (about 1% w/v in CCl4) and a
bulk SBR sample (about 1 mm thick) were used to estimate the noise
levels for NIR spectra in all three regions. For both samples, the
percent root mean square of spectral noise (abbreviated %RMSe) was

determined:

NW 2
/‘/ kzllcaek'ae_,k)
100
%RMSe = TS (4.2)
:ﬁ:aN,kz

where @,y is the absorbance of a "noise spectrum” (obtained by

subtracting two specira of the same sample taken in rapid

succession) at wavelength k, @, is the average absorbance value of
the noise spectrum, and aN x is the absorbance of the sample

spectrum at wavelength k. Only second derivative spectra were used

for determination of %RMSe values.
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Principal Components Analysis (PCA) (12,16) is used to
determine the number of independent spectral variations for several
sets of near-infrared spectra. These determinations were done for
second derivative spectra of PBD and SBR in the bulk and in solution
in each of the spectral regions. In each determination, a PCA model
with six principal components is constructed, and the percentage of
spectral variance described by each principal component is obtained.
The number of independent spectral variations in the data set is
estimated as the number of principal components at which an
additionai principal component does not describe a significant

additional amount of the spectral variation.
4.3 Results and Discussion

43.1 PBD Analyses

The prediction results for PBD solution analyses are shown in
Table 4.1. In most cases, the SEP value for 1,2 butadiene content is
the lowest of all three analytes. This result is caused by the unique
near-infrared spe;:tral features of the 1,2 butadiene group, which
will be shown later. Predictions that use second derivative spectra in
region II have very low SEP values for all three analytes. The errors
of solution predictions that use region III are comparable to or
greater than the errors from predictions that use region II, even

though spectral resolution is better in region III than in region I



114

Table 4.1: Prediction errors for NIR-determined
microstructures of poly(butadiene) samples, using the CLS

method.




spectral spectral
region _used co rrgg;ignl

Solution analyses:

I none
i second der.
II none
II second der.
111 none
111 second der.

Bulk analyses:

I . .. none
1 second der.
11 none
11 second der.

TABLE 4.1

Standard Error of Prediction for Different Analytes

(in % mass)

1,2 cis-1,4
butadiene butadiene

11.2 33.8
3.31 7.46
4.27 0.978
0.947 1.03
2.37 2.44
0.952 2.46
17.1 7.45
1.90 5.31
1.78 2.93
1.51 1.80

1 second der.= second derivative spectral correction

trans-1,4

butadiene

25.9
5.01

2.29
1.15

2.59
3.29

22.3
6.17

3.89
2.57
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Second derivative spectral correction greatly improves prediction
results in all spectral regions. The improvement of predictions with
the use of second derivative spectra is caused by two factors: 1)
decrease of spectral overlap, and 2) removal of baseline offset and
linear baseline variations in calibration and prediction spectra (11).
The CLS-estimated spectra in region II for cis-1,4 butadiene,
trans-1,4 butadiene and 1,2 butadiene in PBD solution are shown in
Figure 4.1, A. Note the sharp 1,2 butadiene band at 1636 nm, which
is not present in the spectra of trans-1,4 butadiene and cis-1,4
butadiene. This unique spectral feature of 1,2 butadiene enables
accurate determination of 1,2 butadiene in PBD. Note also the high
degree of overlap of the cis-1,4 butadiene and trans-1,4 butadiene
spectra. This high degree of overlap causes higher prediction errors
for cis-1,4 butadiene and trans-1,4 butadiene by CLS analysis, and
essentially prevents prediction of these analytes by univariate
analysis (6). Similar situations are encountered for pure analyte
spectra in the other spectral regions. The pure analyte spectra in
region III (Figure 4.1, B) indicate the presence of unique 1,2
butadiene peaks (at 2118 nm and 2230 nm). Spectral features of
cis-1,4 butadiene and trans-1,4 butadiene are more separable in
region III (Figure 4.1, B) than in region II (Figure 4.1, A) as a result
of increased spectral resolution. However, the shape of the trans-1,4
butadiene peak at 2316 nm suggests the presence of non-linear
absorption at that wavelength for the solution samples. This effect

probably causes the errors of cis-1,4 butadiene and trané—1,4
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Figure 4.1 : CLS-estimated spectra of 1,2 butadiene, cis-1,4
butadiene, and trans-1,4 butadiene in PBD solution in region II

(A) and in region III (B).
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butadiene predictions that use region III to be greater than the
errors of predictions that use region II.

The PBD bulk polymer prediction results are also shown in
Table 4.1. Prediction errors for bulk and solution analyses that use
region I are comparable. However, prediction errors for bulk
analyses that use region II are significantly greater than prediction
errors for solution analyses that use region II. This result could be
caused by the error associated with multiplicative and baseline
correction of bulk polymer calibration spectra or by the inability of
the CLS method to describe all variations in bulk polymer spectra.
Nevertheless, the results of bulk PBD analyses are encouraging. They
indicate that the microstructure of bulk PBD polymers of unknown
thicknesses can be determined within 1.51% (mass) for 1,2
butadiene, 1.80 % for cis-1,4 butadiene, and 2.57 % for trans-1,4
butadiene. Of course, the thickness of the polymer samples used for
predictions m.ust not be too large, or non-linearity of NIR peaks will
cause increased prediction errors. The maximum allowable thickness
for bulk PBD sampling by NIR using regions I and II will be
determined in a later section.

Differences in the spectra of PBD polymer in bulk and in
solution are indicated by comparison of estimated pure analyte
spectra in the two states. Comparison of CLS-estimated spectra of
trans-1,4 butadiene and 1,2 butadiene in PBD bulk and solution
revealed no significant differences. However, there are significant

differences between the CLS-estimated spectra in region II of cis-1,4
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butadiene in PBD solution and in bulk PBD (Figure 4.2). The most
notable difference is the relative height of the peaks at 1712 and
1772 nm for the two spectra. It is possible that non-linear
absorbances of the bulk samples in region II cause this difference.
The cis-1,4 butadiene band at 1712 nm is the strongest of all bands
for all analytes in region II (see Figure 4.1, A). It is quite possible
that the thicknesses of the bulk PBD samples are large enough to
cause non-linearity of this band for samples with high-cis-1,4

butadiene contents.

4.3.2 SBR Analyses

As mentioned earlier (Chapter 4.2), the correlation between
cis-1,4 butadiene and trans-1,4 butadiene contents in the SBR
copolymers is very high. As a result, discussion of results of SBR
analyses will focus on the 1,2 butadiene and styrene components.

The prediction results for SBR solution analyses are shown in
Table 4.2. In most cases, 1,2 butadiene content is more accurately
predicted than styrene content. In fact, the SEP value for the 1,2
butadiene prediction that uses second derivative spectra in region
III is below the estimated error of the NMR reference method (+/-
1% mass). SEP values for styrene predictions are below 2% mass for
analyses that use second derivative spectra in regions II and III.

The SEP value for styrene obtained using second derivative spectra
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Table 4.2: Prediction errors of NIR-determined styrene and

1,2 butadiene contents of styrene-butadiene copolymers, using

the CLS method.




spectral
region used

spectral
correction

Solution Analyses:

I
I

I
I

I1I
III

Bulk Analyses:

I
I

I1
I

none

second der.

none

second der.

none

second der.

none

second der.

none

second der.

TABLE 4.2

Standard Error of Prediction
for Different Analytes
(in % mass)

1,2
styrene butadiene

7.78 21.6
3.67 7.40
2.75 2.65
1.40 1.12
1.38 1.23
1.92 0.852
3.10 4.39
2.37 3.30
1.83 0.861

2.56 1.47
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in region I is also encouraging, because region I can be used to
analyze solution samples with path lengths up to several centimeters.

The accurate predictions of both styrene and 1,2 butadiene in
the SBR copolymers is caused by the unique NIR spectral features of
‘these two groups. The distinguishing peak for 1,2 butadiene at 1636
nm (Figure 4.1) enables accurate determination of 1,2 butadiene
content in the samples. It will be shown later (Chapter 4.3.4, Figure
4.3) that the major styrene absorbance peak is located at
approximately 1680 nm. This band is also experiences very little
overlap with the bands of the other analytes in the samples.

Results of SBR bulk polymer analyses are also shown in Table

4.2. SBR bulk and solution analyses that use region II have
comparable prediction errors. However, bulk analyses that use
region I have significantly lower prediction errors than solution
analyses that use region I. The lowest prediction errors for bulk
analyses, 1.83 % mass for styrene and 0.861 % mass for 1,2
butadiene, which are obtained using wuncorrected spectra in region II,

are very encouraging.
433 Assessment of CLS Modeling Errors

Although the CLS method has multiplicative and baseline
correction abilities, it can be a less than optimal muitivariate
technique when unknown spectral variations are present (17). In

the CLS method, it is assumed that the maximum number of
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independent variations in the spectra of different samples is equal to
the number of known analytes in the polymer. If unknown spectral
variations, such as non-linear absorbances or interaction effects, are
present, a CLS calibration might not adequately model the variations
in the polymer spectra. In order to determine the presence and
extent of CLS modeling errors in this work, two analyses are
performed: 1) analysis of spectral residuals of prediction and 2)
Principal Components Analysis of the calibration spectra.

In Table 4.3, spectral residual of prediction values (determined
by Equation 4.1) are compared to estimated spectral noise levels
(determined by Equation 4.2) for bulk and solution spectra in all
three spectral regions. In each case, the spectral residual exceeds the
estimated noise level. This result indicates the presence of CLS
modeling errors, which reflect the inability of the CLS method to
describe the polymer spectra. For the solution spectra, in which the
spectral residuals are not much greater than the corresponding noise
levels, CLS modeling errors are very small. However, the amount
that the spectral residual exceeds the noise level is much greater for
the bulk polymer spectra. This result suggests that significant CLS
modeling errors are encountered for bulk polymer spectra. These
modeling errors indicate the presence of significant spectral effects
of interaction between analytes in the bulk polymer. Results of PCA
analyses indicate that three independant spectral variations are
present in all of the data sets represemted in Table 4.3. It should be

noted that three independant spectral variations are expected in
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Table 4.3: Comparison of spectral residuals for CLS predictions

and estimated spectral noise levels.




Table 4.3

sample spectral %SR values

type region! PBD SBR J0RMSe

solution I 17.7 22.0 15.5
II 2.28 2.51 0.760
111 4.59 2.46 1.47

bulk I 6.62 6.28 1.50
II 4.60 2.69 0.194

1 . only second derivative spectra are used for residual analyses
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both the PBD data sets, from the 1,4-cis, 1,4-trans and 1,2 butadiene
components, and in the SBR data sets, from the styrene, 1,2
butadiene, and combined 1,4 butadiene components (1,4-cis and 1,4-
trans butadiene contents are covariant in this analysis). Therefore,

even though significant CLS modeling errors are indicated by the

_ spectral residual results, the PCA results indicate that the three-

component CLS models for PBD analyses and four-component CLS
models for SBR analyses sufficiently account for the number of

independant variations in the spectra.

434 Interaction Effects in SBR Copolymers:

The estimated spectra in region II of styrene in SBR bulk and
solution (Figure 4.3) show significant differences. The major peak in
these spectra, at about 1680 nm, is most probably an aromatic C-H
stretching first overtone peak, previously observed in the NIR
spectrum of a polystyrene wavelength standard (11). The difference
in the wavelength at the peak maximum in the two spectra is 2 nm,
which is significant. In addition, significant differences between the
two spectra are observed in the region 1720 nm to 1770 nm, where
aromatic, methylene, and methyne C-H overtone bands are found.
These cobservations indicate significant differences in the structure of
styrene units in SBR solutions and in bulk SBR.

Earlier fluorescence analyses of SBR (18) indicated the presence

of significant interactions between phenyl rings in SBR copolymers
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for concentrated solutions and bulk polymers. This phenyl-phenyl
interaction was observed to decrease with increasing dilution. The
observed differences in the estimated NIR spectra of styrene in bulk
SBR and in SBR solution also indicate the presence of this interaction.
However, the nature of this interaction cannot be determined
without detailed assignments of observed near-infrared peaks.

Of particular note in the spectrum of styrene in bulk SBR
(Figure 4.3) is the first derivative-like feature at 1638 nm, which is
precisely in the same position as a strong 1,2 butadiene band (see
Figure 4.1, A). This feature indicates that the 1,2 butadiene peak is
shifted to higher wavelength as a function of styrene content for
bulk SBR, which suggests the presence of an interaction between 1,2
butadiene groups and styrene groups in bulk SBR. This interaction
probably involves the phenyl group of styrene and the vinyl group
of 1,2 butadiene, which are the only pendant groups in SBR polymer
chains. The low intensity of the derivative-like feature relative to
the intensity of the 1636 nm band in the estimated spectrum of 1,2
butadiene (in Figure 4.1, A) indicates that a very small fraction of 1,2
butadiene groups participate in this interaction.

Unfortunately, very little evidence of vinyl-phenyl interactions
has been found in the literature. In ultraviolet spectroscopic
analyses of (2-vinyloxy ethoxy)styrenes and (2-ethoxy
ethoxy)styrenes (19), evidence of interactions between vinyl and

phenyl groups was presented. However, the authors noted that the
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spectral effects were too small to confirm the presence of such
interactions.

The presence of vinyl-phenyl interactions in bulk SBR can be
inferred from thermodynamic data of mixtures of aromatics with n-
alkanes and 1-alkenes. Theromodynamic data for mixtures of
benzene with n-hexane (20), 1-hexene (21), n-octane (22), and 1-
octene (23) indicate that the excess enthalpy of mixing for benzene
and n-alkanes is about 0.3 kJ/mol greater than the excess enthalpy
of mixing for benzene and 1-alkenes. Equations of state for n-hexane
and 1-hexene, indicated by thermal expansion (24) and
compressibility (25) coefficients, are identical within experimental
error.  According to one theory of polymer solutions (26), differences
in excess enthalpies of mixing of a polymer with two different
solvents can be attributed to differences in the interaction enthalpies
for the two solvents with the polymer if the equations of state of the
solvents are identical. With this in mind, the thermodynamic data
support the suggestion that exothermic vinyl-phenyl interactions are

present in SBR copolymers.
4.3.5 Neighboring Group Effects

In order to demonstrate the sensitivity of NIR spectroscopy to
neighboring group effects in polymer chains, the estimated spectrum
of styrene in SBR solution is compared to a spectrum of polystyrene

homopolymer in CCly solution in region III (Figure 4.4). In this
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region, absorbances from aromatic C-H groups (in the regions 2110 to
2210 nm and 2430 to 2500 nm) and absorbances from aliphatic C-H
groups (in the region 2270 to 2400 nm) are well-separated. Weak
negative peaks at 2113 and 2228 nm in the spectrum of styrene in
SBR solution, which are at the same wavelengths as sharp 1,2
butadiene absorbances (Figure 4.1, B), are pfobably a result of weak
non-linearities of strong 1,2 butadiene absorptions in the SBR
solutions. The aromatic C-H combination bands from 2110 nm to
2210 nm are very similar in the two spectra. However, a major
difference is observed in the region of 2350 nm, where bands from
C-H vibrations of methylene and methyne groups in the polymer
backbone are found. This result is expected, because the vibrations
of backbone groups are greatly affected by the identities of

neighboring groups on the polymer chains.
4.3.6 Maximum Allowable Thickness for Bulk Polymer NIR Analysis

In Chapter 1.5.2.1, it was mentioned that the relative
amplitudes of the CLS-predicted concentrations (in Ep, Equation 1.12)
are independent of the path length of the prediction sample.
However, the sum of the CLS-predicted concentrations is linearly
related to the path length of the prediction sample. For bulk
polymer analyses, this linear relationship will hold if the sample
thickness is not large enough to cause isolated non-linear

absorbances from stray light effects.
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The maximum allowable thicknesses for NIR sampling of bulk
PBD and SBR polymers in regions I and II are estimated by
performing CLS predictions of a PBD polymer using the spectra
obtained from samples with five different thicknesses. Uncorrected
spectra of the bulk samples are uéed for prediction. Two values are
used to estimate the maximum allowable thickness of the polymer
sample: the sum of the CLS-predicted concentrations and the sum of
squared prediction errors for all three analytes (hereby abbreviated
SSPE).

Figure 4.5, A shows the relationship between the sum of the
CLS predicted concentrations and the thickness of the bulk polymer
sample for analyses using regions 1 and II. The plot for region I
shows a linear relationship for all thicknesses considered, which
indicates that region I has linear absorptions for samples up to 22
mm thick. The plot for region II, however, shows a linear
relationship for low thicknesses and a change in slope at a point
corresponding to a thickness of approximately 2 to 3 mm. This trend
is observed because at sample thicknesses greater than 2 to 3 mm
the absorbances in region II become non-linear from stray light
effects in the spectrometer. As a result, it can be tentatively
concluded that region II is useful for sampling of bulk polymers up
to approximately 2 to 3 mm thick. Although this maximum

allowable thickness for bulk sampling depends on sample placement,
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Figure 4.5 : Sum of CLS-predicted concentrations versus bulk
sample thickness (A), and sum of squared prediction errors
versus bulk sample thickness (B), for CLS predictions of the
microstructure of a poly(butadiene) sample that used normal

spectra in regions I and II.
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sample shape, instrumental conditions, and sample composition, it
should be a good approximation.

The effect of sample thickness on prediction errors are
indicated by plots of SSPE vs. thickness for regions I and II (in Figure
4.5, B). For region 1, the SSPE decreases sharply with increasing
thickness for thin samples, and then gradually decreases as the
sample thickness increases. The results described in the previous
paragraph indicate that linear absorption in region 1 was observed
for all thicknesses studied. Therefore, the gradual decrease in SSPE
with thickness for region I indicates that increased thickness of bulk
samples increases spectral signal versus a slightly changing spectral
noise level, which should cause prediction errors to decrease. For
region II, this trend is also observed, but only for thin samples.
After the prediction error reaches a minimum value at
approximately 2 to 3 mm thickness, it continually increases with
sample thickness. The thickness at the minimum of this plot roughly
corresponds to the thickness at the discontinuity in the region II
curve in the previous plot (Figure 4.5, A). This coincidence indicates
that as the non-linear absorptions become more severe, the CLS

prediction errors increase.

4.4 Conclusion

This study has demonstrated the usefulness of mnear-infrared

spectroscopy and the Classical Least Squares method for the
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determination of microstructure and composition in PBD polymers
and SBR copolymers. Although pure analyte spectra are highly
overlapped in the near-infrared region, the CLS method enables
discrimination between analyte signals and results in accurate
predictions. Comparison of CLS-estimated spectra of pure analytes in
bulk polymer and in polymer solution indicate specific differences in
the states of the polymers in bulk and in solution. The results of this
work show that NIR spectroscopy is a valuable analytical technique

for analysis of bulk polymers and polymer solutions.
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Chapter 5

Determination of Crystallinity and Morphology of
Fibrous and Bulk Poly(ethylene terephthalate) by
Near-infrared Diffuse Reflectance Spectroscopy

5.1 Introduction to Chapter 5§

Poly(ethylene terephthalate) (PET) is currently being used for
a wide range of applications. Blow-molded PET is used for food and
beverage containers, and drawn PET fibers are used for tire
reinforcement (1). The physical properties of PET depend on several
structural factors, such as percent crystallinity (Chapter 1.3.2.2),
crystallite dimension, and orientation (Chapter 1.3.2.3) (2). These
structural factors can be influenced by various treatments, such as
annealing or drawing, to provide a product with properties
appropriate for a specific application. As a result, it is important to
determine the effects of these treatments on the structure in order
to determine the physical properties of the polymer.

Many different analytical methods have been used to
determine structural factors in PET. Infrared and Raman
spectroscopy have been used to determine orientation, percent
crystallinity, and chain folding at crystalline-amorphous boundaries
(3-12). NMR spectroscopy has been used to ‘chaIacterize the
structure of amorphous PET (13). Wide angle X-ray scattering
(WAXS) can be used to determine percent crystallinity and structure

of crystalline domains (4,14,15), and small angle X-ray scattering
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(SAXS) is useful for the determination of crystallite dimensions and
orientation of amorphous polymer chains (14,16,17). The

orientation of polymer chains in PET fibers can be determined from
birefringence measurements (2,12,13,18), and differential scanning
calorimetry (DSC) yields the percent crystallinity and the presence of
different phases in the polymer (14,18-22).

These methods can provide important structural information
about PET. However, they often require extensive sample
preparation and long analysis times. As a result, they might not be
useful for rapid process analysis. For situations where a rapid
analysis is desired, near-infrared (NIR) spectroscopy is very
effective (23-25). The linearity of NIR absorptions and sensitivity of
commercial NIR spectrometers allow rapid and accurate analyses of
relatively unprepared samples, such as wheat (23,26) and bulk
polymers (24,27).

In this work, the ability of NIR spectroscopy to determine
crystallinity and other structural factors in PET is demonstrated. The
multivariate method of Partial Least Squares (PLS) (28-30) is used to
correlate NIR spectra to percent crystallinity in fibrous PET. In addition,
Principal Components Analysis (PCA) (31) of bulk PET crystallized at
different temperatures is used to demonstrate the sensitivity of NIR
spectroscopy to both crystal growth and crystal perfection mechanisms.
Finally, the ability of NIR spectroscopy to distinguish between
orientation and crystallinity in PET is demonstrated by Principal

Components Analysis of bulk and fibrous PET spectra.
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5.2 Experimental

Bulk PET (Mp = 18000) was obtained from the Goodyear Tire
and Rubber Company. Although the exact crystallinity of the bulk
PET was unknown, it was assumed that it was mostly amorphous.
The pellets were then ground to produce particles in the 500. to
1000 micron range. Eight 5 gram portions of the bulk PET were
taken; seven of these were heat-treated at seven different
temperatures (ranging from 110 ©C to 230 ©C) for 5 minutes in an oil
bath with a dry air purge. After heat-treatment, each sample was
placed in a vial and allowed to cool to room temperature.

Five different PET tire yarns were also obtained from the
Goodyear Tire and Rubber Company. A spun yarn, a fully-drawn
yarn, and 3 underdrawn yarns (10%, 20% and 30% underdrawn)
were obtained, using the procedure outlined in Reference 32. X-ray
diffraction analyses of the yarns were performed using a Rigaku D-
max X-ray Spectrometer. The scattering curve for the spun yarn
(used as an amorphous reference) was fitted to the diffraction
patterns of the other yarns to determine the amorphous fraction of
polymer in each, and the remainder of the diffraction pattern for
each sample indicated the amount of crystalline polymer. The
percent crystallinity values for the PET tire yarns are shown in
Table 5.1. The estimated error of the X-ray-determined crystallinity

values is 2 to 3% crystallinity.
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Table 5.1: Names and percent crystallinity values
(determinated by X-ray diffraction) of PET tire yarn samples

used in this analysis.




sampl
type

spun
30%
20%
10%
fully

1 estimated error of 2 to 3 % crystallinity

c

underdrawn
underdrawn
underdrawn
drawn

Table 5.1

sample
code

YO
Y1
Y2
Y3
Y4

percent
crystallinity?!

0

37
42
44
42
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‘NIR diffuse reflectance spectra of PET powders and yarns were
obtained using a Pacific Scientific 6250 NIR grating spectrometer.
The spectral range was 1100 nm to 2400 nm, the wavelength
accuracy was +/- 1 nm, and the nominal resolution was 10 nm. Bulk
samples were packed into a reflectance sample cup with a quartz
window, which was then placed in the spectrometer for NIR analysis.
Yarn samples were rolled into a ball and placed into a reflectance
sample cup for NIR analysis. Each scan lasted about 30 seconds.
Four scans for each bulk and yarn sample were taken with the
sarﬂple packed twice in the cell and scanned in two different
orientations in the spectrometer,

A near-infrared transmission spectrum of ethylene glycol (EG)
(Aldrich) in a 1 mm path length cell and a diffuse reflectance
spectrum of terephthalic acid (TPA) (Goodyear Tire and Rubber Co.)
in a reflectance sampling cup were used to assist band assignments
of PET spectra.

Before multivariate analysis, each spectrum was corrected for
multiplicative and baseline scattering effects by the method of
Multiplicative Scatter Correction (MSC) (Chapter 1.2.5) (33). In some
cases, the second derivative of the spectra were taken before MSC
correction. The spectra were then split into four different spectral
regions for multivariate analysis: I (1100 nm to 1350 anm), II (1570
nm to 1850 nm), III (1850 nm to 2000 nm), and IV (2000 nm to
2400 nm).
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Principal Components Analysis (PCA) was performed for each
spectral region using two different data sets: A) bulk PET spectra
only, and B) bulk and fibrous PET spectra. Mean centered spectra
were used for all analyses. For each PCA analysis, the number of
factors present in the NIR spectra was determined by cross-
validation (31).

PLS calibrations of the yarn spectra to percent crystallinity
were constructed using a program provided by the Center for
Process Analytical Chemistry (34). The method of cross-validation
(Chapter 1.5.2.3.1) was used to determine the optimal number of
PLS factors for each calibration. Accuracy of PLS calibrations was
expressed using the Standard Error of Estimate (SEE) value (Chapter
1.5.2.3.2, Equation 1.16). Prediction ability of PLS calibrations were
expressed using cross-validated Standard Error of Prediction
(CVSEP) values (Chapter 1.5.2.3.2, Equation 1.18). Only three
samples (Y1, Y2 and Y4), which had intermediate crystallinity values
(see Table 5.1), were used as prediction samples to determine CVSEP

values.

5.3 Results and Discussion

5.3.1 Discussion of PET Spectrum

The NIR diffuse reflectance spectra of bulk PET before and

after crystallization at 230 OC for 5 minutes are shown in Figure 5.1.
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The .different spectral regions used for analysis are labeled. As one
moves from region I to region IV, the absorptivities of the bands
increase and the spectral resolution improves. The strong
absorbances in region IV have the best spectral resolution, but are
highly susceptible to non-linear behavior. As a result, this region
might not provide accurate quantitative results for highly absorbing
(or low scattering) samples.

The chemical structure of PET is shown in Figure 1.3 (in
Chapter 1.3.2.1). All of the NIR absorbances are overtone and
combination bands of the stretching modes of aromatic C-H groups,
methylene groups, and carbonyl groups in the -polymer. Regions I,
II, and IV contain second overtone, first overtone, and combination
bands from aromatic C-H groups in the terephthalic acid (TPA) part
and methylene groups in the ethylene glycol (EG) part of PET.
Region III contains the second overtone carbonyl stretching band
and absorbances from moisture in the polymer.

Specific assignments of NIR bands are difficult to determine,
because the absorptions from each vibrational overtone and
combination are highly overlapped. However, approximate
assignments can be made from previously assigned bands in the IR
and Raman spectra of PET (3,6-8,11) and from NIR spectra of
ethylene glycol and terephthalic acid (refer to Chapter 1.2.2). The
assignments of NIR bands in the PET spectra are listed in Table 5.2.
It should be mentioned that the 2254 nm methylene combination

band for PET is at a significantly higher frequency than the




144

Table 5.2: Positions and assignments for peak maxima in NIR

spectra of PET and model compounds.




Table 5.2

Band Maxima (nm)

PET Models

spectral ‘ ~ Band

region NC!  C(2300)2  TPA3 EG* Assignment

I 1130 1130 1126 ---- 2nd overtone aromatic C-H
stretch

1 1174 1174 ---- 1206 2nd overtone methylene stretch

11 1662 1660 1656 ---- 1st overtone aromatic C-H
stretch overlapped with 1st
overtone methylene stretch

11 1720 1706 ---- 1713 1st overtone methylene stretch

11 1812 1812 ---- ----  (3rd overtone methylene bend)

111 1908 1906 --=- ----  O-H stretch and bend
combination, water (ref. 23)

111 1952 1954 ----  ----  2nd overtone C=0 stretch
(ref. 23)

v 2084 2084 2090 ----  3rd overtone C-O stretch (ref. 23)

v 2132 2130 2131 ---- combination aromatic C-H
stretch and ring vibration

v 2156 2156 2155 ---- combination aromatic C-H
stretch and ring vibration

v 2180 2180 2180 ---- combination aromatic C-H
stretch and ring vibration

v 2254 2252 ---- 2285 combination methylene stretch
and bend

v 2332 2328 2332 ---- overlap of absorbances

Iv 2392 2390 ~--- ---- involving methylene and

aromatic C-H groups
and COO- groups

1 NC= uncrystallized bulk PET; 2 C(230C)= bulk PET crystallized at 230°C for 5
min; 3 terephthalic acid; 4 ethylene glycol
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methylene combination band for ethylene glycol (2285 nm). The
cause of this difference is probably the larger electron withdrawing
effect of neighboring carboxyl groups in PET relative to neighboring
hydroxyl groups in ethylene glycol.

Although the spectroscopic differences between uncrystallized
and crystallized PET in the NIR region (Figure 5.1) are not as
dramatic as in the IR region (3,6-8,11), significant differences are
observed. In region IV, the ethylene combination bands at 2254 nm
and 2332 nm (Figure 5.1, A) each shift to higher frequency (lower
wavelength) with crystallization. Because the methylene bending
and wagging vibrations are each higher for the trans conformer than
for the gauche conformer of the EG segment (refer to Chapter 1.3.2.1,
Figure 1.3) and the methylene stretching frequency is relatively
unaffected by crystallization (3), the positive energy shifts of these
combination bands are a result of an increase in the trans/gauche
conformer ratio with crystallization. It should also be noted that the
spectrum of the crystallized sample (Figure 5.1,B) has more fine
structure than the spectrum of the uncrystallized sample (Figure
5.1,A) in the region 2300 nm to 2400 nm. This discrepancy is
probably caused by crystal field splitting of bands in this region.

The bands in region II, which are primarily first overtone C-H
aromatic and methylene stretching bands, also change upén
crystallization. These differences might be a result of differences in
inter or intramolecular order for the two samples. Intermolecular

order is characterized by the ordered chain packing present in
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crystalline material, and intramolecular order depends onmn the
conformational structure of individual chains. The weaker and
broader second overtone C-H stretching bands in region I do not
appear to change with crystallization. However, more detailed
multivariate analyses can detect small spectral shifts in this region
and in other regions.

In region III, a large decrease in the 1908 nm water band with
crystallization is observed (Figure 5.1). This result indicates that
moisture originally present in the polymer was removed during
annealing at 230 ©C. A more detailed discussion of this effect will be

presented later.

5.3.2 PLS Analysis- Percent Crystallinity in Yarns

The results of PLS calibrations for crystallinity in PET fibers
are shown in Table 5.3. A successful crystallinity determination for
PET yarns requires the ability to distinguish between crystalline
polymer, oriented amorphous polymer, and random amorphous
polymer. Crystalline domains are characterized by specific
intermolecular and intramolecular order, whereas oriented
amorphous PET is characterized by intramolecular order. In
spectroscopic terms, the vibrations of methylene, aromatic C-H and
carbonyl groups in the polymer (and therefore the spectrum of the
polymer) must be sensitive not only to intramolecular order, but

also to intermolecular interactions.
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Table 5.3: Calibration and prediction results for PLS
calibrations of NIR spectra to percent crystallinity in PET tire

yarns.




spectral spectral

region

I
I

II
II

ITI
I11

Iv
v

correction

none
second deriv.!

none
second deriv.

none
second deriv.

none
second deriv.

1 second derivative
2 determined by cross-validation

Table 5.3

Calibration Statistics
(in % crystallinity)

calibration
SEE

4.44
2.54

prediction
SEP

5.84
3.68

Number of
Factors 2

2
2
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The PLS cross-validation results, which indicate the number of
independent spectral factors present in the NIR spectra of the PET
yarns, are shown in the last column of Table 5.3. For spectral
regions I, II, and IV, the PLS calibration required the use of two
factors. Therefore, one can assume the presence of two independent
spectral variations in the PET yarn spectra in these regions. It is
quite possible that these two independent variations correspond to
changes in intermolecular and intramolecular states in the polymer.
It is therefore possible that the NIR spectra in these regions contain
enough information to determine percent crystallinity in the yarns.

For the most part, the use of second derivative spectra
improves PLS prediction results. This improvement is caused by
removal of baseline variations and enhancement of spectral
resolution. NIR spectral regions  II and IV provide the best results
for crystallinity determinations. Because the combination bands in
region IV are better resolved than the overtone bands in region II,
the prediction results for region IV are the most favorable.
However, the weaker absorbances in region II are less likely to be
non-linear as a result of stray light effects. Therefore, region II
might provide the best results for highly absorbing (low scattering)
samples. The prediction results for region I are less favorable,
because the absorptions are weak and highly overlapped. However,
this region might be optimal for analysis of thick (1 to 2 cm) PET
films, which would produce stronger absorbances in this region and

non-linear absorbances in the other regions.
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It should be mentioned that the calibration and prediction
errors for the calibrations that use regions II and IV are close to the
estimated error of the X-ray crystailinity values (2 to 3%
crystallinity). This result suggests that the error in the X-ray
crystallinity values is the limiting error for these calibrations. As a
result, better calibrations might be possible if a more accurate
reference crystallinity measurement is used.

The calibration curve for the PLS calibration that uses second
derivative spectra in region II is shown in Figure 5.2. Although five
different yarn samples are used to conmstruct the calibration, there
are essentially three different crystallinities represented in the
calibration, because differences in the crystallinities of the fully-
drawn, 10% underdrawn, and 20% underdrawn samples are within
the error of the X-ray crystallinity measurement. Furthermore,
these crystallinity values are not well-distributed over the range of
crystallinities. Therefore, it could be argued that a poor design of
the calibration samples, which is not intentional but dependent on
the yarn samples that are available, results in overfitting of the
calibrations. However, the cross-validation results, which indicate
the maximum number of PLS factors that can be used to avoid
overfitting, are very reliable. As a result, it is probable that
overfitting did not occur in the PLS calibrations, despite the
relatively poor design of the calibration samples.

The regression coefficient spectrum for the PLS calibration that

uses normal spectra in region IV is shown in Figure 5.3, A. The first
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Figure 5.3: PLS regression coefficient spectra for the percent
crystallinity calibrations that use normal spectra in region IV

(A) and region III (B).
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derivative features at 2250 nm and 2334 nm indicate negative
wavelength shifts (positive frequency shifts) of the methylene
combination bands with increasing crystallinity. As mentioned
earlier, these shifts indicate an increase in the trans/gauche
conformer ratio with increasing crystallinity. This result is expected,
because only the trans conformer of the ethylene glycol unit is
present in crystalline PET (15). The weaker features at 2148 nm,
2162 nm, and 2178 nm indicate changes in aromatic C-H
combination bands with crystallinity. These features are probably a
result of the increased intermolecular order associated with
increasing crystallinity.

Only one PLS factor was necessary for each calibration that
used spectral region III (Table 5.3). Therefore, it is doubtful that
this region provides enough information to accurately determine
crystallinity in PET yarns. Prediction errors are significantly greater
for this spectral region than for regions II and IV, which have
comparable absorbance intensities and spectral resolution. However,
region III contains enough information to provide an approximate
crystallinity determination.

The PLS regression coefficient spectrum for the calibration that
uses region III is shown in Figure 5.3, B. A positive peak at 1952
nm is flanked by two negative side lobes at 1920 nm and 1970 nm.
This feature suggests that an increase in crystallinity is accompanied
by a slight narrowing of the carbonyl band at 1952 nm. This result

is in agreement with results from earlier Raman analyses of PET (6),
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which indicated that the half-width of the fundamental carbonyl

stretching band decreases with increasing crystallinity.
5.3.3 PCA of PET Powder Spectra

The PCA cross-validation results for the NIR spectra of bulk
PET crystallized at different temperatures (data set A) are shown in
Table 5.4. These results indicate that there are two independent
spectral trends with crystallization temperature for regions I, II, and
IV. The presence of 2 independent spectral variations in the NIR
spectra indicates that 2 independent structural variations of PET
polymer chains occur as a function of annealing temperature.

Detailed theoretical (35) and experimental (36,37) work on
polymer crystallization have provided information about structural
changes that occur with crystallization. In general, structural
changes result from crystal growth and crystal perfection
mechanisms. Crystal growth involves the aggregation of previously
amorphous polymer chains into crystalline domains. This process is
characterized by an increase in intramolecular and intermolecular
order. Crystal perfection involves rearrangements of polymer chains
that eliminate defects in the crystalline domains. These
rearrangements might involve the formation of polymer chain foids
at the surface of crystalline domains, diffusion of internal defects
from the crystalline domains, or elimination of the tie chains that

span different crystalline domains. Earlier results of thermal
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Table 5.4: Number of factors used in PCA analyses of NIR

spectra of PET, as determined by cross-validation.




Table 5.4

Spectral  Spectral Number of PCA
Region Correction Factors used!

Data Set A: = Spectra of bulk PET crystallized at different
temperatures:

I none 3
I second derivative 2
11 none 2
II second derivative 2
111 none 1
I11 second derivative 1
IV none 2
1V second derivative 2

Data Set B: Spectra of bulk PET crystallized at different temperatures
and spectra of PET yarns spun and drawn to different extensions:

1 none 2
1 second derivative 2
II none 2
I1 second derivative 2
111 none 1
I11 second derivative 1
IV none 2
1V second derivative 2

1 determined by cross-validation
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analyses of PET (19,20) suggested that crystal growth occurs at 100
to 245 O©C, but substantial rearrangements and crystal thickening can
occur only at crystallization temperatures above 200 ©C.

Both crystal growth and perfection involve major structural
changes that should be detectable by vibrational spectroscopy.
Indeed, IR analyses (10) of crystallized PET indicated the presence
of two distinct spectral trends with crystallization temperature. It
was suggested that a crystal growth process can occur at annealing
temperatures below 160 ©C, and a rearrangement process occurs at
crystallization temperatures above 160 OC. As expected, the crystal
growth mechanism involved an increase in the trans/gauche
conformer ratio. In contrast, the rearrangement mechanism
involved a decrease in the trans/gauche ratio for the amorphous
polymer phase.

The PCA scores and loading spectra for the analysis of data set
A that uses spectral region IV are shown in Figures 5.4, A and B,
respectively. Despite the scatter between replicate samples in the
PCA scores plot (Figure 5.4, A), a distinct non-linear spectral trend
with crystallization temperature is indicated. For low crystallization
temperatures (samples BO to B4) a fairly linear decrease in the first
principal component with crystallization temperature is observed. A
curve in the trend occurs at samples B4 and BS5, which are
crystallized at 170 and 190 9C. The samples crystallized at higher
temperatures (B6 and B7) follow a different trend, which is a

decrease in the second principal component with crystallization



156

Figure 5.4:Plot of first and second principal component scores
(A) and first and second principal component loading spectra
(B), obtained from the principal components analysis of spectra
(in region IV) of bulk PET samples crystallized for 5 minutes at
different temperatures. For the scores plot (A), crystallization
temperatures corresponding to different labels are as follows:
BO: uncrystallized sample, B1: 110 ©C, B2: 130 ©C, B3: 150 °C,
B4: 170 O0C, B5: 190 ©C, B6: 210 ©C, B7: 230 ©C. Primes on
sample labels demote repacked samples. For the loading plots
(B), the solid line is the first principal component loading and

the dotted line is the second principal component loading.
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temperature. As a result, the scores plot indicates that two different
spectral trends with crystallization temperature occur: one that
dominates for crystallization temperatures below 170 to 190 ©°C, and
one that dominates for higher crystallization temperatures. This
result is in agreement with IR and thermal analyses of PET
(10,19,20). To a first approximation, the first principal component
(X-axis) is inversely related to the low crystallization temperature
trend (affecting samples BO to BS5), and the second principal
component (Y-axis) is inversely related to the high crystallization
temperature trend (which affects samples B6 and B7).

The loading spectra for the first two principal components are
shown in Figure 5.4, B. The most prominent features in the first
principal component loading spectrum are first derivative features
at 2256 nm and 2332 nm, where the strong ethylene combination
bands (Table 5.2) are situated. These derivative features indicate
negative energy band shifts with increasing principal component
score 1, which correspond to positive energy shifts of these bands
with crystallization temperature for low crystallization
temperatures. This result indicates that the low crystallization
temperature trend corresponds to an increase in the trans/gauche
conformer ratio with crystallization temperature. As a result, the
NIR spectral data support a crystal growth mechanism for the low
crystallization temperature trend.

The first principal component loading spectrum shows features

at 2138 nm and 2164 nm, where aromatic C-H combination bands
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are found. These features suggest that aromatic C-H stretching and
bending vibrations in the terephthalic acid part of the polymer are
affected by crystal growth. Both the planar cis and planar trans
configurations of the carbonyl groups about the aromatic ring in the
TPA part of PET (refer to Figure 1.3) are possible in amorphous
material (38), but only the planar trans configuration is observed in
crystalline material (15). Because the aromatic vibrations in a given
TPA segment are affected by the configuration of the neighboring
carbonyl groups, a change in aromatic C-H combination absorbances
with percent crystallininty is expected. In addition, the increase in
intermolecular order associated with crystalline material probably
perturbs the aromatic vibrations.

The structural origin of the high crystallization temperature
trend is indicated by the second principal component loading
spectrum (in Figure 5.4, B). The most distinguishing feature of the
second principal component loading spectrum is the positive band at
2250 nm. Because this band is located at the high frequency side of
the ethylene combination band in PET (Table 5.2), it indicates an
increase in the trans conformer in the ethylene glycol unit with
increasing principal component score 2. This result translates to a
decrease in the trans/gauche ratio with crystallization temperature.
This result is in agreement with results of earlier IR analyses of
crystallized PET, in which the trans conformer content in the
amorphous phase was found to decrease at crystallization

temperatures above 170 OC (8).
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There are several aspects of crystal perfection that could
explain the observed high crysiallization temperature trend. Earlier,
it was proposed that depletion of tie chains (which are polymer
chains that connect crystalline domains) occurs at high
crystallization temperatures (8). It was also concluded that because
these tie chains contain a disproportionately large fraction of trans
conformers in the amorphous phase, loss of them would result in a
decrease in the total number of trans conformers. The decrease in
tenacity of PET fibers annealed at high temperatures supports this
explanation, because tenacity of PET fibers is directly related to the
number of tie chains (2). .

If loss of tie chains occurs at high crystallization temperatures,
a gain in other structural features (which contain more gauche
conformers) must also occur. Sharpening of the phase interfaces
between crystalline and amorphous material might cause an
increase in the gauche conformer content. The sharpening of a
phase interface corresponds to the narrowing of the interfacial
region between amorphous and crystalline polymer, and requires an
increase in the number of polymer chains that escape and re-enter |
the same crystallite (39). In order for a chain to escape and reenter
the same crystallite, a turn or fold of the chain must be present.
Because a chain fold must contain more gauche conformers than
trans conformers, it is expected that an increase in chain folding
(corresponding to a shapening of phase boundaries) would cause an

overall increase in the number of gauche conformers.
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5.3.4 Moisture Effect

The principal component scores for the analysis that uses
normal spectra in region III are shown in Figure 5.5, A. The
uncrystallized samples and the samples crystallized at 110 °C
(samples BO and B1) fall into tightly bound clusters. However, the
scores for the samples crystallized at 130 OC and at higher
temperatures indicate a significant and reproducible repacking
effect. - For sample BS, which is crystallized at 170 ©C, the effect is
not large. In all other cases, the effect is characterized by a decrease
in the first principal component score as a result of repacking the
sample. The trend with crystallization temperature, which is
obscured by the repack effect, is an increase in the first principal
component score.

The first principal component loading spectrum for region III
is shown in Figure 5.5, B. The minimum at 1910 nm indicates that
the first principal component corresponds to a decrease in the
absorbance of the water band. Because the repack effect involves a
decrease in the first principal component score, it correlates to an
increase in the moisture content. Apparently, moisture originally
present in the uncrystallized bulk PET is removed during
crystallization at temperatures above 110 ©C. Subsequent exposure

of the samples to the atmosphere before original sampling and
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Figure 5.5: Plot of the first principal component score versus
sample number (A) .and the first principal component loading
spectrum (B), from the principal component analysis of spectra
(in region III) of bulk PET samples crystallized for 5 minutes at

different temperatures. Sample labels are identical to those

used in Figure 5.4, A.
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during the repack procedure allowed the samples to absorb moisture
from the air.

The sample vials used to contain the samples after
crystallization and before NIR analysis and the reflectance sampling
cup protected the samples from atmospheric moisture. However, the
samples were exposed to the atmosphere during the transfer from
sampling vial to sampling cup and during the repack procedure. The
PCA results indicate that the samples absorb moisture from the
atmosphere during the repack procedure. The anomalous behavior
of sample BS5 (Figure 5.5, A) might be caused by a leaky sample vial,
which allowed the sample to absorb a significant amount of
atmospheric moisture before NIR analysis.

There are two important implications of the observed moisture
effect. The presence of water in the amorphous polymer might
cause hydrolysis of the polymer during crystallization (1). However,
the absorptivity of the 1908 nm water band is approximately 25
times higher than the absorptivity of the 1952 nm carbonyl band
(40), and the intensities of these two bands in the spectrum of the
amorphous PET (Figure 5.1, A) are comparable. Therefore, the
amount of water in the amorphous polymer is rather small, and it is
expected that only a small amount of hydrolysis occurred in the
crystallized samples. In addition, regions I, II and IV are dominated
by CH bands, and are therefore insensitive to the small amount of

hydrolysis that might occur upon crystallization.
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The second implication of the moisture effect is the ability of
NIR spectroscopy to determine moisture in PET. The moisture
content of the amorphous polymer before processing is a very
important control variable in many applications. As mentioned
before, water in the pre-processed polymer might cause hydrolysis
of the polymer during high-temperature processing, which decreases
the average molecular weight and therefore degrades the quality of

the processed material (1).

5.3.5 PCA of Powder and Fiber Spectra

The ability of NIR spectroscopy to discriminate between
orientation and crystallinity in PET is demonstrated by Principal
Components Analysis of a data set comprising of both fibrous and
bulk PET spectra. For analyses that use regions LII, and IV, the
optimal number of PCA factors is two (Table 5.4). Because the PCA
analyses of bulk PET spectra alone also indicated the presence of two
factors, it can be concluded that the same spectral trends in these
regions used to describe variations in the bulk PET spectra can also
be used to distinguish between fibrous and bulk PET spectra.

The scores and loading spectra for PCA analysis of normal
spectra in region II are shown in Figures 5.6 A and B, respectively.
The first principal component score is inversely related to the draw
ratio (or percent extension) of the yarns, and discriminates between

bulk and fibrous PET samples. As a result, the first principal
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Figure 5.6: Plot of the second principal component score versus
the first principal component score (A) and the first and second
principal component loading spectra (B), from the principal
components analysis of spectra (in region II) of both fibrous
PET drawn to different extensions and bulk PET crystallized for
5 minutes at different temperatures. For the scores plot (A),
sample labels are identical to those used in Figure 5.4, A and
Table 5.1, and average principal component scores values for
replicate samples are used for clarity. For the loading plot (B),
the solid line is the first principal component loading and the

dotted line is the second principal component loading.
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component is inversely related to chain orientation in the polymer.
The second principal component score is inversely related to
crystallinity of the PET yarns and inversely related to the low
crystallization temperature trend for bulk PET samples. These
results indicate that the second principal component is inversely
related to crystallinity.

Note that the high crystallization temperature trend for the
bulk PET samples, which involves samples B6 and B7 (Figure 5.6, A),
corresponds to an increase in the first principal component score
with increasing crystallization temperature. This result suggests
that a structural trend involving decreased orientation can be used
to describe the high crystallization temperature trend for
crystallized bulk PET. This structural trend is most likely a decrease
in the trans/gauche conformer ratio, which is consistent with results
discussed earlier and with results of past IR analyses of PET (8).

The principal component loading spectra are shown in Figure
5.6, B. Because the spectral resolution in region II is significantly
lower than in region IV, detailed structural information is difficult to
obtain from the loading spectra. However, the two loading spectra
show striking differences. The first loading, which describes spectral
variation inversely related to orientation, is very featureless. The
negative peak at 1662 nm is at the same position as the peak
assigned to the first overtone aromatic C-H stretch (Table 5.2), and
might indicate a sharpening of this band with increased orientation.

However, it is probable that a large overlap of methylene and
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aromatic C-H absorbances is present in this region. Therefore, it is
quite possibie that a change in the trans/gauche conformer ratio is
also indicated in this loading spectrum. The second principal
component loading spectrum, which indicates spectral 'changes
inversely related to crystallinity, is very different from the first
principal component loading spectrum. This loading spectrum
indicates the sharpening or shifting of many absorbances in this
region, which is indicative of an increase in intramolecular and

intermolecular order caused by crystallization.

54 Conclusion

This study has shown that NIR spectroscopy can be used to
perform rapid and accurate analyses of fibrous and bulk PET for
various processing applications. Results of PLS calibrations for
percent crystallinity in PET fibers and PCA analyses of spectra of
fibrous and bulk PET indicate that NIR spectroscopy can characterize
both intramolecular and intermolecular effects, and thus distinguish
between crystallinity and orientation. Although other analytical
methods are better-suited for detailed structural investigations, this
work has shown that NIR spectroscopy is sensitive to the structural
features in PET that influence the physical properties and quality of
PET products.
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Chapter 6

Near-infrared Analysis of Polyether(urethaneurea)
Block Copolymers

6.1 Bulk Composition

6.1.1 Introduction to Chapter 6.1

Segmented poly(ether urethane urea) (PEUU) copolymers,
which are composed of alternating hard and soft blocks, are
commercially useful materials with interesting properties worthy of
fundamental investigation (1-6). The polyether soft block provides
flexibility and elasticity to the polymer. The hard block, generally
comprised of the reaction products of a diisocyanate and a low
molecular weight diamine (Chapter 1.4.1), can non-covalently self-
associate (or phase separate, see Chapter 1.3.2.5) to form domains
that act as effective crosslinks and reinforce the polymers. The
physical properties of these polymers greatly depend on the
composition and the degree of phase separation.

Some physical properties of segmented PEUU copolymers can
be measured directly by mechanical analyses (3,5,6). Other methods,
such as thermal analysis (2,5,6), X-ray scattering (2), X-ray
photoelectron spectroscopy (4) and FT-IR spectroscopy (3) also
provide valuable information that can be used tc probe composition

and morphology. These techniques are useful for polymer analysis,
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but require specific and careful sample preparation leading to long
analysis times. For those situations where a rapid determination of
chemical composition of polymers is required, near-infrared (NIR)
spectroscopy can be valuable (7,8). Earlier NIR determinations of
octane numbers in gasolines (9), functional groups in hydrocarbons
(10), and ethylene and propylene contents in EPDM terpolymers (11)
illustrate the ability of NIR spectroscopy to determine important
compositional and structural properties.

In this chapter, the ability of near-infrared (NIR) diffuse
reflectance spectroscopy to perform rapid bulk composition analyses
of poly(ether urethane urea) (PEUU) block copolymers is
demonstfated. The multivariate method of Classical Least Squares
(CLS) (11,12) (Chapter 1.5.2.1) was used to relate NIR spectra to

composition of the polymers.
6.1.2 Experimental

Materials: PEUU polymers were synthesized from 4,4'-
methylenebis(phenylene isocyanate) (MDI), (The Upjohn Company),
hydroxy-terminated poly(tetramethylene oxide) of approximately
2000 g/mol (PTMO-2000) (Quaker Oats Co.) and 1,3-
propylenediamine (PD) (Aldrich). MDI and dimethylacetamide
(DMA) (Burdick and Jackson Lab. Inc.) were vacuum-distilled. MDI
was refrigerated until needed. PD was distilled under an argon

blanket. PTMO-2000 was dried in a vacuum oven for 24 hours at
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60°C. Dibutyltin dilaurate (ICN Pharmaceuticals, Inc.) was used as
received. »

Synthesis: A two step solution synthesis was used for
the PEUU samples from MDI, PD and PTMO-2000 reactants.
Synthesis of the 2:1:1 polymer will be described in detail as being
representative of the procedure for the series. The 2:1:1 refers to
the mole ratio of MDI to PD to PTMO-2000, respectively. A 3-necked
250 ml round bottom flask was set up with a mechanical stirrer,
pressure-equalizing dropping funnel and argon inlet. To remove
moisture, the glassware was flamed-out under argon. To MDI (4.14
g, 16.5 mmol) dissolved in DMA at room temperature, a solution of
PTMO-2000 (16.55 g, 8.28 mmol) and 2 drops catalyst were added.
The solution concentration was 10-15% w/v. The temperature was
slowly raised to 60°C and maintained for 1 hour. After cooling back
to room temperature, the dropping funnel was charged with a 5%
solution of the diamine (0.614 g, 8.28 mmol) which was then added
dropwise with rapid stirring. In all cases, the solution thickened
considerably after about 80% of the diamine had been added, so
more DMA had to be added to facilitate uniform mixing. After
complete addition, the temperature was again raised to 60°C for
about 4 additional hours. The product was then separated by
precipitation into 600 ml methanol, filtered, rinsed five times in
methanol and vacuum dried at 80°C for 12 hours. Additionally, to
insure more complete removal of low molecular weight products, the

polymers were redissolved in DMA and reprecipitated in methanol.
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The basic structure of the polymers after an ideal reaction is shown
in Figure 6.1.

A hard block model compound was prepared by reaction of a
1:1 molar mixture of MDI and PD. Pure PTMO-2000 was used as a
soft block model. Six PEUU polymers were prepared using reaction
stoichiometries of 1:0:1, 2:1:1, 3:2:1, 4:3:1, 5:4:1, and 6:5:1
(MDI:PD:PTMO-2000); these polymers were used as calibration
samples. The percent (mass) of nitrogen in the six polymers,
determined from elemental analysis (Huffman Laboratories, Golden
CO), are shown in Table 6.1. The mass percent hard block value for
each sample was obtained from the percent nitrogen value as
follows: a calibration curve of mass percent hard block versus mass
percent nitrogen for an ideal reaction was constructed, and this curve
was used to determine experimental mass percent hard block values
from experimental mass percent nitrogen values. The percent soft
block value was determined as 100 minus the mass percent hard
block value. It should be noted that this method of determining hard
and soft block contents does not take into account the formation of
side products in the polymers.

NIR Bulk Polymer Anélysis: The PEUU samples were
analyzed in the form that they existed immediately after synthesis
and purification. The different polymer samples had different
physical appearances and consistencies (e.g., fibrous, powdery). Each
sample was packed in a sampling cup with a quartz window, and

subsequently analyzed by the spectrometer.
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Figure 6.1: Chemical structure of PEUU copolymers.
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Table 6.1: Bulk compositions of PEUU samples.



TABLE 6.1

Experimental

Sample Mass Percent Mass Percent
Name Nitrogen Hard Segment!
1:0:1 1.27 11.3
2:1:1 2.25 16.8
3:2:1 4.16 27.4
4:3:1 5.36 34.0
5:4:1 6.25 38.9
6:5:1 6.89 42.5

1 calculated from experimental mass percent nitrogen values
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The near-infrared reflectance spectra of the six calibration
samples, the hard block model, and the soft block model, were
obtained using a Technicon InfraAlyzer 500C near-infrared
reflectance spectrometer. The spectral range was 1100 nm to 2200
nm; the region 1350 nm to 1450 nm deleted because of
instrumental anomalies. The wavelength accuracy was +/- 1 nm, and
the nominal resolution was 10 nm. Four spectra of each sample were
obtained, one spectrum each with the specimen in four different
orientations in the spectrometer. Each individual scan lasted 1.5
minutes. In some cases, second derivative spectra were used
(Technicon IDAS software, Tarrytown NY).

Data Analysis- Bulk Polymers: CLS calibrations were
constructed from both log(l/reflectance) and second derivative
log(1/reflectance) NIR spectra of the bulk polymers. In each case,
the method of multiplicative scatter correction (MSC) was used to
correct the spectra for multiplicative and baseline effects before CLS
calibration (13,14). Replicate samples were treated separately in the
calibration procedure. All calibrations were evaluated using the
Standard Error of Estimate (SEE) value (Chapter 1.5.2.3.2, Equation
1.16).

6.1.3 Results and Discussion

6.1.3.1  Calibration Results
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The SEE for the CLS calibration for percent hard block in the
PEUU copolymers is 2.6 % mass if normal NIR spectra are used and
2.5 % mass if second derivative NIR spectra are used. This result
indicates that the NIR spectroscopic method can determine bulk
composition within 2.5% mass over a range of 31% mass. Second
derivative NIR spectra provide better results than uncorrected
spectra, because the second derivative operation reduces sampling
effects and improves spectral resolution.  Because percent hard and
soft block values are inversely proportional, calibration errors for
both quantities are equal for a given calibration. These calibration
results are encouraging, because they indicate that rapid, accurate
analyses of bulk polymers can be performed.

In order to further assess the ability of NIR spectroscopy to
perform bulk polymer analyses, the sources of errors in the
calibrations were investigated. Calibration errors can be caused by
errors in the spectral data or by errors in the elemental analysis data
for the polymers. Errors in the spectral data might arise from non-
linear absorbances, instrumental anomalies, or inadequate removal
of sampling effects by MSC. Errors in the reference hard and soft
block concentration data might result from random errors in
elemental analysis results. However, systematic errors in the
reference hard and soft block concentrations might result from the
presence of side products in the polymers, which is not accounted for
in the determination of hard and soft block concentrations from

percent nitrogen data.
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The calibration curve for percent hard block that used second
derivative spectra is shown in Figure 6.2. Note that the points that
correspond to replicate samples fall into tightly-bound clusters with
deviations of approximately 1 to 3 % mass, which are similar or
lower than the overall calibration error of 2.5% (see Table 6.1). This
result indicates that sampling errors, caused by a combination of
baseline shifts, multiplicative spectral effects, and sample non-
homogeneity, contribute only a fraction to the calibration error. It
should also be noted that the calibration error is not distributed
equally over all of the samples. The clusters for the 4:3:1 and 5:4:1
samples are located far from the calibration line, but the other
clusters are close to the line. This_ result indicates the presence of
two possible error sources in the calibration: 1) non-representative
sampling of the 4:3:1 and 5:4:1 samples, or 2) the presence of
unexpected side products in these samples. It is unlikely that
differences in phase separation of these samples is responsible for
the error, because the effect of phase separation on the NIR spectra
of these polymers is small (15).

The sources of error in the CLS calibrations can be investigated
by comparison of CLS-estimated spectra of the hard and soft blocks
in the polymer with spectra of hard and soft block model compounds.
If non-representative sampling is the source of the calibration error,
systematic errors in the CLS-estimated spectra will be present.
These errors are indicated by the presence of bands from groups in

the hard block in the CLS-estimated soft block spectrum, and vice
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versa. If the presence of side products is the source of the
calibration error, spectral features from the side products, not
present in the spectra of the model compounds, will be present in the
CLS-estimated spectra. Furthermore, if it is assumed that side
product formation primarily affects urea and urethane groups in the
polymers, only the regions of carbonyl and N-H absorption (1450 nm
to 1600 nm and 1900 nm to 2100 nm) (7,16,17) will be affected by
side product formation.

Figure 6.3 shows the CLS-estimated spectrum and model
compound spectrum for the hard block and soft block. Comparison of
the estimated spectrum of the hard block in the polymer (Figure 6.3,
B) and the hard block model spectrum (Figure 6.3, A) reveals
significant differences in the C-H stretching overtone region (1650
nm to 1800 nm) and the N-H and carbonyl absorption region (1900
nm to 2100 nm). The band at 1748 nm in the estimated hard block
spectrum, which is at the same position as a band in the soft block
model spectrum (Figure 6.3, C), indicates the occurrence of non-
representative sampling. In the carbonyl and N-H region (1900 nm
to 2100 nm), a shoulder at 1920 nm in the hard block model
spectrum (Figure 6.3, A) is not present in the estimated hard block
spectrum (Figure 6.3, B). Although this difference might be caused
by a difference in the morphology of the hard block model and the
hard block in the polymers, it might also indicate the presence of

side products in the polymers.
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Figure 6.3: upper plot- NIR diffuse reflectance spectrum of the
hard block model polymer (A), and the CLS-estimated
spectrum of the hard block in PEUU copolymer (B); lower plot-
NIR diffuse reflectance spectrum of the soft block model
polymer (C), and the CLS-estimated spectrum of the soft block
in PEUU copolymer (D).
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The estimated soft block spectrum (Figure 6.3, D) and soft
block model spectrum (Figure 6.3, C) are very similar. However, the
band at 2160 nm in the estimated soft block spectrum, which is in
approximately the same position as the 2164 nm band in the hard
block model spectrum (Figure 6.3, A), is a clear indication of non-
representative sampling.- Other differences between the soft block
spectra in Figure 6.3, C and D might be weaker indicators of non-
representative sampling, or results of morphological differences
between the soft block model and the soft block in the polymers. In
summary, comparison of CLS-estimated spectra and model compound
spectra indicate the occurrence of non-represenataive sampling, and
possibly the presence of side products in the polymers. Additional
results from a reference method that measures functional group
concentrations (e.g., NMR or IR spectroscopy, might allow

identification and determination of side products.

6.1.3.2 Band assignments

Although NIR bands are highly-overlapped, assignments of NIR
absorptions to specific functional groups can be made. NIR bands at
1144 nm, 1690 nm and 2164 nm in the hard block model spectrum
(Figure 6.3, A) correspond to the second overtone, first overtone, and
combination bands of the aromatic C-H stretch in the MDI unit.

These bands are in close proximity to aromatic C-H bands present in

the NIR spectra of polystyrene (7). The absorbance at 1764 nm,



183

which is in the region of previously observed bands in the NIR

spectra of aliphatic hydrocarbons (7,10) and ethylene-propyiene-

~ diene terpolymers (11) (Chapter 3), are from the methylene group in

the MDI unit and from methylene groups in the chain extender (1,3
propylenediamine). Absorbances in the region 1450 nm to 1600 nm
arise from overlapped N-H stretching first overtone bands and
second overtone carbonyl stretching bands. The region 1900 nm to
2100 nm also contains contributions from combination N-H
stretching and amide bands and from second overtone carbonyl
stretching bands. Absorptions in these regions are observed in NIR
spectra of proteins (7,16) and amino acids (17). More detailed
assignments of absorbances in the region 1900 nm to 2100 nm are
made in Chapter 6.2.

The NIR spectrum of the soft block model (Figure 6.3, C) is
dominated by methylene stretching overtone bands. The
absorbances in the region of 1198 nm are second overtone
methylene stretching bands, and the absorbances at 1746 nm are
first overtone methylene stretching bands. Similar absorbances are
observed in spectra of ethylene-propylene-diene terpolymers (11)
and of aliphatic hydrocarbons (7,10). Note that these absorbances
are not highly-overlapped with absorbances from aromatic C-H
groups in the hard block (Figure 6.3, A and B). As a result, accurate

determinations of hard and soft block concentrations are possible.

6.1.4 Conclusion for Chapter 6.1
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This analysis has shown that rapid composition determinations
of bulk PEUU polymers can be made using NIR diffuse reflectance
spectroscopy. The method of CLS provided accurate calibrations of
NIR spectra to hard block and soft block fractions in the polymers.
The observed calibration errors were caused by non-representative
NIR sampling of the polymers. It is also possible that the presence of

side products in the polymers contributed to the calibration errors.

6.2 Phase Separation

6.2.1 Introduction to Chapter 6.2

Phase separation in PEUU block copolymers can be probed by
several different analytical methods. Mechanical studies (5,6), X-ray
methods (2,4,18-20), thermal analysis methods (2,5,18,21), FT-IR
spectroscopy (3,6,18-22) and NMR spectroscopy (5) have been used
to determine the nature and exient of phase separation in PEUU
copolymers and similar systems. Although these methods provide
specific information about phase separation, they usually require
extensive sample preparation and long analysis times. In contrast,
near-infrared (NIR) spectroscopy can rapidly analyze bulk materials
(7,8,11,23).
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In earlier IR studies of phase separation in diol-extended
polyurethanes (18,19,21,22), the primary band of interest is the
fundamental stretching band of the urethane carbonyl group.
Changes in the relative magnitude of absorbances from the free
carbonyl group and from carbonyl groups hydrogen-bonded to N-H
groups are used to monitor phase separation. The carbonyl group is
a good indicator of phase separation in these polymers because self-
association of hard blocks involves intermolecular hydrogen bonding
of urethane carbonyl groups to urethane N-H groups. In contrast, the
phase-mixed state has a large number of urethane N-H groups
hydrogen-bonded to ether oxygens in the soft block and a significant
number of free carbonyl groups.  Although other IR bands have
been used to monitor phase separation (21), the carbonyl band is the
most affected by phase separation.

Spectral analysis of phase separation of PEUU block copolymers
is slightly more complex than for diol-extended block polyurethanes.
These copolymers (Figure 6.1) contain urea carbonyl groups, which
are at the interior of hard blocks, and urethane carbonyl groups,
which are located at the boundaries of hard and soft blocks. The
urea carbonyl groups are, therefore, sensitive to hard block
aggregation and changes in hard block domain structure. In contrast,
the urethane carbonyl groups are more sensitive to effects at the
phase boundaries. As a result, spectral analysis of urea and urethane
carbonyl groups can distinguish between processes involving phase

boundaries and those involving the interior of hard block domains.
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bPhase separation analysis by NIR spectroscopy relates the
spectral shifts of overtone stretching bands with changes in
hydrogen bonding states of urethane and urea carbonyl groups.
Although the effects of hydrogen bonding on the fundamental
transitions of carbonyl vibrations (observed in IR spectra) have been
well-characterized (24), effects on overtone transitions (observed in
NIR spectra) are less characterized. In addition, because of the
broadness of NIR bands relative to IR bands, assignment of NIR
absorbances to specific functional groups is difficult. With these
considerations in mind, the positions of NIR urea and urethane
carbonyl bands are best determined by analysis of model
compounds.

In this work, the ability of NIR spectroscopy to monitor phase
separation in PEUU copolymers is investigated. Spectra of model
compounds are used to assign second overtone bands for free
urethane and urea carbonyls, and these bands are used to monitor

phase separation.

. -3

6.2.2  Experimental

Sample Preparation: The synthesis of PEUU samples is
discussed in Chapter 6.1.2. The chemical structure of the PEUU block
copolymers used in this work is shown in Figure 6.1. PEUU samples
2:1:1, 4:3:1, and 6:5:1 were dissolved to approximately 4% (w/v) in
N,N'-dimethylacetamide (DMA). For each analysis, approximately 3
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mL of solution was placed in a Teflon casting dish and vacuum-dried
for 8 to 9 days at room temperature to remove the solvent. The
polymer film was then placed in a sealed sample cell with a ceramic
background and a quartz window (see Figure 6.4). The sample was
sealed from the environment by placing a rubber O-ring between the
quartz and ceramic and applying pressure on 2 stainless steel cover
rings with screws. The sample remained in the cell until the
completion of annealing and NIR scanning. When necessary, the
sealed sample was conveniently placed in the reflectance
spectrometer for NIR analysis.

The film was annealed in an oven at 100 °C. NIR scans were
taken before annealing and after 11 different total annealing times
(up to 70 hours). After each annealing interval, the sample was
removed from the oven and allowed to cool at room temperature for
30 minutes before NIR scanning.

Model Compunds: Model compounds were used to study
the effects of hydrogen bonding on urethane and urea carbonyl
groups. The urethane model was the reaction product of methylene
diphenyl isocyanate (MDI) with ethanol (Figure 6.5, I), and the urea
model was 1,3-diethylurea (II) (Aldrich). Diffuse reflectance NIR
spectra of the model compound powders were obtained using a
diffuse reflectance sampling cup that was specially designed for
small samples (25). NIR spectra of THF (Baker) solutioné of the
model compounds (approximately 1% w/v) were obtained using a

sealed glass cuvette. The spectra of the model compounds in THF



188

Figure 6.4: Diagram of the sample cell used to contain polymer

films for annealing and NIR scanning.
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Figure 6.5: Chemical structures the urethane model compound

(I), and the urea model compound (II).
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solution were obtained by subtraction of the solvent spectrum from
the solution spectrum until prominent solvent peaks disappeared.
Spectroscopy: All NIR spectra were obtained using a

Technicon InfraAlyzer 500C NIR reflectance spectrometer (Chapter

1.2.4.2). Although the total spectral range used was 1100 nm to

2500 nm, only the region 1800 nm to 2100 nm was used for phase
separation analysis. The wavelength accuracy of the instrument was
+/- 1 nm, and the nominal resolution was 10 nm. Each scan lasted
about 1.5 minutes. Each solution spectrum was obtained by

averaging 9 replicate scans of the solution.

6.2.3 Results and Discussion

NIR spectra of the urethane model compound (in the spectral
region 1800 nm to 2100 nm) in bulk and in THF solution are shown
in Figure 6.6, A and B. This region of the NIR spectrum is dominated
by second overtone carbonyl stretching bands and N-H combination
bands (8,23). In the spectrum of the bulk material (Figure 6.6, A),
the only strong absorbances are at wavelengths above 1960 nm. The
band at 1980 nm might be a secénd overtone band for a hydrogen-
bonded carbonyl in the bulk material. Upon dissolution in THF, a
strong band at 1918 nm appears, and the 1980 nm band disappears.
In the dilute solution, it is assumed that all N-H groups in the
material are bound to solvent molecules, and the carbonyl groups

should be free from hydrogen bonding. Therefore, the 1918 nm
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Figure 6.6: upper plot- NIR diffuse reflectance spectrum of the
solid urethane model compound (A), and the NIR spectrum of
the urethane model compound diluted 1% (w/v) in THF (B);
lower plot- NIR diffuse reflectance spectrum of the solid urea
model compound (C), and the NIR spectrum of the urea model

compound diluted 1% (w/v) in THF (D).
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band can be assigned to the second overtone band of the free
urethane carbonyl. Although the 1980 nm band in the bulk

urethane spectrum is probably a second overtone band from a bound
urethane carbonyl, it corresponds to a specific type of hydrogen bond
present in the specific structure of the bulk urethane model. Because
the hydrogen bond geometry of urethane carbonyls in the PEUU
copolymers might be substantially different than in the bulk
urethane model compound, use of this band for phase separation
analysis is avoided.

Similar spectra for the urea model compound are shown in
Figure 6.6, C and D. Overlapped bands at 2032 nm and 2054 nm are
observed in the spectrum of the bulk urea model (C). However, only
a single absorbance at 2036 nm is observed in the spectrum of the
urea model dissolved in THF (D). As a result, the 2036 nm
absorbance is assigned to the second overtone of the free urea
carbonyl. The 2054 nm band in the spectrum of the bulk urea model
compound probably corresponds to a specific hydrogen-bonded state
of the urea carbonyl group.

Assignments of the NIR bands from urea and urethane
carbonyls are confirmed by estimating overtone vibrational
frequencies from previously assigned fundamental vibrational
frequencies (3). To a first order approximation, second overtone
bands occur at frequencies three times that of the fundamental band.
Table 6.2 shows the estimated positions of second overtone carbonyl

bands (in nanometers). A close agreement with results obtained
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Table 6.2: Estimated and observed positions of second

overtone carbonyl bands for PEUU copolymers.




Table 6.2

observed
wavelength
Tou (nm)
free urea carbonyl 2036
hydrogen-bonded urea C=0 20541
free urethane carbonyl 1918

hydrogen-bonded urethane C=0 19801

estimated
wavelength?

(nm)

2020
2034

1922
1960

1 denotes bands corresponding to specific hydrogen bonds in bulk

model compounds

2 calculated as 3 times the frequency of an assigned IR band

(reference 5)
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from model compound analysis is observed. The discrepancies
between observed and estimated band positions is attributed to
positive anharmonicity of the carbonyl vibrations, which commonly
causes estimated NIR band positions to be blue-shifted from actual
band positions (7).

NIR spectra of the 6:5:1 film before annealing and after several
annealing times are shown in Figure 6.7. Although the spectral
trends with annealing are not obvious from this plot, the spectral
regions that change with annealing are identified. Changes in
absorbances in the region of the assigned free urethane carbonyl
band (1918 nm) are quite large. Weaker changes in the free urea
carbonyl absorbance at 2036 nm are also observed. In contrast,
absorbances in the C-H stretching first overtone region (1600 nm to
1800 nm) are relatively unaffected by annealing. Differences in
spectral baselines are caused by non-reproducible ‘sample placement
in the spectrometer or by changes in the refractive indices of the
film with phase separation. As a result, the absorbance at 1800 nm
is used as a baseline reference for subsequent analyses.

Figure 6.8, A shows the free urea carbonyl absorbance at 2036
nm plotted as a function of annealing time for the three PEUU films.
The absorbance for each film at time zero is arbitrarily set to zero.
In each case, the free urea carbonyl absorbance decays continuously
with annealing. The parameters obtained from the fit of an
exponential function to these annealing profiles are shown in Table

6.3. The A parameter, which is the magnitude of the decay, indicates
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Figure 6.8: Absorbance at 2036 nm (A) and at 1918 nm (B)
versus annealing time at 100 °C for all three PEUU copolymer
films. For plot A, the absorbance at 2036 nm at time zero is

arbitrarily set to zero for each sample.
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Table 6.3: Results of exponential fits to 100 ©C annealing profiles.




Table 6.3

2036 nm absorbance : fit function = A*exp(-k;t)
1918 nm absorbance : fit function = B*(1-exp(-kyt)) + C*exp(-kst);

PEUU Sample
Parameter 2:1:1 4:3:1 6:5:1
A 0.00084 0.0053 0.0069
kl(hr'l) 0.44 0.17 0.14
B 0.0072 0.020 0.011
kz(hr'l) 0.53 0.48 0.48
C i 0.016  0.031  0.024

k4(hr-1) 0.14 0.20 0.13
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the magnitude of change in the free urea carbonyl absorbance with
annealing. This parameter increases with increasing hard block
content of the film (from sample 2:1:1 to sample 6:5:1). This result is
expected, because the number of urea groups in the polymer
increases with the hard block content. The decay rate constants (kj)
indicate the rate of change of the free urea carbonyl absorbance with
annealing. The decay rate constants obtained from the annealing
profiles of the 4:3:1 and 6:5:1 films closely agree. The decay rate
constant for .the annealing profile of the 2:1:1 film is highly suspect,.
because the magnitude of the decay is very small.

Figure 6.8, B shows the free urethane carbonyl absorbance at
1918 nm as a function of annealing time. For ail films, an increase in
free carbonyl absorption is observed until a total annealing time of 2
hours. After two hours of annealing, the free urethane carbonyl
absorption decays in a manner similar to that of the free urea
carbonyl absorption (Figure 6.8, A). This result suggests two
different mechanisms occuring for urethane groups in PEUU
copolymers during annealing. The parameters obtained from the fit
of two exponentials to these annealing profiles are shown in Table
6.3. These parameters indicate that the faster process has a rate
constant of approximately 0.5 hr-l, and shows no pronounced trend
with composition. The slower process (with a rate constant of 0.13 to
0.2 hr-l) is of larger magnitude than the faster process, and shows

no obvious trend with composition.
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It should be noted that the A, B and C parameters are subject
to significant errors because of the uncertainty of film thicknesses
and unknown degrees of phase mixing of the polymers before
annealing. Smaller errors in the rate constants (kj, kz and k3) might
arise from high overlap of individual absorbances that change with
annealing. In this work, it is assumed that the absorbances at 1918
nm and 2036 nm are affected only by changes in the free urethane
carbonyl and free urea carbonyl content, respectively.

The exponential fit data in Table 6.3 suggest that three
different structural processes occur as a result of annealing at 100
°C. Solution-cast PEUU copolymers are assumed to be mostly phase-
separated, because of the high affinity of hyvdrogen bond donors (N-H
groups) in the hard blocks towards hydrogen bond acceptors
(carbonyl groups) in the hard blocks. However, a substantial amount
of phase-mixing, characterized by hydrogen bonding interactions
between N-H groups in the hard block and ether oxygens in the soft
block, might be present. At the higher temperature used for
annealing, the polymer chains can undergo substantial
rearrangements that enhance phase separation by eliminating
impurities in each of the phases and by maximizing hydrogen
bonding interactions in the hard block phases.

The annealing trend of the 2036 nm absorbance, described by
A and kX, indicates a continuous decrease in the free urea carbonyl
content with annealing. This trend is consistent with a phase

separation mechanism in which free urea carbonyl groups in the soft
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block phase become hydrogen-bonded to N-H groups in various hard
block portions of the polymer. It is most likely that urea groups
hydrogen-bond to each other to form hard block domains.

The faster trend of the 1918 nm absorbance, described by B
and ko, indicates an increase in the number of free urethane
carbonyl groups with annealing. This trend is also observed in the
infrared spectra of these polymers (26). Although this result might
seem anomalous, it should be noted that the urethane groups are
only situated at the boundaries of hard and soft blocks in the
polymers. Therefore, it is possible that as urea-urea hydrogen
bonding between hard blocks increases, several urethane groups at
the phase boundary are forced into the soft block phase. This
process would cause an increase in the free urethane carbonyl,
because no hydrogen bond donors exist in the soft block phase.
Diffusion of soft block impurities from hard block domains could also
explain this trend, becuase this process would cause expulsion of
urethane groups from the interiors of hard block domains. Studies
by Blackwell, et. al. (27,28) indicate that rigid hard block domains
are present in similar polyurethane systems. If such a rigid hard
block system is present in these polymers, it is expected that
hydrogen bonding between groups at the interior of hard block
domains are maximized, but groups at the phase boundary might be
isolated in the soft block phase.

The slower trend of the 1918 nm absorbance, described by C

and k3, is a decrease in the free urethane carbonyl content with
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annealing. This trend suggests that the hard block domains, once
they are formed, can slowly move toward each other. This process
would allow free urethane carbonyls at the edges of hard block
domains to become hydrogen bonded to N-H groups of other hard
block domains.

Another possible source of the slower trend in the 1918 nm
absorbance is the desorption of water from the samples. It is
unfortunate that water has a very strong absorbance band at 1920
nm (7), which overlaps the free urethane carbonyl absorbance at
1918 nm. Although great care was taken to avoid water
contamination of the polymer samples, a very small amount of water
might have been present in the samples before annealing. If this
was the case, desorption of water from the sample into the
surrounding space in the sample cell (most of which is not sampled
by the NIR spectrometer) would cause a decrease in absorbance at
1918 nm during annealing. However, the amount of water
corresponding to the observed absorbance decrease at 1918 nm
would be very small. As a result, if water desorption is responsible
for the slower trend at 1918 nm, other annealing trends in the
spectra can still be attributed to phase separation of the polymer. In
this case, the NIR results would agree with IR annealing studies of
these polymers (26), which indicate only an increase in the free
urethane carbonyl absorbance with annealing.

It should be mentioned that the molecular interpretation

presented here is one possible model that explains the trends in the
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NIR spectra. Further information from annealing studies at different
temperatures, FTIR spectroscopy and X-ray diffraction are necessary

to obtain more detailed information about the annealing process.

6.2.4 Conclusion for Chapter 6.2

NIR spectroscopy can be used to perform rapid analyses of
bulk polymers. This analysis suggests that NIR spectroscopy can
characterize the degree of phase separation in PEUU copolymers and
therefore provide an accurate assessment of physical properties of
these polymers. The NIR spectra indicate the presence of several
structural changes that occur with annealing, but further information

is required to fully characterize these trends.
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Chapter 7

Analysis of Reaction Injection Molded Polyurethanes
by Near-infrared Diffuse Reflectance Spectroscopy

7.1 Introduction to Chapter 7

Reaction Injection Molding (RIM) (Chapter 1.4) is a common
method of preparation for i)olyurethane products (1). Polyuretﬁane
block copolymers produced by RIM are used predominantly for
automotive applications (2). RIM process parameters (Chapter 1.4.2),
such as polymeric formulation, catalyst concentration, and mold
temperaiure can be altered to change the composition (3,4), density,
and the degree of phase separation (5-7) of the polymer, which
affect the physical properties of the finished material.

Thermal conductivity (8) and Dynamic Mechanical Analysis
(9,10) tests can be used to directly determine physical properties.
Other analytical methods, such as FTIR (6,7,9,11-15), Differential
Scanning Calorimetry (3,5,9,16), and X-ray scattering (4-6,16)
determine compositional and structural properties, which affect
physical properties. However, all of these methods reguire
substantial sample preparation, and some of them are destructive.
As a result, these methods cannot be used for rapid quality
evaluation in a process emvironment. In contrast, near-infrared
(NIR) spectroscopy has been used to rapidly determine compositional

and structural properties of polymeric materials (17-22).
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In this work, near-infrared (NIR) spectroscopy is used to
determine compositional and physical properties of block
polyurethane copolymers produced by Reaction Injection Molding
(RIM). Principal Components Analysis (PCA) (23-25) is used to
identify variations in the spectra of samples with differences in
composition, density and phase separation. In addition, Partial Least
Squares (PLS) (23,26-28) regression is used to correlate NIR spectra

to various physical properties.

7.2 Experimental

Two different sets of RIM samples were used in this study;
these sets will be identified as sample set a and sample set b. Reier
to Chapter 1.4 for specific information regarding the general

chemistry and processing aspects of reaction injection molding.

7.2.1 Sample Set a

Sample set a samples were prepared by the ICI Polyurethanes
Group (Sterling, Hgts. Michigan). The polyol formulations consisted of
various mixtures of an ethylene-oxide-capped poly(propylene oxide)
triol (with a molecular weight of approximately 6000) and diethyl
toluene diamine (DETDA) chain. extender. A small amount
(approximately 0.24 mass %) of a typical polyurethane catalyst was

added to each polyol formulation. The isocyanate formulation




207

consisted of a glycol-modified 4,4'-diphenylmethane diisocyanate
(MDI) with a functionality of approximately two. The ratio of polyol
and chain extender concentrations was varied to produce RIM
polymers with four different hard block percentages (approximately
55, 51, 46 and 42.5 mass %). The chemical structure of the finished
polyurethanes in sample set a is shown in Figure 7.1, A. After the
samples were prepared, they were post-cured at 120 °C for one hour.

A production-scale RIM machine (ICI Polyurethanes) was used
to prepare the samples. This machine produced polyurethane
plaques 3 ft. by 4 ft. and 1/8" thick. A heat sag sample (1" by 8")
and a flex modulus sample (1" by 3") were cut from three different
regions of each plaque: 1) the gate, corresponding to the part of the
plaque closest to the injection point, 2) the middle, corresponding to
the middle of the plaque, and 3) the end, corresponding to the part of
the plaque farthest from the injection point. A total of 54 samples,
which came from 18 different plaques, were used for both heat sag
and flex modulus measurements. The naming scheme for the
samples used in this set is shown in Table 7.1.

Duplicate NIR diffuse reflectance spectra of each heat sag
sample were obtained and four spectra of each flex modulus sample
were obtained. All NIR sampling was done near the center of each
sample. A ceramic background was used for NIR sampling of the flex
modulus samples. All samples were cleaned with hexane before
analysis. NIR pseudo-absorbance values (Chapter 1.2.3.2) were

obtained at every 8 nm from 1100 nm to 2236 nm for the flex
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Figure 7.1: Chemical structures of RIM polyurethanes in sample
set a (A) and sample set b (B), and the chemical structure of

the hard block model compound for the sample set b samples
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Table 7.1: Sample naming scheme for polyurethane samples in

sample set a and sample set b.




Table 7.1
Sample Set a:

-First Character: composition group

A : approximately 55 mass% hard block
B : approximately 51 mass% hard block
C : approximately 46 mass% hard block
D : approximately 42.5 mass% hard block

-Second Character: sample number within composition group

1 to 3 for group A
1 to 5 for groups B,C and D

-Third Character: location of sample in RIM plaque:

G : gate; from one-third of panel closest to injection point
M : middle; from middle one-third of plaque
E : end; from one-third of panel farthest from injection point

Sample Set b:

% of ethylene glycol in polyol resevoir
(approximate hard block percentagel)

9.1 12.4 16.4 20.0
index! 40 (47.5) (55) (60)
101 DIN CIN BIN AIN
D1Y C1y B1Y AlY
104 D2N C2N B2N A2N
D2Y czy B2Y A2Y
106 D3N C3N B3N A3N
D3Y ay B3Y A3Y
109 D4AN C4N B4N A4N
D4Y 10734 B4Y Ad4Y

1 : hard block percentage is also affected by index, see Chapter 1.4.2
for details
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modulus samples, and at every 4 nm from 1101 nm to 2249 nm for
the heat sag samples. For each sample, an average spectrum was
calculated from the 2 or 4 original spectra of the sample.
Multiplicative Scatter Correction (MSC) (29,30) (Chapter 1.2.5) was
then used to reduce baseline offset and multiplicative scatter effects

in the spectra.
7.2.2 Sample Set b

The polyurethanes used in sample set b were prepared from
the same polyol and diisocyanate that were used for preparation of
the samples in set a. However, an ethylene glycol chain extender
was used. The chemical structure of the polymers in sample set b is
shown in Figure 7.1,B. In addition, a hard block model compound
(Figure 7.1,C) was prepared from reaction of ethylene glycol
(Aldrich) and phenyl isocyanate (Aldrich) in a dry nitrogen
atmosphere. The model compound was rinsed five times with
methanol and vacuum-dried for 24 hours before use.

A production-scale RIM machine was used to prepare 1 ft. by 1
ft. and 1/8" thick polyurethane plaques. The mold temperature was
93 °C, the mold time was 3 minutes, and the reactant temperatures
were 38 °C for the preparation of all plaques. The formulation was
varied between four different levels (9.1, 12.4, 16.4 and 20 mass %
ethylene glycol in the polyol, which resulted in hard block
percentages of approximately 40, 47.5, 55 and 60 mass %,
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respectively). The index (Chapter 1.4.2) was also varied between
four different levels (101, 104, 106 and 109). Two samples were
prepared from each possible combination of formulation and index.

In each case, one of the samples was post-cured at 120 °C for 1 hour

-and the other was left alone. The experimental design and naming

scheme for the 32 plaques are shown in Table 7.1. Three 1" by 3"
samples for flex modulus testing and three 1" by 8" samples for heat
sag testing were cut from each of the 32 original plaques. Some of
the plaques, which had visible non-homogeneities (presumably from
incomplete mixing), yielded fewer physical test samples. A total of
90 1" by 3" flex modulus samples and 83 1" by 8" heat sag samples
were prepared.

NIR diffuse reflectance spectra of the physical test samples
were obtained in the same way as in the spectra of the sample set a
samples. Duplicate spectra of each physical testing sample were
obtained, and a ceramic diffuse reflectance background was used in
all NIR measurements. The spectral range was 1100 nm to 2200 nm,
in 4 nm increments. Duplicate spectra were averaged and every two
adjacent wavelengths in each spectrum were averaged. MSC
correction (29,30) (Chapter 1.2.5) was used to reduce sampling
effects in the spectra. The resulting spectra, which spanned the
spectral 7egion 1102 nm to 2200 nm in 8 nm increments, were used
for multivariate analysis. Spectra of the 1" by 3" flex modulus

samples were used for both the PCA study and for the PLS
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calibration to flex modulus, and the spectra of the 1" by 8" heat sag
samples were used for the PLS calibration to heat sag.

NIR spectra of the pure polyol, pure diisocyanate and a 1%
(w/v) solution of the hard block model compound in THF (Baker)
were obtained with the samples in a 1 mm path length glass cuvette.
In each case, the spectrum was collected in transflectance mode
(Chapter 1.2.4.2). The spectrum of the model compound in THF was
obtained from a weighted subtraction of the spectrum of pure THF
from the solution spectrum. The diffuse reflectance spectrum of the
bulk hard block model compound was obtained with a sampling cell

that was developed for small samples (31).

7.2.3 NIR Spectroscopy and Physical Testing:

NIR diffuse reflectance spectra were obtained with a Technicon
InfraAlyzer 500C grating instrument. The nominal resolution of the
instrument was 10 nm, and the wavelength accuracy was +/- 1 nm.
After the samples were analyzed by NIR spectroscopy, they were
tested for flex modulus and heat sag. These tests were performed
with a Universal Testing Machine (Instron). The flex modulus was
determined by ASTM Method D-790-86 (32). Single flex modulus
measurements at 23 °C, 38 °C, and 70 °C were done for each 1" by 3"
sample in sample set a, and a single flex modulus measurement at 23
°C was done for each 1" by 3" sample in sample set b. The heat sag

measurement of each 1" by 8" sample involved the exposure of the
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sample to 120 °C for 1 hour (ASTM Method D-3769-85) (33). A
single heat sag measurement was made for each 1" by 8" sample.
For the moisture study, sample A2E (in sample set a) was dried
by heating in a dry nitrogen-purged oven at 120 °C for 1.5 hours.
The sample was then exposed to the atmosphere at room
temperature for 20 additional hours. The mass of the sample
(obtained from a Mettler balance) and its NIR spectrum were
obtained before drying, after drying, and after exposure to the
atmosphere. After the dryving step, the sample was allowed to cool at

room temperature for 20 minutes before weighing and NIR sampling.
7.2.4 Data Analysis

Principal Components Analysis of the NIR spectra of the flex
modulus samples was done with software provided by the Center For
Process Analytical Chemistry (34). Two analyses were done, one
each for the two sample sets. Mean-centered spectra were used, and
cross-validation was used to determine the optimal number of
principal components. For the analysis of the spectra of the sample
set a samples, it was found that a rotation of the first two principal
components would yield more interpretable results. Details of
principal component rotation are described in Chapter 1.5.1
(Equation 1.8). It was found that a rotation of -38° provided the

most interpretable results.
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PLS correlations of NIR spectra to physical properties were
done with software provided by the Center for Process Analytical
Chemistry (Seattle, WA) (35). For each analysis, the samples were
split into calibration and prediction sets. Samples in the calibration
set were used to construct PLS models, and samples in the prediction
set were used to test the validity of the PLS models. The method of
cross-validation was used to determine the optimal number of
spectral factors for all calibrations. Four different properties were
calibrated to NIR spectra of the sample set a samples (flex moduli at
23 °C, 38 °C and 70 °C, and heat sag) and two properties were
calibrated to NIR spectra of the sample set b samples (flex modulus
at 23 °C and heat sag). For each analysis, all spectra were mean-
centered before PLS modeling.

Two error statistics were obtained for each PLS calibration: the
Standard Error of Estimate (SEE) and the Standard Error of Prediction
(SEP). These quantities are defined in earlier references (Chapter
1.5.2.3.2) (18,19,21). The SEE value is an indication of calibration
error and the SEP value is an indication of prediction error. Relative
error was calculated as the standard error divided by the range of
values used in the analysis. The first PLS loading spectrum for each
calibration was used to determine the spectral absorbances that are

correlated to the property of interest.

7.3 Results and Discussion
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7.3.1 Band Assignments

7.3.1.1 Functional Groups in the Polymers

Figure 7.2 shows the NIR spectrum of polyurethane sample B4Y
in sample set b (A) and the spectrum of the diisocyanate (B) and
polyol (C) that were used to prepare the polymers in both sample
sets. The bands in the polymer spectrum (A) at 1184 nm, 1220 nm,
1416 nm, 1688 nm, and 1732 nm, which are also observed in the
spectrum of the polyol (C), correspond to aliphatic CH groups in the
soft block of the polymers. Bands at 1146 nm, 1648 nm and 2162
nm in the polymer spectrum, which are the approximate positions of
bands in the diisocyanate spectrum (B), correspond to aromatic CH
groups in the MDI part of the hard block of the polymer. The band
at 1764 nm in the polymer spectrum probably corresponds to the
bridging methylene group of MDI (B). The band at 1874 nm in the
spectrum of the diisocyanate (B) is from the isocyanate group.
Several bands in the polymer spectrum that are not observed in the
polyol or isocyanate spectrum (1496 nm, 1920 nm, and 2048 nm)
correspond to urethane groups in the polymer. The 1496 nm and
2048 nm bands are from NH vibrations in the urethane group. The
absorbance at 1920 nm is probably the result of overlapping bands
from the urethane carbonyl group and from water in the polymer
(Chapters 6.2 and 7.1.3.4) (22). The NIR spectra of the samples in

sample set a are very similar to the spectra of the samples in sample
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Figure 7.2: upper plot - Near-infrared diffuse reflectance
spectrum of polyurethane sample B4Y (in sample set b) (A),
and near-infrared transflectance spectra of the modified 4,4'-
diphenylmethane diisocyanate (B) and polyol (C), which were
used to prepare the polymers; lower plot - the NIR diffuse
reflectance spectrum of the bulk hard block model compound
for the sample set b samples (D), and the transflectance
spectrum of the hard block model compound in THF solution

(E). The calculation of spectrum E is described in the text.
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set b. As a result, these band assignments for functional groups are

reasonably accurate for samples in both sample sets.

7.3.1.2  Phase Separation

Phase separation in polyurethane block copolymers involves
hydrogen bonding between hard blocks in the polymer (Chapter
1.3.2.5) (14,15). Therefore, the effect of phase separation in the
polyurethanes in sample set b is approximated by comparison of the
spectrum of the bulk hard block model compound (Figure 7.2, D) and
the model compound in dilute THF solution (Figure 7.2, E). In the
bulk compound, discrete hydrogen bonds between urethane NH and
carbonyl groups are present. In solution, most urethane NH groups
are hydrogen-bonded to solvent molecules, and the urethane
carbonyl groups are free from hydrogen-bonding. Major differences
in these spectra are observed in the regions of carbonyl and NH
absorptions (1900 nm to 2100 nm and 1500 nm to 1600 nm). The
1976 nm band in the bulk model compound spectrum (D)
corresponds to a carbonyl group that is hydrogen-bonded to NH
groups in the bulk model compound. The 1916 nm band in the
solution spectrum (E) corresponds to the free urethane carbonyl
group. Three seperate combination bands in the NH region (2024
nm, 2048 nm, and 2084 nm) are observed in the spectrum of the
bulk model compound (D). It is unlikely that these three bands

correspond to three hydrogen-bonded states of the NH group in the
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bulk model compound, because earlier studies (36) indicate that only
one type of hydrogen bond is formed in the crystal structure of a
similar model compound. Therefore, these three bands might arise
from the combinations of the NH stretching mode with three
different vibrational modes in the crystal structure. The spectrum of
the model compound in solution has only a single broad NH
combination band at 2048 nm. This band results from a multitude of
similar hydrogen bonded states of the urethane NH groups in
solution.

A strong band at 1524 nm in the spectrum of the bulk model
compound, which is not present in the spectrum of the model
compound in solution, is a first overtone band of the NH group in the
crystalline bulk model compound. The reason for the absence of the
1524 nm band in the solution spectrum is uncertain. However, these
results indicate that this band corresponds to an aggregated state of
hard segments in the sample set b polymers.

Unfortunately, the NIR spectral effects of phase separation of
the samples in sample set a are different than the effects of phase
separation observed in this study, because the hard blocks of the
polymer are different for the two sample sets (see Figure 7.1, A and
B). The phase separation studies in Chapter 6.2 (22), which used
polyurethanes with urea hard blocks (like the samples in sample set
a), indicate that phase separation in these polymer is accompanied
by increased hydrogen bonding of urea carbonyl groups (which

involves a decrease in absorbance at 2034 nm) and decreased
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hydrogen bonding of urethane carbonyl groups (which involves an

increase in absorbance at 1918 nm).

7.3.2  Principal Components Analysis Results
73.2.1 Sample Set a

PCA cross-validation results indicate that three spectral factors
are necessary to explain the variations in the NIR spectra of the RIM
polyurethanes in sample set a. There are two properties of these
samples that are known to vary: the composition and the position of
the sample on the original RIM plaque. The original PCA results
indicated that the first two principal components correspond to these
two properties of the samples. However, because the original first
two principal components each corresponded to a mixture of these
two properties, results were difficult to interpret. Therefore, a
rotation of the first two principal components was done (Chapter
1.5.1, Equations 1.8 and 1.9), in order to have each principal
component correspond entirely to a single property.

The first, second and third principal components in the rotated
PCA model explain 49.45%, 44.38% and 3.34% of the spectral
variation, respectively. The principal component 1 and 2 scores are
plotted in Figure 7.3, A. This plot indicates that principal component

1 describes the variation between samples at the gate, middle, and
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Figure 7.3: Plot of the second versus the first principal
component scores (A) and the loadings for principal component
1 (B, bottom) and principal component 2 (B, top), from
principal components analysis of NIR spectra of RIM

polyurethanes in sample set a.
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end of the RIM piece, and principal component 2 describes the
variation between samples in different composition groups (A, B, C
and D).

The first 2 principal component loading spectra are shown in
Figure 7.3, B. The first principal component loading spectrum (Figure
7.3, B, bottom), which explains the spectral variation that
corresponds to differences in the gate, middle, and end portions of
the same RIM piece, is very interesting. Comparison of this loading
spectrum with the spectrum of a typical polyurethane used in this
analysis (Figure 7.2, A) indicates that the loading spectrum has
negative bands of the polymer spectrum at short wavelengths (1100
nm to 1600 nm) and positive bands of the polymer spectrum at
longer wavelengths (1600 nm to 2250 nm). In summary, the first
principal component loading indicates an enhancement of longer
wavelength intensities relative to shorter wavelength intensities.

The only known property that varies between samples at the
gate, middle and end of a given RIM piece is the concentration of
voids. The process of nucleation (Chapter 1.4.1), which occurs during
the RIM process (Chapter 1.4), involves the liberation of nitrogen
that was formerly dissolved in the reactants. As the polymer cures,
the liberated nitrogen gas becomes trapped in the polymer. The
voids produced by this process enhance the diffuse reflectance and
decrease the density of the product. The density of a RIM sample is
a very important property, because it strongly affects the physical

properties of the sample. In this study, it is observed that the
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concentration of voids in a polyurethane plaque increases (and thus
the density decreases) as one moves from the injection end of the
plaque to the end of the plaque.

Although it is probable that the first principal component
explains the variation in the density of the RIM materials, it is
difficult to explain this correlation from the first principal component
loading spectrum (Figure 7.3, B, bottom). The intensities in the
diffuse reflectance spectra in this work are expressed in pseudo-
absorbance units (Equation 1.3, Chapter 1.2.3.2) which are calculated
as log(Ry/R), where R, is usually the incident light intensity, and R is
the intensity of collected diffusely reflected light (if no specular
reflection is present). An increase in pseudo-absorbance occurs both
from absorption of light, and from loss of diffusely-reflected light. In
several illustrations, Birth and Hecht (37) indicate that increasing
scattering ability of a sample causes more diffuse reflectance at
wider angles from the incident light. In this work, diffusely-
reflected light is collected within a confined range of angles.
Therefore, an increase in scattering ability of the sample would be
expected to cause an increase ih undetected diffusely reflected light,
and thus an increase in measured pseudo-absorbance for a sample.

It is possible that the scattering ability (and thus the loss of
diffusely reflected light) is not constant for all wavelengths. The
scattering ability of a RIM sample depends on the regular reflection
of light at each void/polymer interface in the material, which is

described by one of the Fresnel Equations (37,38):
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(n2-n3 ) + ny2k?
(g P+ o2k

R void/polymer = (7.1)

where R void/polymer is the reflectance at a void/polymer interface, nj
is the refractive index of the void, ny is the refractive index of the
polymer, and k is the absorption coefficient of the polymer. It is
well-known that shorter-wavelength NIR bands have lower
absorptivity than longer-wavelength NIR bands (20). Equation 7.1
indicates that significantly more diffuse reflectance is obtained for
the stronger-absorbing wavelengths (the longer wavelengths) than
for the weaker-absorbing wavelengths (the shorter wavelengths).
Therefore, an increase in scattering ability (density of voids) of a
RIM sample is expected to enhance the diffuse reflectance intensities
of longer wavelengths greater than for shorter wavelengths. This
mechanism might explain the correlation of the first principal
component to sample density.

The second principal component loading spectrum (Figure 7.3,
B, top) indicates a spectral trend corresponding to increasing hard
block percentage in the samples. The positive peaks at 1140 nm,
1648 nm, 2124 nm, and 2156 nm correspond to aromatic CH bands
in the hard block of the polymer (21). The positive NH band at 1496
nm and the carbonyl band at 1984 nm also indicate a positive
correlation to hard block percentage. The most prominent negative

peaks, at 1228 nm and 1732 nm, correspond to aliphatic CH groups
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(18,21), which are a major component of the soft block of the
polymers.

A plot of the third principal component scores versus the first
principal component scores (Figure 7.4, A) indicates that the third
principal component describes a variation between the two groups of
polymers with the highest hard block percentage (groups A and B).
The third principal component loading spectrum is shown in Figure
7.4, B. Positive aliphatic CH peaks at 1188 nm, 1228 nm, 1704 nm,
and 1740 nm, and negative aromatic CH peaks at 1644 nm and 2152
nm indicate a negative correlation of this component with hard block
percentage.

Additional features in the third principal component loading
spectrum (Figure 7.4, B) at 1484 nm, 1548 nm, 1588 nm, 1936 nm,
and 2076 nm correspond to carbonyl and NH groups (20). First
overtone NH stretching bands at 1484 nm, 1548 nm, and 1588 nm
are assigned on the basis of earlier assignments of IR bands in
similar model polyurethanes (14,15). The sharp negative band at
1484 nm is the first overtone band of the free NH group. The
sharpness of this band is indicative of non-hydrogen-bonded species
(39-42). The positive bands at 1548 nm and 1588 anm correspond to
hydrogen-bonded NH groups. The positive band at 2076 nm is
probably a combination amide II and NH stretching band. The
negative peak at 1936 nm might correspond to a free urethane
carbonyl group, but the overlap of water absorbances makes

interpretation of this feature very tentative (22).
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Figure 7.4: First and third principal component scores (after
rotasion) (A), and the third principal component loading
spectrum (B), from principal components analysis of NIR

spectra of RIM polyurethanes in sample set a.
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The third principal component indicates a change in the
hydrogen-bonding states of NH groups in the polymers. Although
this effect probably corresponds to a change in the phase separation
in the polymers, it is not certain whether is it positively or
negatively correlated to phase separation. Results from the analysis
of the hard block model compound for the sample set b samples
(Figure 7.2, D and E) cannot be used to aid this interpretation,
because the hard blocks used in the two sample sets are different.
Detailed NIR investigations of phase separation of these polymers, or
analyses of an appropriate hard block model compound for these
polymers, are necessary to determine whether this principal
component indicates an increase or decrease of phase separation.
However, this result indicates that NIR spectroscopy can be used to
monitor the effect of phase separation on the NH groups in the
polymer. Earlier FT-IR investigations (14,15) could not fully
characterize the effect of phase separation on NH groups, because the
fundamental free NH stretching band is very weak.

The PCA results indicate that the samples in group A have a
different degree of phase separation than the samples in group B. It
is known that phase separation in RIM samples depends on several
reaction parameters, such as catalyst concentration and reaction
temperature (5-7). It is quite possible that the group A and B
samples were prepared under slightly different reaction conditions.
Unfortunately, no significant differences in the preparation of these

samples are known, and we therefore cannot confirm this assertion.
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7.3.2.2 Sample set b

Cross-validation results indicate that three principal
components describe the variation in the NIR spectra of the flex
modulus samples. The first principal component explains 71.7% of
the specirai variation, the second principal component explains
19.7%, and the tbird principal component explains 3.9%. The loadings
spectra for the three principal components are shown in Figure 7.5.
The first principal component loading spectrum (A) has positive
aromatic CH bands at 1142 nm and 1654 nm, positive urethane NH
bands at 1494 nm and 2094 nm, a positive urethane carbonyl band
at 1998 nm, and a negative aliphatic CH band at 1734 nm. These
bands indicate that the first principal component is positively
correlated to the hard block percentage of the polymer.

The second principal component loading spectrum (B) has a
negative aliphatic CH peak at 1182 nm, a negative NH peak at 1494
nm, a positive NH peak at 2054 nm, and a positive aromatic CH peak
at 2158 nm. This loading spectrum is almost identical to the first
loading spectrum obtained from principal components analysis of the
sample set a samples (Figure 7.3, B, bottom). In the previous section,
it was determined that a loading spectrum of this type indicates a
negative correlation to the density of the samples. Therefore, it can
be concluded that the second principal component in this analysis is

negatively correlated to density.
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The second principal component in this analysis explains a
lower percentage of the spectral variation (19.7%) than the first
principal component in the previous analysis (49.5%). Because the
variation in other properties (such as hard block percentage) are
expected to be nearly equal for the samples in set a and set b, it can
be concluded that the densities of the samples in set b vary less than
the densities of the samples in set a. This result suggests that the
density gradients across individual plaques prepared from the large
mold (3 ft. by 4 ft., as in the sample set a study) were larger than the
density gradients across individual plaques prepared from the
smaller mold (1 ft. by 1 ft., as in this study).

The two-dimensional scores plot for the first and second
principal components is shown in Figure 7.6, A. The four distinct
clusters of samples in the scores plot correspond to the four different
hard block percentages of the samples in this analysis. The principal
component 1 score increases as one moves from formulation D to
formulation A. This result supports the earlier conclusion that the
first principal component is positively correlated to the hard block
percentage. It is also noticed that the index (indicated by the middle
digit of the sample name) within each cluster is positively correlated
to the principal component 1 score. This result is expected, because
an increase in the index during the RIM procedure causes an increase
in the hard block percentage of the finished material (Chapter 1.4.2).

Variations in the densities of the samples are represented by

the principal component 2 scores. Note that the variation between
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Figure 7.6: The second principal component scores plotted
against the first principal component scores (A), and the third
principal component scores plotted against the first principal
component scores (B), obtained from principal components
analysis of the near-infrared spectra of the 1" by 3"
polyurethane samples in sample set b. Sample names are

described in Table 7.1.
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the densities of the samples with formulation B is much less than the
variation between the densities of the samples with formulation A.
This result suggests that the densities of the samples with
formulation B were more accurately. controlled during the RIM
procedure than the densities of the samples with formulation A.

The variation in the principal component 1 and principal
component 2 scores of samples obtained from the same plaque
reflects the non-homogeneities of composition and density across
single RIM plaques. For example, the principal component 1 scores
for the three replicate samples from plaque A3Y are significantly
different. This result indicates the presence of significant
compositional variations across plaque A3Y. The variation of the
principal component 2 scores for the three replicate samples from
plaque A2N indicate a significant density variation across plaque
A2N. The variation of composition and density across single plaques
might be caused by incomplete mixing during the RIM procedure.

The third principal component loading spectrum is shown in
Figure 7.5, C. Positive NH bands at 1502 nm and 2018 nm, a positive
aromatic CH band at 1678 nm, and a positive MDI methylene band at
1762 nm indicate positive correlations to NH content and hard block
percentage. The negative isocyanate band at 1882 nm indicates a
negative correlation of this principal component with the amount of
unreacted isocyanate groups in the polymer.

The two-dimensional scores plot for principal components 1

and 3 is shown in Figure 7.6, B. It should be noted that samples
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from plaques C1Y and CIN each have exceptionally low values of the
principal component 3 score. Visual inspection of these plaques
reveals the presence of many defects, which were probably the
result of incomplete mixing of the reactants during the RIM
procedure. If incomplete mixing did occur during the preparation of
these plaques, a significant amount of unreacted isocyanate groups is
expected to be present in the samples obtained from these plaques.
This situation is confirmed by the low principal component 3 scores
for these samples, which indicate the presence of a significant
amount of unreacted isocyanate groups in the samples. The higher
principal component 3 scores for the post-cured samples (C1Y)
relative to the non-post-cured samples (C1N) indicate that post-
curing caused reaction of some of the isocyanate groups that were
present in the finished plaque. The positive correlation of the third
principal component to NH content is observed because reaction of
isocyanate groups results in formation of urethane NH groups. The
positive correlation of the third principal component with hard block
percentage is caused by the fact that the C1Y and CIN samples
(which have the highest amount of unreacted isocyanate groups)
coincidentally have the lowest possible hard block percentages of the

samples with formulation C.

7.3.3  Calibrations of NIR Spectra to Physical Properties

7.3.3.1 Sample Set a
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The results of PLS calibrations of NIR spectra to flex modulus
and heat sag for sample set a samples are shown in Table 7.2. Cross
validation results indicate that three factors are required for all
calibrations. Prediction errors are 4.0% relative for flex modulus at
23 °C, and slightly higher for flex moduli at 38 °C (5.9%) and 70 °C
(5.4%). These prediction errors are comparable to the estimated
repeatability in the reference method (7.96%). However, the relative
prediction error for heat sag (11.3%) is substantially higher than the
estimated error in the reference method (2.26%). The lowest relative
error of prediction is obtained for prediction of flex modulus at 23 °C,
because this property and the NIR spectra of the samples are
measured at the same temperature. Prediction errors for flex moduli
at 38 °C and 70 °C and for heat sag are higher, because these
properties depend on the state of the polymer at temperatures other
than the temperature of NIR sampling. For prediction of the flex
moduli at 38 °C and 70 °C, it would be more appropriate to use the
NIR spectra of the samples measured at 38 °C and 70 °C. In addition,
improved heat sag predictions could be obtained if the spectra of the
polymers at 120 °C are used. Unfortunately, these approaches might
not be feasible for rapid process analysis.

The first PLS loading spectrum for the calibration to flex
modulus at 23 °C is shown in Figure 7.7, A. Positive aromatic CH
peaks at 1140 nm, 1648 nm, and 2156 nm, a positive NH peak at
1500 nm, and negative aliphatic CH peaks at 1228 nm and 1736 nm
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Figure 7.7: First PLS loading spectra for the calibration to flex
modulus at 23 °C (A) and the calibration to heat sag (B )s

obtained from PLS calibrations prepared from sample set a.
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are observed. This result indicates that the modulus at 23 °C is
positively correlated to hard block percentage. The positive band at
1984 nm corresponds to a hydrogen-bonded urethane carbonyl
group, the negative band at 1920 nm might correspond to a free
carbonyl group, and the positive band at 2028 nm corresponds to a
free urea carbonyl group. An earlier study (22) showed that the
phase separation of a very similar polymer system involves a
decrease in the amount of free urea carbonyl groups, an increase in
the amount of free urethane carbonyl groups, and a decrease in the
amount of hydrogen-bonded urethane carbonyl groups.  Therefore,
the fiwrst PLS loading spectrum might indicate a negative correlation
of flex modulus with the degree of phase separation in the polymer.
It is also possible that the negative band at 1920 nm is a water band.
If this is the case, the loading spectrum indicates a negative
correlation of flex modulus to moisture content of the polymer.

The first PLS loading spectrum for the calibration to heat sag is
shown in Figure 7.7, B. This plot is almost identical to the first PLS
loading spectrum for the flex modulus calibration (Figure 7.7, A). As
a result, it can be tentatively concluded that heat sag is positively
correlated to hard block percentage.

The positive correlation of heat sag to hard block percentage
can be explained by a "compression set” mechanism. A compression
set measurement, which is similar to a heat sag measurement,
involves the compression of a sample for approximately 24 hours at

an elevated temperature, and removal of the load to allow the
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sample to recover (43). During the hot compression, breaking and
reforming of hydrogen bonds in the hard segment blocks can occur.
The new hydrogen bonds are in equilibrium with the compressed
state, and serve to retain the compressed state against recovery of
the polymer. At the temperature of the heat sag measurement (120
°C, kT = 0.78 kcal/mole) substantial breaking of the N-H..O=C
hydrogen bonds in the hard blocks (with a hydrogen bond strength
of approximately 3.5 Kcal/mole, as found in dimers of caprolactam,
reference (41)) is possible. If a hydrogen bond breaking and
reforming mechanism is an accurate model for heat sag, it is
expected that this property is proportional to the number of possible

hydrogen bond pairs (or the hard block percentage) in the polymer.

7.3.3.2 Sample Set b

The results of PLS calibrations for flex modulus at 23 °C and
heat sag of the sample set b samples are shown in Table 7.2. Three
PLS factors were used for both calibrations. The relative error of
prediction for flex modulus at 23 °C (8.9%) is comparable to the
estimated precision of the reference method (7.96%) (32), but the
relative error of prediction for heat sag (18.6%) is substantially
higher than the estimated precision of the reference method (2.26%)
(33). As mentioned earlier, the error for the heat sag calibration is

higher because the heat sag depends on the state of the polymer at
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an elevated temperature, which is difficult to determine from the
spectrum of the polymer at room temperature.

Table 7.2 also indicates that the calibration and prediction
errors for flex modulus at 23 °C of the sample set b samples are
much higher than the corresponding errors for flex modulus at 23 °C
of the sample set a samples. The source of this discrepancy is
indicated by observation of the PLS calibration curves for the flex
modulus at 23 °C (Figure 7.8) derived from sample set a (A) and
sample set b (B). The major difference between these two
calibration curves is the presence of large deviations in the sample
set b calibration curve (B) for samples with very high or very low
flex moduli. This result might indicate systematic errors in the
reference flex modulus measurement for samples with very high or
very low flex moduli, or a non-linear relationship between NIR
spectral absorbances and flex modulus of the sample set b samples.
The lack of this effect for the high flex modulus samples in the
sample set a calibration curve (A) indicates that systematic errors in
the reference measurement for high flex modulus samples are not
present. As a result, the apparent curvature in the sample set b
calibration curve (B) is probably caused by a non-linear relationship
between NIR absorbances and flex modulus. The lack of such
curvature in the sample set a calibration curve (A) might be caused
by the fact that the samples in sample set a are in a "linear" region,
where the relationship between NIR absorbances and flex modulus is

approximately linear.
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Figure 7.8: Calibration curves for the PLS calibration of near-
infrared spectra to flex modulus at 23 °C, derived from the

polyurethane samples in sample set a (A) and sample set b (B).
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The first PLS loading spectrum for the calibration to flex
modulus (Figure 7.9, A) has positive aromatic CH bands (1142 nm
and 1654 nm), positive NH bands (1494 nm and 1998 nm) and
negative aliphatic CH bands (1230 nm and 1734 nm). This result
indicates that the flex modulus is positively correlated to the hard
block percentage. The negative band at 1922 nm might correspond
to the free urethane carbonyl group or to moisture in the polymer
(22). Although other factors are expected to influence the flex
modulus, these factors cannot be easily identified from the first PLS
loading spectrum.

The first PLS loading spectrum for the calibration to heat sag
(Figure 7.9, B) is almost an exact inversion of the first PLS loading
spectrum for the flex modulus calibration. Therefore, this result
indicates a negative correlation of heat sag with hard block
percentage for the sample set b samples. It should be noted that this
result is exactly opposite to the result obtained from the PLS
calibration obtained from the sample set a samples (Figure 7.7, B).
This discrepancy might indicate fundamental differences in the
molecular heat sag mechanism for the two different polymer systems
used in sample sets a and b. However, it is also possible that
different intercorellations of chemical properties of the polymers in
the two sample sets caused this difference. If the heat sag is
primarily affected by a chemical property that has a weak effect in
the NIR spectrum, the observed spectral correlations to heat sag will

have features that are directly corellated to that chemical property
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Figure 7.9: First PLS loading spectra for the calibration to flex
modulus at 23 °C(A) and the calibration to heat sag (B),
obtained from PLS calibrations derived from sample set b

samples.
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(which are weak) and features of other chemical properties, such as
hard block percentage, that are coincidentally corellated to that
property (which are much stronger). It is possible that the
intercorellation between the chemical property that influences heat
sag and the hard block percentage of the polymers is different for

the two studies.

7.3.4 Moisture Effect

Figure 7.10, A shows the spectra of sample A2E (in sample set
a) before drying (a), after drying at 120 °C for 90 min. (b), and after
20 additional hours at room temperature in the open atmosphere (c).
The heating procedure (a tob) caused a decrease in the absorbance
of the first overtone OH band at 1430 nm and the combination OH
band at 1922 nm. These bands have been previously assigned to
water absorbances (20). Subsequent exposure of the sample to the
atmosphere (b to ¢) allowed the dried polymer to absorb moisture
from the air, which caused an increase in the intensities of these
moisture bands.

The absorbance at 1572 nm behaves in the same way as the
moisture bands. As mentioned previously, this absorbance is in the
region of first overtone stretching bands of NH groups that are

hydrogen bonded. The behavior of this absorbance with respect to
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Figure 7.10: A: Near-infrared diffuse reflectance spectrum
of RIM sample A2E (in sample set a) as received (a), after 1.5
hours drying at 120 °C (b), and after 20 additional hours
exposed to the atmosphere at room temperature (c); B:
absorbance at three differeni near-infrared wavelengths

versus the mass of the sample during the moisture study.
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moisture content suggests that it is a band for a NH-water hydrogen-
bonded complex in the polymer.

The moisture bands at 1430 nm and 1922 nm, and the NH-
water complex band at 1572 nm can be used to determine moisture
content in the polymer. Figure 7.10, B shows the absorbance of these
three bands versus the total mass of polymer weighed after each
spectrum was taken. It is assumed that the only mass changes in the
polymer during this experiment were from moisture loss or gain.
The correlations between each of the three absorbances and moisture
content (correlation coefficients = 0.998 for 1430 nm, 0.992 for 1572
nm, and 0.986 for 1922 nm) are very high.

The correlation to moisture is lowest for the 1922 nm
absorbance. This result is probably caused by interference of the
moisture absorbance at this wavelength with the free urethane
carbonyl absorbance at 1916 nm (22) (Figure 7.2, E). Phase
separation, which (for the diamine-extended polymers used in
sample set a) is accompanied by an increase in the intensity of the
free urethane carbonyl band, might occur during the drying
procedure. If this is the case, the decrease in water absorbance
during the drying step (a to b, in Figure 7.10, B) is partially offset by
the increase in the absorbance of the free urethane carbonyl band.
The moisture regaining step (b to ¢) involves a larger slope in the
absorbance versus mass curve, because no offsetting effect of phase

separation occurs.
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7.4 Cenclusion

Near infrared spectroscopy can provide rapid and accurate
predictions of flex modulus and heat sag in RIM polyurethanes.
Accurate determinations are possible because NIR spectroscopy can
detect changes in composition, density and phase separation, which
affect physical properties. It was found that NIR spectra of RIM
polyurethanes at room temperature can be used to predict physical
properties of the materials at elevated temperatures. Moisture in
the polymer can be monitored by OH bands from moisture, or by an
NH stretching overtone band for a NH-water hydrogen-bonded

complex.
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Chapter 8

Determination of Compression and Thermal
Properties of Rigid Polyurethane Foams by Near-
infrared Diffuse Reflectance Spectroscopy

8.1 Introduction to Chapter 8

Rigid polyurethane foams are commonly used as insulation and
packaging material (1). The performance of a foam depends greatly
on its compression and thermal properties. As a result, it is
necessary to make physical property determinations in order to
assess the quality of a foam for a specific application. Physical
testing methods, such as compression and thermal conductivity (2)
tests, directly measure the physical properties of foams. However,
these methods are usually destructive, subject to high variability,
and require substantial sampling times. In many situations, a faster,
non-destructive analytical method is desired.

Near-infrared (NIR) diffuse reflectance spectroscopy has been
used to rapidly and non-destructively sample materials that are
similar to rigid foams with respect to optical properties (3-6). In this
work, the ability of near-infrared (NIR) diffuse reflectance
spectroscopy tc determine compression and thermal properties of
rigid polyurethane foams is demonstrated. Principal Components
Analysis (PCA) (7) of the NIR spectra of the foams is used to indicate
differences between the spectra of foams that were prepared from

different formulations. In addition, Partial Least Squares {(PLS) (4,8-
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10) calibrations of NIR spectra to compression modulus, compression
strength, deformation at failure, and K-factor (thermal conductivity)

are done.

8.2 Experimental

Two separate sets of rigid polyurethane foams were obtained
from ICI Polyurethanes: 1) 26 samples that are tested for
compression properties (see Table 8.1) and 2) 27 samples that are
tested for K-factor, or thermal conductivity. The K-factor tested
samples had K-factor values ranging from 0.158 to 0.202 Btu-in/°F-
hr-ft2. All samples were prepared from pure or polymeric 4,4'-
diphenylmethane diisocyanate (MDI) and a variety of different
polyols and chain-extenders. The compression-tested samples were
prepared from one of, or a combination of, three different polyols: a
PET-based polyol, an aliphatic-based polyol, and an amine-based
polyol. All of the foams contained small amounts of catalysts and
surfactants. Each sample originally consisted of a large
(approximately 1 ft. x 1 ft. x 3/4 in.) block, from which smaller
blocks were cut for physical testing and NIR sampling.

Compression measurements (ASTM Method D1621-73) (11)
were performed in triplicate, from three 2" x 2" blocks of each
sample. A Universal Testing Machine (Instron) was used for
compression testing. Three 1 in. x 1 in. blocks, which were cut

adjacent to the blocks used for compression testing, were used for
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Table 8.1: List of physical properties of rigid polyurethane
foam samples that were tested with compression
measurements. Intercorrelations of physical properties are

also shown.




Table 8.1

Average values from
Compression Test

sample modulus strength deformation
number (P.S.D (P.S.1) (%)
1 639 33.29 6.7
2 429 20.06 7.95
3 737 35.07 6.14
4 454 20.29 7.77
5 317 15.86 10
6 510 22.14 7.04
7 500 20.84 6.07
8 642 31.85 6.49
9 368 - 19.38 10
10 720 34.98 6.52
11 681 32.87 6.31
12 631 31.38 7.51
13 538 25.73 6.9
14 546 22.45 6.96
15 396 17.82 10
16 462 18.94 8.67
17 565 23.26 5.43
18 547 26.17 6.3
19 502 21.85 6.84
20 376 19.37 8.68
21 433 20.01 9.24
22 382 17.55 10
23 392 18.5 10
24 664 34.9 6.94
25 199 12.67 10
26 544 21.53 5.48

Correlation coefficients for intercorrelation of
physical properties:

modulus strength
strength 0.974 1

deformation -0.802 -0.664
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NIR analysis. A stress versus deformation curve for a biaxial
compression (perpendicular to the direction of elongation of voids in
the foam, see Chapter 1.4.1) was obtained for each compression test
sample. Three physical properties were obtained from this curve: 1)
the compression modulus, 2) compression strength, and 3) percent
deformation at failure. Samples that did not fail at 10% deformation
were assigned a value of 10% deformation. For each property, the
average of the three values obtained from triplicate tests were used
for correlation to NIR spectra.

K-factor measurements (ASTM Method C518-85) (12) were
performed on a K-matic heat flow meter (Holometrix). A single K-
factor measurement was made from a 1 ft. x 1 ft. block of each
sample. A smaller 2 in. x 2 in. block, which was cut adjacent to the
sample used for the K-factor measurement, was used for NIR
analysis.

In order to avoid errors caused by aging effects in the foams,
NIR and physical testing methods were performed within several
days of each other. The estimated error for each of the compression-
measured properties were determined as the pooled standard
deviation of triplicate measurements of the property for all samples.
The estimated error in the K-factor measurement was obtained from
reference (2).

NIR diffuse reflectance spectra of the rigid foams were
obtained with a Technicon InfraAlyzer 500C grating instrument

(Chapter 1.2.4.2). The spectral range was 1100 nm to 2500 nm (in 2
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nm increments), the nominal resolution was 10 nm, and the
wavelength accuracy was 1 nm. Rigid foam blocks were placed on a
sampling stage and covered with a quartz plate for NIR analysis.
Each scan lasted approximately 2 minutes. Two replicate NIR scans
for each block were obtained by sampling two opposite faces of the
block.

Pre-analysis treatment of NIR spectra consisted of three steps:
1) averaging over samples, 2) averaging over wavelengths, and 3)
correcting for scattering effects. For the K-factor-tested samples,
duplicate spectra were averaged and adjacent wavelengths were
averaged (resulting in 351 wavelength points for 27 spectra). For
the compression-tested samples, three sets of duplicate spectra from
the three blocks of each sample were averaged. Every other
wavelength point, starting at 1102 nm, was removed, and every
adjacent two wavelengths of those remaining were averaged
(resulting in 176 wavelength points for 26 spectra). In all cases,
Multiplicative Scatter Correction (MSC) (13) was used to correct the
spectra for scattering effects after sample and wavelength averaging.

Principal Components Analysis (PCA) (7) of the spectra of the
26 compression-tested foam samples was performed with the
UNSCRAMBLER software package (CAMO A/S, Trondheim, Norway).
All spectra were mean-centered for PCA analysis. Partial Least
Squares (PLS) (4,8-10) calibration of NIR spectra to thermal and
compression properties was performed with the UNSCRAMBLER

software package. For each PLS analysis, the original samples were
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split into calibration and prediction sets. PLS calibrations were
constructed using the calibration set, and the calibrations were then
used to predict the physical properties of the samples in the
prediction set. Mean-centered spectra were used for all PCA and PLS
analyses.

PLS calibration errors were expressed using the Standard Error
of Estimate (SEE) value (Chapter 1.5.2.3.2, Equation 1.16). Prediction
errors were expressed using the Standard Error of Prediction (SEP)
value (Chapter 1.5.2.3.2, Equation 1.17).

The method of cross-validation (7,10) was used to determine
the optimal number of NIR spectral factors for PCA and PLS analyses.
The cross-validation procedure involves the removal of some of the
samples in the calibration set, construction of a PCA or PLS model
with the remaining samples, and subsequent prediction of the
spectra (in the case of PCA) or physical properties (in the case of
PLS) of the removed samples by the model. The optimal number of
PCA or PLS factors is the number of factors in the model at which

prediction errors for the removed samples are minimized.
8.3 Results and Discussion
8.3.1 NIR Spectra of Rigid Foams

The NIR diffuse reflectance spectra of two rigid foams are

shown in Figure 8.1. These spectra have highly-overlapped bands
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from CH, NH, and C=0 groups in the samples. Bands in the regions
1100 nm to 1250 nm, 1600 nm to 1800 nm, and 2150 nm to 2500
nm are from various aromatic and aliphatic CH groups. NH
absorbances are found at approximately 1500 nm and 2050 nm, and
C=0 absorbances are in the region 1900 nm to 2100 nm. More
specific assignments of NIR peaks can be made by reference to
earlier NIR analyses of polymers (14-16).

The differences in the two spectra in Figure 8.1 originate from
chemical and physical differences in the foam samples. The
difference in baseline offset of the two spectra is a result of physical
differences, or scattering differences, of the two samples. The
differences in peak shape or relative peak amplitudes, such as those
observed at approximately 1650 to 1750 nm, 1980 to 2050 nm, and
2250 to 2350 nm in Figure 8.1, arise from differences in the
chemistry of the samples. In this analysis, the method of
Multiplicative Scatter Correction (MSC) is used to minimize the
scattering effects and leave only the chemical effects to be used for

calibration purposes.
8.3.2  Principal Components Analysis of Compression-tested Foams
Cross-validation results indicate that three components of

variation exist in the NIR spectra of the compression-tested foams.

Table 8.2 shows the percentage of explained spectral variance for
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Table 8.2: Results of principal components analysis of NIR
spectra of rigid polyurethane foams that were subsequently

compression-tested.




Table 8.2

Explained Spectral Variance:

Observed

cluster

number

I

11

IIT

IV

number of
principal components
in_model

1
2
3

Sample Clusters:

samples
in_cluster

1,3,8,10,11,12,
13,18,24

5,9,21,23,25
7,15,20,26

2,4,6,14,16,17,
19,22

percentage of spectral
variation explained

polyol component(s)
corresponding to cluster

aliphatic-based polyol

PET-based polyol

PET-based and amine-based
polyol

PET-based and
aliphatic-based polyol
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PCA models that have 1, 2, and 3 principal components. It should be
noted that a significant amount of spectral variation (13.3%) is not
explained by the three principal component model. The unexplained
variance can be caused by the presence of minor components in the
foams, such as catalysts and surfactants, the presence of reaction by-
products in the foams, or inadequate removal of scattering effects in
the spectra. It is more likely, however, that this unexplained
variance corresponds to the spectral noise level relative to the
spectral variance from chemical differences.

Figure 8.2, A, which shows a representation of the 26 samples
in the space defined by the first and second principal components,
indicates the relationship between the spectra of the different foam
samples. The most striking feature of this plot is the presence of 4
well-defined clusters of samples. Furthermore, it is known that each
of these clusters corresponds to a specific polyol component in the
foams. Each cluster is assigned a cluster number of 1 to IV. Table
8.2 lists the samples that belong to the different clusters, and the
polyol component that corresponds to the different clusters.

In order to quantitate the degree of clustering of samples in
the three-dimensional PCA score space, several Euclidean distances
in the space are calculated. For this analysis, distances along each
principal component axis are defined as the principal component
score divided by the square root of the eigenvalue of that principal
component. As a result, all three principal components have equal

weight. Distances between the mean points of different clusters are
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Figure 8.2: Representation of the NIR spectra of compression-
tested “samples in the two-dimensional spaces defined by the
first and second principal component scores (A), and the first
and third principal component scores (B). In plot A, sample
clusters are labeled I, II, III, and IV. In plot B, only cluster III

is identified.
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compared to average deviations of individual points from their
corresponding mean cluster point. The results of this analysis are
shown in Table 8.3. All inter-cluster distances are much larger than
the intra-cluster deviations. This result suggests that the clusters are
well-defined.

The identities of the polyol components corresponding to the
different clusters can be confirmed by observation of the PCA
loading spectra. Figure 8.3 shows the loading spectra for the first (A)
and second (B) princij)al components. Assignment of positive and
negative bands in the loading spectra are aided by previous NIR
analyses of poly(ether urethaneurea) copolymer (14), poly(ethylene
terephthalate) (15), and ethylene-propylene-diene terpolymer (16).
Positive peaks in the first principal component loading spectrum at
1142, 1674, 2142, and 2166 nm correspond to aromatic CH bands of
the MDI group. In addition, positive peaks are observed at 1910 nm
and 1978 nm (from C=0 groups) and at 1502 nm (from NH groups).
These results suggest that the first principal component is positively
correlated to the fraction of MDI and urethane groups in the sample.

Negative peaks at 1646, 2118, and 2446 nm in the first
principal component loading spectrum (Figure 8.3,A) correspond to
the aromatic CH vibrations of poly(ethylene terephthalate)

(PET) (15). Other negative bands at 2262 and 2390 nm are from the
ethylene groups in the ethylene glycol part of PET. These results
indicate that the first principal component is negatively correlated to

the fraction of PET-based polyol in the foams.
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Table 8.3: Weighted euclidean distances between different
sample clusters, and variations within each sample cluster in 3-

dimensional PCA score space.



Table 8.3

Distances between mean points of clusters:

Cluster I Cluster II Cluster III

Cluster II 0.543
Cluster IIT 0.496 0.541
Cluster IV 0.469 0.560 0.423

Average deviation of individual points from mean
point of cluster:

Cluster I: 0.141
Cluster II: 0.141
Cluster III: 0.088

Cluster IV: 0.113
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Positive bands in the second principal component loading
spectrum (Figure 8.3, B) at 1662, 2134, 2158, 2182, and 2454 nm
are from aromatic CH groups in PET. Negative bands at 1486 nm and
2042 nm correspond to NH vibrations in the urethane groups of the
polymers. Other negative bands at 1222, 1722 and 2310 nm are
probably from ethylene groups in the polyol component of the
polymer. These results indicate that the second principal component
is positively correlated to the amount of PET-based polyol in the
polymers and negatively correlated to the amount of aliphatic-based
polyol and the urethane groups in the polymers.

The third principal component explains a small, but significant
amount of variation in the spectra of the compression-tested foams.
The third principal component loading spectrum, shown in Figure 8.3,
C, has positive peaks in the NH and C=0 regions (1498, 2034 and
2074 nm) and negative bands in the ethylene CH regions (1214,
1718, 2294, and 2350 nm). The negative peaks at 1670 and 2454
nm probably correspond to aromatic CH vibrations in PET, znd - the
positive peaks at 2178 and 2210 nm probably correspond to
aromatic CH vibrations in the MDI group. These results indicate that
the third principal component is positively correlated the MDI and
NH content of the polymers. Table 8.4 shows the summary of
functional group correlations for the three principal components.

The PCA results indicate that the samples in cluster I, which
have the highest values of the first principal component score and

negative values of the second principal component score, must have
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Table 8.4: Functional groups in the rigid polyurethane foams
that are positively and negatively correlated to each principal
component (obtained from Principal Components Analysis of

NIR spectra of rigid polyurethane foam samples).




Principal
Component

1

Table 8.4

Functional Groups in the Polymers

Positive Negative

Correlation Correlation

MDI, PET

urethane

PET urethane,
ethylene (aliphatic
C-H)

MDI], NH, PET, ethylene

carbonyl
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the highest urethane content and lowest PET content. These results
are consistent with the fact that the samples in cluster I contain an
aliphatic-based polyol. Furthermore, the observation that these
samples have the highest urethane content is consistent with the
observation that they have the highest compression moduli (1)
(consult Tables 8.1 and 8.2).

The samples in clusters II, III and IV have negative values of
the first principal component score, which indicates that these
samples each contain a PET-based polyol. The samples in clust'er v
also have negative values of the principal component 2 score, which
indicates that they also contain an aliphatic-based polyol. These
results are consistent with the known correlations of polyol
components to the different clusters of samples (Table 8.2).

Figure 8.2, B shows the representation of the foam samples in
the space defined by principal components 1 and 3. The only
samples that are affected by the 3rd principal component are the
samples in cluster III. The samples in the other clusters have
principal component 3 score values that are distributed about zero.
If this result is combined with functional groups correlations of the
third principal component (Table 8.4), it can be concluded that the
samples in cluster III have significantly more NH content than the
other samples. This result is consistent with the fact that these
samples contain an amine-based polyol component, because an

amine-based polyol would produce urea groups (with 2 NH bonds
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each) instead of urethane groups (with one NH bond each) upon

reaction with isocyanate.
8.3.3 PLS Calibrations for Compression Properties

The results of PLS calibrations to compression modulus,
compression strength, and percent deformation are shown in Table
8.5. The cross-validation results suggest the use of only two spectral
factors for calibration to these properties. These results might
appear contradictory to the PCA results, which indicate that three
sources of spectral variation are present. However, the cross-
validation results are a better indicator of the optimal number of
spectral factors for calibration to a specific property.

The calibration SEE values and prediction SEP values for the
two-factor PLS calibrations are shown in Table 8.5. Estimated errors
in the physical measurement of compression properties are also
shown. These results indicate that NIR spectroscopy can be used to
predict compression modulus within 63.6 P.S.I.,, compression strength
within 2.63 P.S.I., deformation at failure within 1.44% and K-factor
within 0.0089 Btu-in/°F-hr-ft2. The modulus and strength
calibrations are the most accurate, in terms of relative calibration
and prediction error. However, the standard error of calibration and
prediction for each property is only slightly greater than, or even

less than, the estimated error in the physical measurement. This
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result suggests that errors in the physical measurements are the
major source of calibration and prediction errors.

The first PLS loading spectrum for the compression modulus
calibration, shown in Figure 8.4, A, indicates the NIR spectral
features that are positively and negatively correlated to the
compression modulus of the foams. Positive features at 1674 nm
and 2142 nm are from aromatic CH vibrations in the MDI group. The
positive band at 1502 nm corresponds to the NH group and the
positive bands at 1910 nm and 1982 nm correspond to the carbonyl
group. These results indicate that modulus increases with increasing
fraction of urethane and MDI groups in the foam. Positive ethylene
bands at 1718 nm and 1762 nm indicate a positive correlation
between modulus and ethylene content. The negative features are
dominated by PET bands (1646, 2118, 2262, and 2450 nm). The
positive ethylene bands and negative PET bands indicate that, for a
given fraction of MDI groups in the polymer, the foams with the
aliphatic polyol component have a higher modulus than the foams
with the PET-based poiyol components. Because the three
compression properties are highly intercorrelated (see Table 8.1),
first PLS loading spectra for strength and deformation have very
similar features. The functional group correlations for strength are
the same as those for compression modulus, and the correlations for

deformation are exactly opposite to those for compression modulus.
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Figure 8.4: First PLS loading spectra for the correlation of NIR
spectra to compression modulus (A) and K-factor (B) of rigid

polyurethane foams.
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8.3.4 PLS Calibration for K-factor

The results for the PLS calibratibn to K-factor are shown in
Table 8.5. Cross-validation results indicate that two spectral factors
are necessary for the calibration. Although the relative calibration
and prediction errors are large, the absolute SEE and SEP values are
lower than the estimated error of the physical K-factor measurement
(2). As a result, the error in the physical measurement is probably
the main contributor to the calibration and prediction errors.

The first PLS loading spectrum for the calibration to K-factor is
shown in Figure 8.4, B. Positive bands at 1501, 1993 and 2029 nm
correspond to urethane NH and carbonyl absorbances. The negative

peaks at 1663 nm and 2449 nm correspond to the terphthalic acid

- group in PET, and the negative peak at 2271 nm coresponds to the

ethylene glycol group in PET. These results suggest that the thermal
conductivity of the foams is positively correlated to the fraction of
urethane groups and negatively correlated to the PET content of

these foams.

8.4 Conclusion

This study demonstrates the ability of NIR diffuse reflectance
spectroscopy to perform rapid chemical characterizations of rigid
polyurethane foams. The chemical information provided by NIR

spectroscopy enables discrimination between foams that were
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prepared from different polymeric formulations. In addition,

accurate NIR determinations of compression and thermal properties
of rigid foams are possible.

It is important to note that the formulation (or polyol
component) was the major source of variation of the foam samples
used in this work. As a result, the studies in this work indicate the
effect of formulation on the spectra and properties of rigid foams.
An additional study that uses foams of the same formulation, but
with different compositions (or relative percentage of MDI and polyol
in the polymer) could be used to determine the effects of
composition and other factors on the NIR spectra and physical

properties of rigid foams.
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Appendix A

Analysis of Reaction Injection Molded Polyurethanes
by NIR-FT-Raman Spectroscopy

Al Introduction to Appendix A

Polyurethane block copolymers made by Reaction Injection
Molding (RIM) (1) are used predominantly for automotive
applications (2). The studies in Chapter 7 demonstrated the ability of
near infrared diffuse reflectance spectroscopy to rapidly analyze RIM
polyurethanes. However, NIR-FT-Raman spectroscopy also has
potential as a rapid analysis technique (4-6). For the analysis of
polymeric materials, NIR-FT-Raman (with 1064.1 nm excitation)
usually avoids the fluorescence difficulties that are commonly
experienced with conventional Raman spectroscopy (typically 488
nm or 514.5 nm excitation). Excellent frequency precision is another
feature of NIR-FT-Raman that ought to be important for quantitative
studies. In this work, the method of NIR-FT-Raman is applied to the
determination of flex moduli of the diamine-extended RIM
polyurethanes used in Chapter 7, sample set a. The results of this
work are compared to results of the NIR diffuse reflectance analysis

of these polymers.
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A.2 Experimental

The samples used in this study are the 1" by 3" diamine-
extended RIM polyurethanes that were designated as sample set a in
Chapter 7 (3). Non-destructive flex modulus measurements at 23 °C
(ASTM method D-790-86) (7) were performed as discussed in
Chapter 7.2.3. A single flex modulus measurement was performed
for each sample.

Raman sampling was performed after physical testing of the
samples. The spectrometer was a Perkin-Elmer Model 1800 FT-IR
that was modified as described in an earlier report (8). The spectra
were obtained with 6 cm-1 nominal resolution and data was collected
every 2 cm! over the spectral range from 9500 cm-! to 6500 cm-1.
This spectral range corresponds to Raman shifts of -102.4 cm1to
3297.6 cm-l. The 180° sampling geometry was similar to that
described previously (12), except that the spot diameter at the
sample was 2.5 mm. About 750 mW of 1064 nm light was incident
on the samples. Each spectrum is a result of 6 minutes of signal
averaging. The Rayleigh scattering peak (0 cm-1) was used to
monitor the overall scattering intensities of the samples. A single
Raman spectrum was obtained from each sample.

For each spectrum, every intensity point was normalized with
respect to the intensity of the Rayleigh scattering peak. The
intensity of the Rayleigh scattering peak, scaled so that its variance

over all samples is equal to the average variance of intensities in the
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Raman spectra, was used as an additional variable (called the
scattering variable) for this analysis. Every three consecutive
intensity points were averaged, and spectral regions with no
appreciable Raman intensity were removed. These manipulations
resulted in spectra covering Raman shifts of 301.6 cm-! to 1897.6
cm-1, and 2503.6 cm-! to 2997.6 cm-! in 6 cm-! increments.

Three seperate calibrations for flex modulus at 23 °C were
prepared, using three different sets of spectral variables: 1.
normalized Raman spectra only, 2. normalized Raman spectra with
the scattering variable and 3. the scattering variable only. The
method of Partial Least Squares (PLS) was used for the multivariate
analyses (that use data sets 1. and 2.) and a univariate least squares
calibration was used for the analysis that used data set 3..

For all calibration analyses, calibration and prediction sets were
designated in the same way as in Chapter 7. The method of cross-
validation (Chapter 1.5.2.3.1) was used to determine the optimal
number of spectral factors for the PLS calibrations. Calibration error
is indicated by the Standard Error of Estimate (SEE) (Equation 1.16),
and prediction error is indicated by the Standard Error of Prediction
(SEP) (Equation 1.17). Relative errors were calculated as the

standard error divided by the range of flex moduli of the samples

used in the analysis.

A3 Results
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The NIR-FT-Raman spectra of two RIM polyurethanes are
shown in Figure A.l. No significant fluorescence is observed in these
spectra. Tentative assignments of the bands are made from
reference to earlier Raman analyses of n-hexane (9), para-
substituted benzenes (10), and urea-formaldehyde resins (11).
Bands at 2974 cm-! (CHjs stretch), 2936 cm-1 and 2876 cm-! (CH,
stretch), and 1456 cm-1 (CH, bend) originate from the poly(ethylene
oxide) and poly(propylene oxide) units in the soft block of the
polymers. The other bands are from vibrations of aromatic and urea
groups in the hard block of the polymers. Bands at 640 cm-1, 900
cm-!, 1184 cm-l, and 1617 cm-! are from benzene ring modes, the
band at 1712 cm-! is a carbonyl stretching band, and the band at
1523 cm-! is an amide I band. The 1318 cm-! band might be a N-C-
N stretching band, and the 1258 cm-! band might arise from the
penta-substituted benzene ring in the DETDA chain extender in the
hard block of the polymer (see Figure 7.1,A).

The differences in relative band amplitudes in the NIR-FT-
Raman spectra (for example the relative amplitude of the 1617 cm-1
and 2936 cm-1 bands in Figure A.1l), are a result of differences in the
composition of the polymers. It is also observed that the overall
intensity, indicated by the Rayleigh scattering band at 0 cm-l, is
slightly greater for spectrum B than for spectrum A. Visual
observation of the RIM samples revealed that the overall scattering
intensity is proportional to the concentration of nitrogen voids in the

sample (Chapter 1.4.1), and is therefore inversely proportional to the



291

‘(S9[049 (Q0Q]) UOHEIIOXS WU

$901 YMm pooo[oo ‘soueparniiod WIY IUSISJJIP omi Jo endads urwey-LJ-YIN :1'V oISy




(SJOQWNUSARM) WYS UBWRY

0.60C Q26092 glece 92691 92651

) R

92601 92609 9'26¢ ¥c0l-

SRR | o
— 1000
— €000

SR

~ €000
~ $000
~ G000
g <<./\ al 9000
~ 2000
~ 9000

6000

cLL
gest
8521
8Ll
006
o9
I

v.i62
oSyl
BLEL

— 10°0

9/8¢

- 100
~ 2100
~ €10'0
10°0
- GIO'0

9g6e

2191
f

Ausuauy




292

density of the sample (Chapter 7.3.2). Because the density of a RIM
material greatly affects its modulus, the overall scattering intensity
observed in the Raman spectrum (indicated by the scattering
variable) is expected to be important for the determination of flex
modulus.

The PLS cross-validation results are shown in the second
column of Table A.l. They indicate that two factors are necessary for
the PLS calibration that uses the Raman spectra alone, and three
factors are necessary for the calibration that uses Raman spectra
with the scattering variable. Two important results are obtained
from this observation: 1) the scattering variable adds information
not present in the Raman spectra, and 2) a third factor (in addition to
density and composition) is influencing the Raman spectra. As
mentioned earlier, the information supplied by the scattering
variable is probably the sample density. The additional factor
influencing the Raman spectra might be phase separation, which
involves the self-association (or hydrogen-bonding) of hard blocks in
the polymer (12,13). It is possible that differences in phase
separation in the polymers can be detected by shifts in the amide,
carbonyl, and aromatic ring bands in the spectra. However, more
detailed studies are necessary to identify the Raman spectral
features that indicate phase separation.

The PLS calibration and prediction results are also shown in
Table A.1. Results are improved if the scattering variable is added to

the Raman data. However, prediction from the scattering variable
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Table A.1: Calibration and prediction results for PLS
calibrations of three different sets of Raman spectral variables

to flex modulus (at 23 °C) of RIM polyurethanes.




Table A.l

Calibration Prediction

number

of PLS relative relative
data _used factors SEE! error (%) SEP! error (%)
Normalized
NIR-Raman
spectra 2 3.4 10.9 25 8.4
Normalized
NIR-Raman
spectra, with
scattering
variable 3 2.1 6.6 1.7 5.8
scattering
variable
only - 10.8 34.5 11.0 37.4

1 . SEE and SEP values are in units of 10-7 N/m2
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alone gives poor results. These results suggest that both the
scattering variable, which primarily indicates sample density, and
the Raman spectrum, which contains information about composition
and phase separation, are necessary to accurately predict the flex
modulus of a sample.

As mentioned earlier, NIR diffuse reflectance spectroscopy (3)
was also used to determine physical properties of the polymers used
in this work. The smallest relative prediction error (of flex modulus
at 23 °C) for the NIR-FT-Raman method (5.8%) is slightly greater
than the smallest relative prediction error for the NIR diffuse
reflectance method (4.0%) (Table 7.2). Although this result suggests
that NIR diffuse reflectance spectroscopy is a better method for
analysis of RIM polyurethanes, other factors must be considered.
NIR-FT-Raman spectra contain much different information than NIR
diffuse reflectance spectra. For example, the effect of phase
separation on the NIR diffuse reflectance spectrum (3,14) is expected
to be much greater than the effect on the NIR-FT-Raman spectrum,
because C=0 and N-H bands in the Raman spectrum are very weak.
However, NIR-FT-Raman spectroscopy is expected to provide better
information about polymer backbone vibrations (15).

It should be clear that the most suitable spectroscopic
technique for polymer analysis is strongly dependent on the
composition of the polymer and the properties of interest. Near-
infrared spectroscopy is effective if strong perturbations of NH, OH,

or CH bonds in the polymer, such as those caused by hydrogen-
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bonding interactions, affect the property of interest. Raman analysis
will be superior when sampling of non-polar bonds provides
information about the properties of interest.

In terms of instrumentation, NIR-FT-Raman is significantly
more costly and poses a greater potential hazard to personnel.
Moreover, heating of the sample is more likely in Raman
spectroscopy, and this might result in sampling error or sample
damage. However, complete NIR-FT-Raman spectra can be obtained
over optical fibers (5), whereas the collection of complete NIR spectra
over fiber optics is prevented by substantial absorption of light in
the optical fiber (16).
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Appendix B

A Path Length Correction Method for Near Infrared
Spectroscopy

B.1 Introduction to Appendix B

Near-infrared (NIR) spectroscopy has been used to rapidly and
accurately determine important properties of agricultural products
(1-3) and polymeric materials (3-5). The sampling ease of NIR
methods makes them particularly appealing for rapid analysis.
However, a major difficulty with NIR methods is the presence of
additive and multiplicative effects in the spectra. These effects arise
from variations in the particle size and path length (or thickness) of
the samples. Additive effects, which are baseline offset variations,
can be reduced by the use of first or second derivative spectra.
Multiplicative effects, caused by variation in sample thickness or
particle size, can be removed if the path lengths of the samples are
known. However, the path lengths of samples are seldom known,
especially in situations where rapid analyses of relatively
unprepared samples are done. In this situation, it is difficult to
distinguish between multiplicative path length effects and chemical
variation effects in the spectra. It is important to determine the
multiplicative path length effect in a spectrum, because removal of
this effect resuits in more accurate determinations of analyte

concentrations from the spectrum.
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The method of Multiplicative Scatter Correction (MSC) (6-8) has
been used to reduce multiplicative path length effects in NIR diffuse
reflectance and transmission spectra. This method generally
improves the prediction ability of NIR spectra when the spectral
variability from chemical variation is small. However, the spectral
variability from chemical variation can be very large in some
situations. For example, variations in the composition of
poly(urethaneurea) block copolymers (9) and EPDM terpolymers (5)
causes very large changes in the NIR spectra of these materials. In
these situations, the MSC method is expected to make approximate,
but not accurate corrections for multiplicative path length effects.

This chapter presents a multiplicative correction method, called
Path Length Correction with Chemical Modeling (PLC-MC), which can
be used when spectral variablility from chemical variation is large.
This method involves Principal Components Analysis (PCA) modeling
of chemical variations in the NIR spectra of samples that have
differences in chemical composition but no differences in
multiplicative path length effects. This model can then be used to
estimate the multiplicative path length effect of a future sample

from its NIR spectrum.

B.2 Theory

B.2.1 PCA Modeling:
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A NIR spectral response matrix X (m by n) contains the spectra
of m standards at n wavelengths. It is assumed that there arc no
additive or multiplicative path length variations in the spectra, and
that all chemical variations in the samples are represented. Data

compression of X is done by PCA (Chapter 1.5.1):

X =1,X + TPt + E (B.1)

where 1, is a column vector of ones with n elements, X is the

average spectrum of the m spectra in X, T is a m by f matrix of PCA
scores (where f is the number of principal components needed to
explain the variance in X), and P is a n by f matrix of PCA loadings.
The matrix E contains the spectral variations that are not modeled by
the PCA procedure. The optimal number of factors (f) is usually
determined by cross validation.

All of the spectra in X can be represented in n-dimensional
space, in which each dimension corresponds to a single wavelength
response in the NIR spectrum. However, PCA results indicate that
these spectra can be located in an f-dimensional subspace. For
instance, in the case of f=2, the spectra lie on a plane in the n-
dimensional space. In addition, the spectra defined by TPt, which
are the PCA estimates of the mean centered spectra, must lie on a
plane that passes through the origin. Figure B.1 shows a geometrical

representation of the spectra. The planes containing the PCA-
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Figure B.1: Representation of plane spanning 1,X + TPt, plane
spanning TP!, mean spectrum (X), prediction spectrum (xp),

and prediction spectrum corrected by the PLC-MC method (ﬁxp)

in 3-dimensional space.
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modeled spectra (1,X + TPtY) and PCA-modeled mean-centered

spectra (TPt) are also shown.

B.2.2  Path Length Correction

In many situations, it is desired that a calibration that was
constructed from standards with identical path lengths can be used
to predict the concentrations of a prediction sample that has an
unknown path length. For example, the NIR spectra of polymer films
with identical thicknesses are used to comstruct a calibration for a
specific property, and it is desired that this calibration can be used to
predict the property of a film of unknown thickness from its NIR
spectrum. In this situation, a PCA model (Equation B.1) can be
constructed from the spectra of the calibration standards. A
prediction spectrum (x,) with a path length different than the path
length of the standards used to develop the PCA model, is simply a

multiple of a spectrum that is modeled by the PCA model:

axp =X + Pt + e (B.2)

where tp contains the principal component scores of the spectrum of
a sample that has the path length of the standards and the same
composition as the future sample, a = 1/a*, where a* is the path
length of the future sample relative to the standard path length. In

geometrical terms, a multiple of x, (axp) is in the plane spanned by
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X + TPt (see Figure B.1). The vector e represents the lack of fit to the

multiplicative model. Rearrangement of Equation B.2 yields:

where tp* = tp/a and e* = efa.  Because Xp , P and X are known,
estimates of the parameters a* and tp* (ﬁ* and t,*) can be obtained
by least-squares regression. The path length corrected spectrum (x¢)

can then be calculated:

Xc = axp = (1/a%)x, (B.4)

B.2.3  Comparison with Multiplicative Scatter Correction

The MSC correction method is easier to use than the principal
component-based method, because standards with identical path
lengths are not required. However, it can be shown that the MSC
method is not as accurate as the PLC-MC correction when spectral

variability from chemical variations are large. If no_additive offset

effects are present in the spectra, the MSC model is given by

Equation B.5 (8):

amXp =X +e (B.5)
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where ay is the MSC multiplicative constant. Because Xp and X are
known, the multiplicative constant (ap) can be determined by least-
squares regression,

When the MSC model (Equation B.5) is compared to the PLC-MC
model (Equation B.2), it is found that the MSC model lacks the tpPt
contribution that accounts for spectral variability from chemical
variations. Therefore, it is expected that the error in the MSC
method increases as the difference between the chemistry of the
prediction sample and the chemistry of the average sample (which is
equal to tpPt) increases.

Differences between MSC and PLC-MC correction methods can
also be observed geometrically (Figure B.2). The MSC solutidn is
given by Equation B.6:

Xl (B.6)

A= —
" Iproji x|

From observation of Figure B.2, it is clear that the MSC-corrected
spectrum amXp is not in the plane spanned by X + TPt and is
therefore not properly normalized to the path length of the
standards. It is also apparent that the error in the MSC correction
increases in magnitude as the chemical variation between the

prediction spectrum and the mean spectrum (or the angle between

xp and X) increases.
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Figure B.2: A prediction spectrum (x,), the prediction spectrum
corrected by the MSC method (amxp), and the prediction
spectrum corrected by the PLC-MC method (ﬁxp) in 3-

dimensional space.
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B.3 Experimental

The samples used in this work were the 23 poly(butadiene)
polymers (Goodyear Tire and Rubber Co., Akron OH) that were used
for the studies in Chapter 4. These samples have varying amounts of
three structural isomers: cis-1,4, trans-1,4, and 1,2 butadi:,ne (12)
(Figure .1.3). The concentrations of the three isomers in each sample
were determined by 13C NMR spectroscopy of the sample dissolved
in CDCl3. Acquisition and pre-analysis treatment of NIR spectra were
done as described in Chapter 4.2. The second derivative spectra in
region II (1570 nm to 1850 nm) of the samples dissolved (1% w/v)
in CCly were used for this study.

The samples were split into a calibration set and prediction set
(as in Chapter 4). The spectra of the samples in the calibration set
remained normalized with respect to path length. However, the
absorbances at every wavelength in each prediction spectrum were
multiplied by a path length factor of .6, .8, 1, 1.2 or 1.4, in order to
simulate the presence of varying path lengths for the prediction
samples.

All PCA and PLS models were made using the Unscrambler
software package (CAMO A/S, P.O. Box 28893, N-7001, Trondheim,
Norway). Three PLS calibrations (13,14) for the three analytes in the
polymers were constructed from both the original and MSC-corrected
calibration spectra using the Unscrambler software package (CAMO

A/S, P.O. Box 28893, N-7001 Trondheim, Norway). Spectra were
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mean-centered before each PLS calibration. Cross-validation was
used to determine the optimal number of PLS factors for each
calibration. It was found that two factors were required for each
calibration. A PCA model, for use in the PLC-MC correction method,
was constructed from the original calibration spectra. PLS
calibrations constructed from uncorrected calibration spectra were
used to predict analyte conceuntrations from both uncorrected
prediction spectra and PLC;MC-corrected prediction spectra. The PLS
calibrations constructed from MSC-corrected calibration spectra were
used to predict analyte concentrations from MSC-corrected prediction
spectra. The MSC reference spectrum was chosen as the average
spectrum of the calibration set (obtained by averaging the
absorbances over all calibration samples at each wavelength). For all
PLS predictions, the prediction error is expressed as the Standard
Error of Prediction (SEP) (Chapter 1.5.2.3.2, Equation 1.17).

The MSC and PLC-MC methods also provide estimates of the
arbitrarily-assigned path lengths for each prediction sample.. The
standard errors of the predicted path lengths are determined in the

same way as the errors in the analyte concentrations (as in Equation
1.17).

B4 Resulis and Discussion

Figure 4.1, A (in Chapter 4), which shows the estimated spectra

of the three pure analytes (1,2 butadiene, 1,4-cis butadiene and 1,4-
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trans butadiene) in the samples, indicates that the pure analyte
spectra are very different. Because the ranges of analyte
concentrations for the samples used in this analysis are very large
(82.7 % mass for 1,2 butadiene, 90.8 % mass for 1,4-cis butadiene
and 73.1 % mass for 1,4-trans butadiene), the spectral variablility
from chemical variations is very large for this analysis.

The results of PLS predictions that use original, MSC-corrected,
and PLC-MC-corrected spectra are shown in Table B.1. In addition,
the errors of the predicted path lengths obtained from the MSC and
PLC-MC methods are given. Both the MSC and PLC-MC methods
provide good approximatibns of the path lengths of the prediction
samples. As a result, the use of either correction method improves
prediction results relative to the results for uncorrected spectra.
However, the PLC-MC method predicts the path lengths of the
prediction samples more accurately than the MSC method. As a
result, significantly better predictions of analyte concentrations are
obtained with spectra that are corrected with the PLC-MC method
than with spectra corrected with MSC.

The errors in the PLC-MC correction method arise from several
sources: 1) noise in tlie calibration and prediction spectra, 2) lack of
fit of prediction spectra to the multiplicative model (Equation B.2),
and 3) differences in the actual path lengths of the PCA standards.
Lack of fit of the prediction spectrum to the multiplicative model can

be detected by observation of the residual of the prediction spectrum

(ep):
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ep = Xp - 4% - tp*Pt (B.7)

If the elements of ep are significantly large relative to spectral noise,
then the prediction spectrum xp is an outlier, and cannot be used for
analysis. One possible cause for a lack of fit to the multiplicative
model is the presence of isolated non-linearities in the spectrum.
This error can be minimized by avoiding the use of highly-absorbing
prediction samples that can cause isolated non-linear absorbances |
from stray light effects. If the use of highly-absorbing samples
cannot be avoided, it is possible to remove non-linear spectral
regions from the spectra before analysis. Error source 3), which is
specific to the PLC-MC method, must be minimized by careful sample
preparation and reproducibility of NIR sampling methods for the PCA
standards.

The MSC method does not require a PCA model, and is
therefore easier to use than the PLC-MC method. However, the large
chemical variations in the spectra used in this study caused the MSC
model (Equation B.5) to be inaccurate. As a result, Jarge errors of
MSC-determined path lengths of prediction samples and significant
errors of PLS predictions of analyte concentrations from MSC-
corrected spectra are observed (Table B.1). It is clear that there is a
tradeoff between the MSC and PLC-MC correction methods. The PLC-
MC method performs accurate path length corrections, regardless of

the magnitude of spectral variability from chemical variations, if
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carefully-prepared standards can be made. If the preparation of
such standards is impractical,. and the chemical variations in the
spectra are small, the MSC method can be used effectively.

Several experimental techniques can be used to produce
standards with identical path lengths for use in the PLC-MC
correction. For powdery materials, samples can be sieved to the
same particle size or ground to a very fine powder (to make spectral
variations from particle size differences very small). For solutions,
samples with identical dilution ratios can be analyzed in the same,
fixed path length cuvette. For non-scattering bulk materials (such as
bulk polymers), films of reproducible thickness (from 0.1 to 10 mm
thick) can be prepared by pressing or solution casting. In all cases,
reproducibility of NIR sampling procedures, such as sample
placement and settings of instrumental parameters, is essential.

It should be emphasized that the described PLC-MC correction
method is unable to account for additive (or baseline offset)
variations in the spectra. These variations can be minimized before
analysis by the use of first or second derivative spectra.
Nevertheless, modifications of the PLC-MC correction method, to
account for both additive and multiplicative effects, are currently

being investigated.
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B.5S Conclusion

This analysis has demonstrated the usefulness of the Path
Length Correction with Chemical Modeling (PLC-MC) method for
quantitative NIR analysis. If a series of calibration standards with
equal path lengths are available, and spectral responses at all
wavelengths are linear with path length, accurate predictions from
the spectra of future samples with unknown path lengths can be
made. This procedure might be particularly appealing for analyses
that require rapid sampling of unprepared materials with unknown

path lengths.
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