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SYNOPSIS

The ability of near-infrared (NIR) diffuse reflectance spectroscopy to characterize reaction-
injection-molded (RIM) polyurethane elastomers is demonstrated. The advantage of NIR
spectroscopy over other analytical methods is its ability to analyze samples without any
preparation. In this work, the specific effects of composition, density, phase separation,
and moisture content on the NIR spectra of the polymers are identified. In addition, the
ability of NIR spectroscopy to make rapid assessments of physical properties, such as heat
sag and flex modulus, is demonstrated. In order to perform these analyses, the multivariate
statistical methods of principal components analysis (PCA) and partial least squares (PLS)

are used.

INTRODUCTION

Reaction injection molding (RIM) is a common
method of preparation for polyurethane products.’
Polyurethane block copolymers produced by RIM
are used predominantly for automotive applica-
tions.2 The RIM process involves the mixing of two
or more reactants and subsequent injection of the
reactive mixture into a closed mold, where the curing
reaction occurs. In the case of a reaction-injection-
molded polyurethane product, the process involves
the reaction between an isocyanate and a polyol
blend. The polyol blend contains a polyol (a long-
chain compound with reactive endgroups) and a
chain extender (a low molecular weight compound
with reactive endgroups). Subsequent reaction of
these two parts results in a block copolymer with
soft blocks (consisting primarily of the long-chain
polyol) and hard blocks (consisting of the reaction
product of the isocyanate and the chain extender).
Specific information on polyurethane chemistry is
covered in other references.>®

A wide variation in end-use properties of RIM
polyurethanes can be obtained by adjusting several
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parameters, such as the ratios of the three compo-
nents in the reactants, the reaction temperature, and
the catalyst concentration. Alterations in these pa-
rameters result in changes in chemical properties,
such as composition, density, and phase separation,
which greatly affect the physical properties of a RIM
polyurethane material.*® The performance of a RIM
product is most commonly associated with its phys-
ical properties, such as modulus and impact resis-
tance. As a result, any method that can be used to
assess the performance of a RIM product must di-
rectly measure a physical property, or measure a
chemical property that influences the physical
property.

Thermal conductivity® and dynamic mechanical
analysis®"'%!! methods can be used to directly de-
termine physical properties of RIM polyurethanes.
Other analytical methods, such as FTIR,"®1%12-16
differential scanning calorimetry,*%'%!7 and X-ray
scattering®™!” determine compositional and struc-
tural properties, which affect physical properties.
Unfortunately, all of these methods require sub-
stantial sample preparation, and some of them are
destructive. As a result, these methods cannot be
used for rapid quality evaluation in a process envi-
ronment.

In contrast, near-infrared (NIR) spectroscopy
can be used to rapidly and nondestructively analyze
RIM polyurethanes. Unlike the methods mentioned
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above, NIR spectroscopy requires little or no sample
preparation. NIR spectroscopy has been used ex-
tensively in the agricultural field as a method for
rapid determination of moisture, protein and other
constituents in bulk foods. Similarly, NIR spec-
troscopy can be used to determine constituents in
bulk polymers.2"?® Past studies have demonstrated
the ability of NIR spectroscopy to determine chem-
ical properties in polymers, such as composition, 2%
phase separation,?* crystallinity,?? and microstruc-
ture.®

The major difficulty with NIR spectroscopy is the
high overlap of bands from different functional
groups. As a result, accurate NIR qualitative and
quantitative analyses require the use of information
from all available spectral frequencies. Multivariate
statistical methods, such as principal components
analysis (PCA)%% and partial least squares
(PLS), %5231 have been used to successfully deter-
mine properties of materials from highly-convoluted
NIR spectra.

In this work, near-infrared (NIR) spectroscopy
is presented as a method to rapidly determine com-
positional and physical properties of block polyure-
thane copolymers produced by reaction injection
molding (RIM). Principal components analysis
(PCA) is used to identify variations in the NIR
spectra of samples with differences in composition,
density and phase separation. In addition, partial
least squares (PLS) regression is used to correlate
NIR spectra to various physical properties.

THEORY

Principal Components Analysis (PCA)2¢-28

In a typical NIR polymer analysis experiment, the
data form a m X n response matrix X, which con-
tains the NIR spectra at n wavelengths for each of
the m different polymer samples. Although n wave-
lengths are obtained for each sample, there might
only exist finherent variations in the spectra of the
samples. As a result, the response matrix (X ) can
be decomposed into a product of two matrices, ac-
cording to the PCA model:

X=TP'+E (1)

where T is an m X fmatrix (called the PCA scores),
Pis an n X fmatrix (called the 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 such that the maximum
variation in X is explained.

Each principal component in the PCA model has
a corresponding loading spectrum and score vector.
The kth principal component loading spectrum is
obtained from the kth column of the P matrix, and
the kth principal component scores are obtained
from the kth column of the T matrix. The loading
spectrum of a principal component indicates the
NIR absorbance bands that are used to describe the
principal component of variation in the spectra. The
scores indicate the relationship between different
samples, with respect to that principal component.
As a result, the scores can be used to determine
whether NIR spectroscopy distinguishes between
samples with different properties, and the loadings
spectra can be used to determine how NIR spec-
troscopy distinguishes between samples with differ-
ent properties.

If there are known trends in several properties of
the samples, there might exist an optimal rotation
of the principal components such that the variations
of each property are described by a single principal
component. If such a rotation is accomplished, the
effect of each property on the NIR spectroscopy of
the samples is indicated by the loadings of one of
the principal components. This procedure is very
similar to graphical rotation, which has been used
previously to improve the interpretability of mass
spectrometry data.32-%7

Partial Least Squares (PLS) Regression?%%*-3!

In contrast to the PCA method, the partial least
squares (PLS) method constructs a model which
relates the NIR spectrum of a sample to a specific
property of the sample. In order to construct a PLS
model, both the spectral responses and the values
of the property of interest for all of the samples must
be known. The PLS method involves two models:
the spectrum model [eq. (1) above, where X contains
the spectral responses for m calibration samples]
and a property model, given by

y=Tq+f (2)

where y is an m X 1 vector containing the values of
the property of interest for the m calibration sam-
ples, q is a f X 1 vector, f is the residual for the
property model, and T is a scores matrix. The PLS
calibration algorithm determines T, P, and q such
that the maximum variance in X that is correlated
to y is explained. Because the PLS method has the
extra task of explaining the variance in y, the T
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and P matrices determined from the PLS method
are usually different than the T and P matrices de-
termined from the PCA method. The first PLS
loading spectrum, which is obtained from the first
column in the matrix P (determined by the PLS
method), indicates the NIR spectral features that
are positively and negatively correlated to the prop-
erty of interest.

Cross-Validation

Cross-validation 273! is used to determine the op-

timal number of factors for both PCA and PLS
analyses. Each cross-validation process involves the
extraction of a subset of samples from the calibration
samples, and the construction of PLS or PCA mod-
els with different numbers of factors from the re-
maining samples. The ability of each model to de-

scribe the spectra of the extracted samples (in the

case of PCA) or the properties of the extracted sam-
ples (in the case of PLS) is then determined. The
optimal number of factors is the number at which
the addition of another factor to the model does not
significantly improve the ability of the model to de-
scribe the spectra or properties of the extracted
samples.

EXPERIMENTAL

Materials
Sample Set a

Samples in set a were prepared by the ICI Polyure-
thanes Group (Sterling Hgts., MI). The polyol for-
mulations consisted of various mixtures of an eth-
ylene-oxide-capped poly(propylene oxide) triol
(with a molecular weight of approximately 6000)
and diethyl toluene diamine (DETDA) chain ex-
tender. A small amount (approximately 0.24 mass
%) of a typical polyurethane catalyst mixture was
added to each polyol formulation. The isocyanate,
prepared from the reaction of pure 4,4'-diphenyl-
methane diisocyanate (MDI) with a proprietary
mixture of short-chain glycols, had a functionality
of approximately 2 (23 mass % NCO). 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 % ). After the samples were prepared, they
were post-cured at 120°C for 1 h. The approximate
chemical structure of the finished polyurethanes in
sample set a is shown in Figure 1(A). It should be
noted that side reactions during the RIM process

and modification of the diisocyanate result in the
presence of a small fraction of functional groups that
are not shown in Figure 1(A).

A production-scale RIM machine (Cincinnati
Milacron RIMM-90) was used to prepare the sam-
ples in set a. This machine produced 18 different
polyurethane plaques 3 X 4 ft and 1/8 in. thick. The
RIM samples were prepared with a mold tempera-
ture of 150°F (66°C) and a reactant temperature of
90°F (32°C). A heat sag sample (1 X 8 in.) and a
flex modulus sample (1 X 3 in.) were cut from three
different regions of each plaque: (1) the gate, cor-
responding 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. Flex modulus and heat sag samples from each
of the three regions were cut from the center of the
region, and were cut so that the long axis was parallel
to the flow of material in the mold. Two replicate
sets of 54 samples, one set for heat sag measurements
and one set for flex modulus measurements, were
obtained. The naming scheme for the samples used
in this set is shown in Table 1.

Sample Set b

The polyurethanes used in sample set b were pre-
pared from the same polyol as the samples in set a.
However, ethylene glycol was used as the chain ex-
tender, and the glycol-modified MDI was replaced
by a proprietary prepolymer with average function-
ality of approximately 2.1. The approximate chem-
ical structure of the polymers in sample set b is
shown in Figure 1(B). In addition, a hard block
model compound [Fig. 1(C) ] was prepared from re-
action of ethylene glycol (Aldrich) and phenyl iso-
cyanate (Aldrich) in a dry nitrogen atmosphere. The
model compound was rinsed five times with meth-
anol and vacuum-dried for 24 h before use.

A research-scale RIM machine was used to pre-
pare 1 X 1 ft and 1/8 in. thick polyurethane plaques.
The mold temperature was 93°C, the mold time was
3 min, and the temperature of both reactants was
38°C for the preparation of all plaques. The per-
centage of ethylene glycol in the polyol reservoir (or
the formulation ) was varied between four different
levels (9.1, 12.4, 16.4, and 20 mass %); these for-
mulations resulted in the production of polyure-
thanes with hard block percentages of approximately
40, 47.5, 55, and 60 mass %, respectively. The index,
which refers to the relative amounts of material in
the isocyanate and polyol reservoirs that are mixed
during an injection, was also varied between four
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Figure 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 (C). For Figure 1(A), the structure does not indicate modification of the isocyanate.

different levels (101, 104, 106, and 109). An index
of 100 corresponds to the mixing ratio for perfect
reaction stoichiometry, and an increase in the index
corresponds to an increase in the excess isocyanate
in the reaction. Two plaques were prepared from
each possible combination of formulation and index.
In each case, one of the plagques was post-cured at
120°C for 1 h and the other was not. The experi-
mental design and naming scheme for the 32 plaques
are shown in Table 1. Three 1 X 3 in. samples for
flex modulus testing and three 1 X 8 in. samples for
heat sag testing were cut from each of the 32 original
plaques. Some of the plaques, which had visible
nonhomogeneities (presumably from incomplete
mixing during the reaction), yielded fewer physical
test samples. A total of 90 1 X 3 in. flex modulus
samples and 83 1 X 8 in. heat sag samples were pre-
pared.

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. Du-
plicate NIR diffuse reflectance spectra of each phys-
ical testing sample were obtained, using the sampling
arrangement shown in Figure 2. The spectrometer
used in this work utilized an integrating sphere for
efficient collection and detection of diffusely re-
flected light. Duplicate NIR sampling was done near
the center of each sample, and a diffusely reflecting
ceramic background was used for all measurements.
All samples were cleaned with hexane before anal-
ysis. An NIR pseudo-absorbance value, which is
equal to log(1/R) (where R is the intensity of light
reflected by the sample), was obtained at every 8
nm from 1100 to 2236 nm for the flex modulus sam-
ples in set a, at every 4 nm from 1101 to 2249 nm
for the heat sag samples in set a, and at every 8 nm
from 1102 to 2200 nm for all samples in set b. The
averages of the replicate spectra for each sample
were used for analysis. Multiplicative scatter cor-
rection (MSC) % was then used to reduce baseline
offset and multiplicative scatter effects in the spec-
tra. For both sample sets a and b, the flex modulus
samples were used for PCA and PLS studies, and
the heat sag samples were used only for PLS studies.
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Tablel Experimental Design and Naming
Scheme for Samples in Set a and Set b

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
1-3 for group A
1-5 for groups B, C, and D
Third character: location of sample in RIM plaque:
G: gate; from one-third of plaque closest to injection
point
M: middle; from middle one-third of plaque
E: end; from one-third of plaque farthest from
injection point

Sample Set b

Percentage of Ethylene Glycol in Polyol Reservoir
(Approximate Hard Block Percentage®)

9.1 12.4 16.4 20.0

Index® (40) (47.5) (55) (60)
101 DIN® CIN B1N AIN
D1Y* C1y B1Y AlY

104 D2N C2N B2N A2N
D2Y Cc2Y B2Y A2Y

106 - D3N C3N B3N A3N
D3Y C3Y B3Y A3Y

109 D4N C4N B4N A4N
D4Y C4Y B4Y A4Y

® Hard block percentage is also affected by index.
» N = not post-cured sample.
°Y = post-cured sample (120°C for 1 h).

NIR spectra of the pure polyol, pure diisocyanate,
and a 1% (w/v) solution of the hard block model
compound in tetrahydrofuran (THF) (Baker) were
obtained with the samples in a 1 mm path length
glass cuvette. In each case, the spectrum was col-
lected in “transflectance” mode (with the cuvette
placed in front of a diffusely reflecting ceramic
background). 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 sam-
ples.*’

After the samples were analyzed by NIR spec-

troscopy, they were tested for flex modulus and heat
sag. These tests were performed with a Universal
testing machine (Instron). The flex modulus was
determined using a 2-in. span of the sample and a
0.55 in./min crosshead speed (ASTM Method D-
790-86) .*! Single flex modulus measurements at 23,
38, and 70°C were done for each 1 X 3 in. sample in
sample set a, and a single flex modulus measurement
at 23°C was done for each 1 X 3 in. sample in sample
set b. The heat sag measurement of each 1 X 8 in.
sample involved horizontal placement of the sample
with a 6-in. overhang, and subsequent observation
of the sag of the overhang as the sample was exposed
to 120°C for 1 h (ASTM Method D-3769-85).42 A
single heat sag measurement was made for each 1
X 8 in. sample in both sample sets.

It should be noted that after preparation, the
samples in set a were stored for 16 months before
NIR analysis and 17 months before physical testing.
For the set b samples, NIR analysis and physical
testing were performed only 2 months after prepa-
ration of the samples.

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 (CPAC, University of Washington,
Seattle WA).* Two analyses were done, one each
for the two sample sets. All spectra were mean-cen-
tered (i.e., the mean spectral intensity of the samples
in the data set is subtracted from the absorbance of
each sample, for every wavelength point in the spec-
trum) before PCA analyses. Cross-validation was
used to determine the optimal number of principal
components. Graphical rotation 3% of the first two

Incident Light

Integrating
Sphere

\

Detectors

diffusely{refiected

RIM sample

Ceramic Background

Figure 2 Sampling arrangement for near-infrared dif-
fuse reflectance spectroscopy of RIM polyurethanes.
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principal components obtained from the sample set
a spectra was performed in a LOTUS-123 spread-
sheet.

PLS correlations of NIR spectra to physical
properties were done with software provided by
CPAC.* For each PLS 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 opti-
mal number of spectral factors for all calibrations.
Four different properties were calibrated to NIR
spectra of the a samples (flex moduli at 23, 38, and
70°C and heat sag) and two properties were cali-
brated to NIR spectra of the b samples ( flex modulus
at 23°C and heat sag). All spectra were mean-cen-
tered 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). The
SEE value is a measure of calibration error:

1/2

NC ~
2 (Ci,c - Ci,c)2

_ =1
SEE = | =T (3)

where C',-,c is the property of calibration sample i
that is estimated from the calibration model, C;,
is the known property of calibration sample i, and
NC is the number of calibration samples. The SEP
is a measure of prediction error:

NP R
z (Ci,p - Ci,p) 2

i=1
NP (4)

1/2

SEP =

where C’i,p is the property of prediction sample ¢ that
is predicted from the calibration model, C;, is the
known property of prediction sample i, and NP is
the number of prediction samples. Relative error was
calculated as the standard error divided by the range
of property values used in the analysis.

Moisture Study

Sample A2E (in sample set a) was dried by heating
in a dry nitrogen-purged oven at 120°C for 1.5 h.
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 drying step, the sample was allowed to
cool at room temperature for 20 min before weighing
and NIR sampling.

RESULTS AND DISCUSSION

NIR Band Assignments

Figure 3 shows the NIR spectrum of polyurethane
sample B4Y in sample set b (A) and the spectrum
of the modified MDI (B) and polyol (C) that were
used to prepare the polymers in both samples sets.
The bands in the polymer spectrum (A) at 1184,
1220, 1416, 1688, and 1732 nm, which are also ob-
served in the spectrum of the polyol (C), correspond
to aliphatic CH groups in the soft block of the poly-
mers.? Bands at 1146, 1648, and 2162 nm in the
polymer spectrum, which are at approximately the
same positions as bands in the spectrum of modified
MDI (B), correspond to aromatic CH groups in the
MDI part of the hard block of the polymer.*® The
band of 1764 nm in the polymer spectrum, which is
also in the spectrum of the modified MDI, probably
corresponds to the bridging methylene group of MDI
[see Figs. 1(A) and (B)].? The band at 1874 nm
in the spectrum of the modified MDI (B) is from
the isocyanate group. Several bands in the polymer
spectrum that are not observed in the polyol or di-
isocyanate spectrum (1496, 1920, and 2048 nm)
correspond to urethane groups in the polymer. The
1496 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.?*

The NIR spectra of the samples in sample set a
are very similar to the spectra of the samples in
sample set b. As a result, the above band assign-
ments for functional groups are reasonably accurate
for samples in both sample sets. The only major
difference between the samples in set a and set b is
that the set a samples [Fig. 1{A)] have urea and
urethane groups in the hard block, and the set b
samples [Fig. 1(B)] have only urethane groups in
the hard block. This difference causes the spectra
of the samples in the two different sets in the NH
and carbonyl regions (1450-1600 nm and 1900-2100
nm) to differ considerably.

Phase separation in polyurethane block copoly-
mers involves hydrogen bonding between hard
blocks in the polymer.!>® The effect of phase sep-
aration in the polyurethanes in sample set b is ap-
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proximated by comparison of the spectrum of the
bulk hard block model compound [Fig. 4(A)] and
the model compound in dilute THF solution [Fig.
4(B)]. In the bulk compound, which is a crystalline
material, 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 car-
bonyl and NH absorptions (1900-2100 nm and
1500-1600 nm). The 1976 nm band in the bulk
model compound spectrum (A) 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 (B) corresponds to
the free urethane carbonyl group. Three separate
combination bands in the NH region (2024, 2048,
and 2084 nm) are observed in the spectrum of the
bulk model compound (A). It is unlikely that these
three bands correspond to three hydrogen-bonded
states of the NH group in the bulk model compound,
because earlier studies*® 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. The spectrum of the model
compound in solution has only a single broad NH
combination band at 2048 nm. This band results
from a continuous distribution of 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
solution spectrum, 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 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 Figs. 1(A) and (B)].
Earlier phase separation studies,?! which used poly-
urethanes with urea groups in the hard blocks (like
the samples in sample set a), indicate that phase
separation in this polymer system is accompanied
by increased hydrogen bonding of urea carbonyl
groups (which involves a decrease is absorbance at
2034 nm) and decreased hydrogen bonding of ure-

thane carbonyl groups (which involves an increase
in absorbance at 1918 nm).

Principal Components Analysis Results
Sample Set a

PCA cross-validation results indicate that three
spectral factors are necessary to explain the varia-
tions in the NIR spectra of the RIM polyurethanes
in sample set a. In addition, the first two principal
components obtained from the original PCA pro-
cedure were rotated —38°, in order to provide more
interpretable results. The first, second, and third
principal components in the rotated PCA model ex-
plain 49.5, 44.4, and 3.3% of the spectral variation,
respectively.

Figure 5 shows a plot of the principal component
1 versus the principal component 2 scores for the
rotated PCA model. Note that the variation between
the samples with different composition (denoted by
the first character of the sample name) is described
by the second principal component, and the varia-
tion between the samples obtained from different
parts of the original RIM plaque is described by the
first principal component.

Several important properties of RIM polymers
are known to vary between different spatial regions
of a plaque.*® One of these properties, the polymer

. density, is related to the concentration of nitrogen

voids in the polymer. The process of nucleation,
which occurs during the RIM process, 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 concentration of voids in a polyurethane
plaque increases (and thus the density decreases)
as one moves from the injection end of the plaque
(the gate) to the end of the plaque.!

The first principal component loading spectrum
[shown in Fig. 6(A)], 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 spec-
trum with the spectrum of a typical polyurethane
used in this analysis [Fig. 3(A)] indicates that the
loading spectrum has negative bands of the polymer
spectrum at short wavelengths (1100-1600 nm ) and
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positive bands of the polymer spectrum at longer
wavelengths (1600-2250 nm). In summary, the first
principal component loading indicates an enhance-
ment of longer wavelength diffuse reflectance inten-
sities relative to shorter wavelength intensities. The
intensities in the diffuse reflectance spectra in this
work are expressed in pseudo-absorbance units
which are calculated as log(1/R), where R is the
intensity of collected diffusely reflected light (if no
specular reflectance is present). An increase in
measured pseudo-absorbance occurs both from ab-
sorption of incident light by the sample and from
loss of diffusely-reflected light. In several illustra-
tions, Birth and Hecht*” indicate that increasing
scattering ability of a sample causes more diffuse
reflectance at wider angles from the incident light
(refer to Fig. 2). 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 in
undetected diffusely reflected light, and thus an in-
crease 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. Because the voids in the RIM
polymers are much larger than the wavelength of
light used in the spectral studies, the scattering
ability of a RIM sample depends on the regular re-
flection of light at each void/polymer interface in
the material, which is described by one of the Fresnel
equations*™*8:

R (ny — ny)? + nk?
id/polymer —
void/polymer (ns + ny)? + no2k?

(5)

where Ryoid/polymer 18 the reflectance at a void/poly-
mer interface, n, is the refractive index of the void,
n, is the refractive index of the polymer, and « is
the absorption coefficient of the polymer. It is well
known that shorter-wavelength NIR bands have
lower absorptivities than longer-wavelength NIR
bands.!® Equation (5) 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) for samples with many void/
polymer interfaces. Therefore, an increase in scat-
tering ability (density of voids) of an RIM sample
is expected to enhance the diffuse reflectance inten-
sities of longer wavelengths greater than for shorter
wavelengths. This mechanism might explain the
correlation of the first principal component to sam-
ple density.

Figure 5(B) indicates that the second principal
component describes the variation between the
spectra of samples in different composition groups.
The second principal component loading spectrum
[Fig. 6(B)] supports this conclusion. The positive
peaks at 1140, 1648, 2124, and 2156 nm correspond
to aromatic CH bands in the hard block of the poly-
mer.?® 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 and 1732 nm,
correspond to aliphatic CH groups,?"?® which are a
major component of the soft block of the polymers.
Therefore, the loading spectrum indicates that the
second principal component is positively correlated
to the hard block percentage (or the composition)
of the samples.

A plot of the third principal component scores
versus the first principal component scores (Fig. 7)
indicates that the third principal component de-
scribes a variation between the two groups of poly-
mers with the highest hard block percentages
(groups A and B). The third principal component
loading spectrum is shown in Figure 8. Positive ali-
phatic CH peaks at 1188, 1228, 1704, and 1740 nm
and negative aromatic CH peaks at 1644 and 2152
nm indicate a negative correlation of this component
with hard block percentage.

Additional features in the third principal com-
ponent loading spectrum (Fig. 8) at 1484, 1548, 1588,
1936, and 2076 nm correspond to carbonyl and NH
groups.!® First overtone NH stretching bands at
1484, 1548, and 1588 nm are assigned on the basis
of earlier assignments of IR bands in similar model
polyurethanes.®® 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-hy-
drogen-bonded species.***2 The positive bands at
1548 and 1588 nm correspond to hydrogen-bonded
NH groups. The positive band at 2076 nm is prob-
ably a combination amide II and NH stretching
band. The negative peak at 1936 nm might corre-
spond to a free urethane carbonyl group, but the
overlap of water absorbances makes interpretation
of this feature very tentative.?*

The loading spectrum indicates that the third
principal component is correlated to a change in the
hydrogen-bonding states of NH groups in the poly-
mers. Although this effect probably corresponds to
a change of phase separation in the polymers, it is
not certain whether is it positively or negatively
correlated to phase separation. Detailed NIR inves-
tigations of phase separation of these polymers, or
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analyses of an appropriate hard block model com-
pound for these polymers, are necessary to determine
whether this principal component indicates an in-
crease or decrease of phase separation. However, this
result suggests that NIR spectroscopy can be used
to monitor the effect of phase separation on the NH
groups in the polymer. Earlier FT-IR investi-
gations '>'¢ could not fully characterize the effect of
phase separation on NH groups, because the fun-
damental free NH stretching band is very weak rel-
ative to fundamental hydrogen-bonded NH bands.
In contrast, NIR overtone stretching bands for hy-
drogen-bonded and non-hydrogen-bonded NH
groups are of comparable intensity.

The PCA results indicate that the samples in
composition group A have a different degree of phase
separation than the samples in composition group
B. It is known that phase separation in RIM poly-
urethanes depends on several reaction parameters,
such as catalyst concentration and reaction tem-
perature.®® It is quite possible that the samples in
the two composition groups 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.

1

Sample Set b

Cross-validation result indicate that three principal
components describe the variation in the NIR spec-
tra of the flex modulus in set b. The first principal
component explains 71.7% of the spectral variation,
the second principal component explains 19.7%, and
the third principal component explains 3.9%. It
should be noted that no rotation of the principal
components was necessary to improve the interpre-
tation of the results.

The loadings spectra for the three principal com-
ponents, shown in Figure 9, indicate the properties
that are explained by each principal component. The
first principal component loading spectrum ( A) has
positive aromatic CH bands at 1142 and 1654 nm,
positive urethane NH bands at 1494 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 spec-
trum [Fig. 9(B)] has a negative aliphatic CH peak
at 1182 nm, a negative NH peak at 1494 nm, a pos-
itive NH peak at 2054 nm, and a positive aromatic
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CH peak at 2158 nm. This loading spectrum is al-
most identical to the first loading spectrum obtained
from principal components analysis of the samples
in set a [Fig. 6(A)]. In the previous section, it was
determined that a loading spectrum of this type in-
dicates a negative correlation to density. Therefore,
it can be concluded that the second principal com-
ponent in this analysis is negatively correlated to
density.

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

The 2-dimensional scores plot for the first and
second principal components is shown in Figure 10.
The four distinct clusters of samples in the scores
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plot correspond to the four composition classes of
the samples in this analysis. The principal compo-
nent 1 score increases as one moves from compo-
sition D to composition A. This result supports the
conclusion (obtained from the loading spectrum for
principal component 1) that the first principal com-
ponent is positively correlated to the hard block
percentage. It is also noticed that the index (indi-
cated by the middle digit of the sample name) within
each cluster is positively correlated to the principal
component 1 score. An increase in the index (excess
isocyanate during the reaction) results in an increase
in the fraction of aromatic CH groups (from the
MDI functionality) and NH groups (from reaction
of the isocyanate with other components) in the
polymer. Although differences are expected in the
NIR spectra of groups obtained from ideal (stoi-
chiometric) reaction of isocyanate and from reaction
of excess isocyanate, these differences are probably
very small. As a result, the effects of hard block per-
centage and index are essentially the same in the
NIR spectrum.

Variations in the densities of the samples are
represented by variations in the principal compo-
nent 2 scores. Note that the variation between the
densities of the samples with composition B (indi-
cated by the dispersion of sample labels with the
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principal components analysis of the NIR spectra of the RIM polyurethanes in sample set
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first character B along the y-axis in Fig. 10) is much
less than the variation between the densities of the
samples with composition A. This result suggests
that the densities of the samples with composition
B were more accurately controlled during the RIM
procedure than the densities of the samples with
composition A.

The variation in the principal component 1 and
principal component 2 scores of samples obtained
from the same plaque reflects the nonhomogeneities
of composition and density across single RIM
plaques. For example, the principal component 1
scores for the three replicate samples obtained 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 obtained from plaque A2N indicate a sig-
nificant density variation across plaque A2N. The
variation of composition and density across single
plaques might be caused by incomplete mixing dur-
ing the RIM procedure.

The third principal component loading spectrum
is shown in Figure 9 (C). Positive NH bands at 1502
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

0.07 can

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 2-dimensional scores plot for principal com-
ponents 1 and 3 is shown in Figure 11. It should be
noted that samples from plaques C1Y and C1N each
have exceptionally low values of the principal com-
ponent 3 score, which indicates that these samples
have exceptionally high concentrations of unreacted
isocyanate groups. 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 isocyan-
ate groups is expected to be present in the samples
obtained from these plaques. 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 orig-
inal plaque. The positive correlation of the third
principal component to NH content is observed be-
cause the reaction of isocyanate groups most com-
monly results in the formation of urethane NH
groups.
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PLS Calibrations of Spectra to Physical Properties
Sample Set a

The results of PLS calibrations of NIR spectra to
flex modulus and heat sag for samples in set a are
shown in Table II. Cross-validation results indicate
that three factors are required for all calibrations.
NIR 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 physical flex modulus measurement (7.96% ).
However, the relative NIR prediction error for heat
sag (11.3%) is substantially higher than the esti-
mated 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 and 70°C and for heat sag are
higher, because these properties depend on the state
of the polymer at temperatures other than the tem-
perature of NIR sampling. For prediction of the flex
moduli at 38 and 70°C, it would be more appropriate
to use the NIR spectra of the samples measured at
38 and 70°C. In addition, improved heat sag pre-
dictions might be obtained if the spectra of the poly-
mers at 120°C are used. Unfortunately, these ap-
proaches might not be feasible for rapid process
analysis.
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The first PLS loading spectrum for the calibration
to flex modulus at 23°C is shown in Figure 12. Pos-
itive aromatic CH peaks at 1140, 1648, and 2156
nm, a positive NH peak at 1500 nm, and negative
aliphatic CH peaks at 1228 and 1736 nm are ob-
served. This result indicates that the modulus at
23°C is positively correlated to hard block per-
centage.

The positive band at 1984 nm (hydrogen-bonded
urethane carbonyl group), the negative band at 1920
nm (free urethane carbonyl group), and the positive
band at 2028 nm (free urea carbonyl group) might
indicate decreasing phase separation of the hard and
soft blocks in the polymers.? If this is the case, this
result indicates that the flex modulus increases with
decreasing phase separation. However, it is expected
that phase separation, which increases the effective
crosslinking of the polymer chains, increases the
modulus of a block copolymer. In light of this dis-
crepancy, the observed inverse relationship between
flex modulus and phase separation might actually
reflect the experimental design, in which an inverse
relationship exists between hard block percentage
and phase separation, for the samples used in this
analysis. If this is the case, the individual effects of
hard block percentage and phase separation on the
flex modulus cannot be assigned, because the two
properties are correlated. However, we observe that
the flex modulus is positively correlated to hard
block percentage, because the hard block percentage

Table II Results of PLS Calibrations of NIR Spectra to Physical Properties of RIM Polyurethanes

Calibration Prediction
Repeatability
Relative Relative of Reference
Property (units) SEE Range Error (%) SEP Range Error (%) Method (%)*
Sample Set a
Flex modulus, 23°C
(X 107" N/m? 1.26 23.7-55.0 4.0 1.23 24.6-54.2 4.0 7.96
Flex modulus, 38°C
(X 1077 N/m?) 1.68 19.0-45.3 6.4 1.36 19.4-42.6 5.9 7.96
Flex modulus, 70°C
(X 1077 N/m?) 0.83 14.2-31.0 5.0 0.79 14.4-29.0 5.4 7.96
Heat sag (cm) 0.32 0.71-3.81 10.3 0.28 0.97-3.48 11.3 2.26
Sample Set b
Flex modulus, 23°C
(X 1077 N/m? 3.2 4.0-47.5 7.5 3.7 4.1-46.2 8.9 7.96
Heat sag (cm) 0.36 1.19-4.24 12.0 0.43 1.32-3.66 18.6 2.26

® Repeatability values expressed as percentage of the mean; these values are obtained from within-lab replicate measurement of

several samples (see Ref. 35 for flex modulus, Ref. 36 for heat sag).
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has a stronger effect on the flex modulus (and on
the NIR spectra) than the phase separation.

The effect of density [indicated by the spectral
pattern shown in Fig. 6(A)] on the flex modulus is
difficult to detect in the PLS loading spectrum for
flex modulus (Fig. 12). As a result, the effect of den-
sity on the flex modulus cannot be determined from
these results. It should be noted that the corre-
sponding PLS loading spectra for the flex modulus
at 38 and 70°C are very similar to the loading spec-
trum for flex modulus at 23°C (Fig. 12).

The first PLS loading spectrum for the calibration
to heat sag is shown in Figure 13. This plot is almost
identical to the first PLS loading spectrum for the
flex modulus calibration (Fig. 12). As a result, it
can be tentatively concluded that heat sag increases
with increasing hard block percentage for the sam-
ples in set a.

The positive correlation of heat sag to hard block
percentage for the samples in set a 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 h at an elevated temperature,
and removal of the load to allow the sample to re-
cover.® 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 mea-
surement (120°C, kT = 0.78 kcal /mol) substantial
breaking of the N— H..O0=C hydrogen bonds in
the hard blocks (with a hydrogen bond strength of
approximately 3.5 kcal /mol®!) is possible. If a hy-
drogen bond breaking and reforming mechanism is
an accurate model for heat sag in these polymers, it
is expected that this property is proportional to the
number of possible hydrogen bond pairs (or the hard
block percentage).

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 II. Three PLS factors were used for
both calibrations. As in the set a analyses, the rel-
ative error of prediction for flex modulus at 23°C
(8.9%) is comparable to the estimated precision of
the reference method (7.96%),%! and the relative
error of prediction for heat sag (18.6% ) is substan-
tially higher than the estimated precision of the ref-
erence method (2.26% ) .*> As mentioned earlier, the
error for the heat sag calibration is higher because
the heat sag depends on the state of the polymer at
an elevated temperature, which is difficult to deter-
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Figure 12 First PLS loading spectrum for the calibration to flex modulus at 23°C, ob-

tained from the samples in set a.
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mine from the spectrum of the polymer at room
temperature.

Table II 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 cor-
responding 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 calibration to flex modulus at 23°C
derived from sample set a (Fig. 14) and sample set
b (Fig. 15). The major difference between these two
calibration curves is the presence of large deviations
in the sample set b calibration curve 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 nonlinear relationship
between NIR spectral absorbances and flex modulus
for the samples in set b. The lack of this effect for
the high flex modulus samples in the sample set a
calibration curve (Fig. 14) 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 is probably caused by a nonlinear relationship
between NIR absorbances and flex modulus. The
lack of such curvature in the sample set a calibration
curve might be caused by the fact that the samples

in set a are in a “linear’’ region, where the relation-
ship between NIR absorbances and flex modulus is
approximately linear.

The first PLS loading spectrum for the calibration
to flex modulus (Fig. 16) has positive aromatic CH
bands (1142 and 1645 nm ), positive NH bands (1494
and 1998 nm) and negative aliphatic CH bands
(1230 and 1734 nm). This result indicates that the
flex modulus is positively correlated to the hard
block percentage, which is concurrent with results
obtained from set a. The effect of phase separation
on the flex modulus is difficult to determine from
the first PLS loading spectrum. The negative band
at 1922 nm might correspond to a decrease in the
amount of free urethane carbonyl groups or to a de-
crease of the amount of moisture in the polymer.?

The density effect [shown in Figs. 6(A) and
9(B)]is observed in the first PLS loading spectrum
(Fig. 16). Although the 1142 nm aromatic CH band
is positive, the 2148 nm aromatic CH band is neg-
ative in the PLS loading spectrum (Fig. 16). This
result indicates that the flex modulus is correlated
with an enhancement of shorter-wavelength diffuse
reflectance intensities relative to longer-wavelength
intensities, which (according to an argument in a
previous section) is correlated to an increase in the
density. Therefore, our data indicate that the flex
modulus is positively correlated to the density.
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Figure 14 Calibration curve for the PLS calibration of near-infrared spectra to flex
modulus at 23°C, derived from the polyurethane samples in set a.

The first PLS loading spectrum for the calibration hard block percentage. In addition, the positive long-
to heat sag is shown in Figure 17. The positive band wavelength aromatic CH peak at 2158 nm and the
at 1734 nm and the negative bands at 1494 and 1654 negative short-wavelength aromatic CH peak at
nm indicate an inverse dependence of heat sag on 1142 nm indicate an inverse dependence of heat sag
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Figure 15 Calibration curve for the PLS calibration of near-infrared spectra to flex
modulus at 23°C, derived from the polyurethane samples in set b.
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on density. The negative peak at 1878 nm indicates sag on the hard block percentage is exactly the op-
an inverse dependence on the amount of unreacted posite of the result obtained for the samples in set
isocyanate groups in the polymers. a (Fig. 13). This discrepancy indicates that a general
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sag does not exist, or that heat sag depends greatly
on the specific polymer system studied. It is possible
that the heat sag is greatly influenced by other prop-
erties, such as phase separation and morphology of
the hard and soft blocks, which are in turn influ-
enced by the specific chemistry of the polymer sys-
tem and the RIM processing procedure. Unfortu-
nately, it is difficult to determine specific effects of
these properties on the heat sag from our results,
because the effects of these properties in the NIR
spectra are quite weak and the stronger effects of
hard block percentage and density dominate the
PLS loading spectra. Despite these difficulties, our
calibration and prediction results indicate that NIR
spectroscopy contains sufficient information to pre-
dict the heat sag of RIM polyurethanes.

Moisture Content

Figure 18 shows the spectra of sample A2E (in sam-
ple 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 heat-
ing procedure (a to b) caused a decrease in the ab-
sorbance of the first overtone OH stretching band
at 1430 nm and the combination OH stretching and
bending band at 1922 nm. These bands have been

previously assigned to water absorbances.!® Subse-
quent exposure of the sample to the atmosphere (b
to c¢) allowed the dried polymer to absorb moisture
from the air, which caused an increase in the inten-
sities of these moisture bands.

The absorbance at 1572 nm behaves in the same
way as the moisture bands. 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 moisture content
suggests that it is a band for an NH-water hydrogen-
bonded complex in the polymer.

Figure 18 shows that the changes in the moisture
bands at 1430 and 1922 nm and the NH-water com-
plex band at 1572 nm are clearly greater than the
spectral noise level. As a result, these bands can be
used to determine moisture content in the polymer.
Figure 19 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 estimated error of
the mass measurements is +£0.0001 g. The correla-
tions 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.
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Figure 18 Near-infrared diffuse reflectance spectrum of RIM sample A2E (in sample
set a) as received (a), after 1.5 h drying at 120°C (b), and after 20 additional hours exposed

to the atmosphere at room temperature (c).
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Figure 19 Spectral intensities at three different near-infrared wavelengths versus the

mass of the sample during the moisture study.

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 absor-
bance at 1916 nm?* [Fig. 4(B)]. Phase separation,
which (for the diamine-extended polymers used in
sample set a) is probably accompanied by an in-
crease 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 Fig. 19) is partially
offset by the increase in the absorbance of the over-
lapping 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.

CONCLUSION

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 sepa-
ration, which affect physical properties. It was found
that NIR spectra of RIM polyurethanes at room
temperature can be used to predict physical prop-

erties of the materials at elevated temperatures.
Moisture in the polymer is correlated to the absor-
bance of OH overtone and combination bands from
water, and by an NH stretching overtone band from
an NH-water hydrogen-bonded complex.
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