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60 ° KRS-5 prism, the absorbance ratio was between 3 
and 4, indicating that  the 1730-cm -1 absorbance for the 
150-mm 2 sample was only about half of what should have 
been measured. This low absorbance was probably due 
to the 60 ° KRS-5 prisms not optimally sampling the 
smaller sample size because of the lower number of in- 
ternal reflections (5 vs. 12 reflections for the 45 ° prisms, 
see Table I). 

Figure 4 shows the effect of pressure on absorbance 
with the use of the modified clamp. With a 45 ° KRS-5 
prism, the 1730-cm -1 absorbance for the clearcoat sur- 
face rapidly increased with pressure to saturation for 
both the painted SMC and steel samples (Fig. 4A, curves 
1 and 2). On the other hand, the 60 ° KRS-5 and 45 ° Ge 
prisms gave good results because both the 1730-cm -1 
absorbances (Fig. 4A) and the 1730/815-cm -~ absor- 
bance ratios (Fig. 4B) became relatively constant at pres- 
sures greater than 4 MPa for both the painted SMC and 
peeled paint samples. Even though sample CC/BC/CRS 
with a steel substrate required a higher pressure (about 
10 MPa) before the absorbances leveled off (Fig. 4A, 
curve 5), the modified clamp has enabled us for the first 
time to reproducibly analyze clearcoat surfaces with the 
paint still on the steel substrate. 

The efficacy of the clamp modifications can be seen 
by comparing the data in Figs. 3 and 4 for the peeled 
paint sample CC/BC with the 60 ° KRS-5 prism. The 
1730-cm -1 absorbance obtained with the modified ap- 
paratus (Fig. 4A, curve 3) was twice that obtained with 
the clamp as received (Fig. 3A, bottom curve) and leveled 
off at 4 MPa rather than 12 MPa. The 1730/815-cm -~ 

absorbance ratio obtained with the modified clamp was 
much more constant over the entire measured pressure 
range than that  obtained with the original clamp (Fig. 
4B, curve 3, and Fig. 3B, top curve, respectively). The 
lower pressures to achieve maximum absorbance or con- 
stant absorbance ratio have extended crystal life by re- 
ducing KRS-5 distortion or Ge breakage. 

Although a load cell was used in this study, its usage 
was not essential for reproducible sample-to-prism pres- 
sures with the modified clamp. Instead, a torque wrench 
may be used (we have used Utica Models TS-30 and TS- 
100), provided that  the rotating contact points of the 
clamp screw are well lubricated and have low friction. 

CONCLUSIONS 

A modified clamp has improved the sample-to-prism 
contact for quantitative measurements of paint surfaces 
using internal reflection infrared spectroscopy. Maxi- 
mum absorbances and constant absorbance ratios were 
obtained at reasonable sample-to-prism pressures with 
the use of the modified clamp and prism holder. 
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Analysis of EPDM Terpolymers by Near-Infrared 
Spectroscopy and Multivariate Calibration Methods 

C H A R L E S  E. M I L L E R  
Center for Process Analytical Chemistry, Department of Chemistry, BG-IO, University of Washington, Seattle, Washington 
98195 

Near-infrared spectroscopy in the combination, first overtone, and sec- 
ond overtone regions is combined with the multivariate methods of Par- 
tial-Least-Squares (PLS) and Classical-Least-Squares (CLS) to provide 
calibrations for chemical components in ethylene-propylene-diene mono- 
mer (EPDM) terpolymers. E P D M  samples with 1,4-hexadiene (HD) 
and ethylidene norbornene (ENB) diene monomers were used for this 
study. Because unknown interaction effects are present in the spectra of 
these materials, the PLS calibration method gives more accurate cali- 
brations than the CLS method. PLS coefficient spectra and CLS recon- 
structed spectra obtained from the calibrations are used to determine 
the sources of the unknown spectral effects. 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. The presence of intrachain and interchain interactions 

Received 23 January 1989. 

in the terpolymers is indicated by observation of CLS reconstructed 
spectra. 

Index Headings: Analysis for polymers; Near-infrared. 

INTRODUCTION 

Ethylene-propylene-diene monomer rubbers (EPDMs) 
are used for many different applications, including au- 
tomotive belts, hoses, and tires, nonautomotive hoses, 
and electrical insulation. These terpolymers are mostly 
composed of ethylene and propylene units, but also con- 
tain diene functionalities in the polymer backbone that  
are used to make crosslinks. Earlier studies have shown 
that  important physical properties such as modulus, re- 
laxation, and thermal transitions are greatly influenced 
by the composition of these polymers. 1,2 
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T A B L E  I. Lis t  of E P D M  polymers.  

Concen t ra t ions  (in mas s  % ) 
Sample  
n u m b e r  E thy lene  Propylene  E N B  HD 

1 58 35 6.3 0 
2 52 43 4.8 0 
3 60 36 4.1 0 
4 67 30 3.5 0 
5 52 40 7.8 0 
6 69 26 4.9 0 
7 65 31 3.9 0 
8 52 40 8.1 0 
9 54 43 0 2.7 

10 54 44 0 2.2 
11 53 43 0 3.3 
12 54 42 0 3.9 
13 72 24 0 3.7 
14 73.6 21.8 0 4.6 

Because vibrational spectroscopy is very sensitive to 
the relative amounts of different functional groups in a 
sample, it is very useful for the determination of bulk 
composition of these polymers. Spectroscopy in the mid- 
infrared region (4000-600 cm -1) is a valuable analytical 
method. However, it is rarely conducive to analysis of 
polymers without substantial sample preparation. In sit- 
uations where a rapid quantitative analysis of raw poly- 
mer samples is desired, spectroscopy in the near-infrared 
(NIR) region 3,4 provides an alternative option. 

Signals obtained from NIR spectroscopy are primarily 
vibrational combination and overtone bands. Because 
the absorptivities of these bands are orders of magnitude 
less than those of vibrational fundamental bands (ob- 
served in mid-IR spectral}, thicker samples can be used 
in NIR analysis than in mid-IR analysis. As a result, 
rubber samples can be analyzed as films with thicknesses 
ranging from 0.1 mm to 10 cm. 

Unfortunately, the spectral signals obtained from dif- 
ferent C-H groups in EPDMs are highly overlapped in 
the NIR region. As a result, it is necessary to use as much 
spectral information as possible to separate the effects 
of different monomer units in the polymer. The multi- 
variate methods of Classical-Least-Squares (CLS) 5'6 and 
Partial-Least-Squares (PLS) 5'7's can overcome the effects 
of overlapping analyte peaks, and thereby provide the 
means to determine composition using NIR spectra. 

Earlier NIR analyses of ethylene-propylene co-poly- 
mer films 9-11 demonstrated the ability of NIR spectros- 
copy to determine chemical composition. However, these 
calibrations used only one or two absorbance bands at 
user-chosen wavelengths. Furthermore, only the com- 
bination region was used for these analyses. Improve- 
ments in NIR instrumentation and multivariate data 
analysis made after the earlier analyses have provided 
abilities both to improve calibrations and to use spectral 
regions other than the combination region for quanti- 
tative analysis. In this work, the multivariate methods 
of PLS and CLS will be used with NIR spectra in the 
combination, first overtone, and second overtone regions 
to predict chemical composition in EPDM polymers. 

EXPERIMENTAL 

Commercially available EPDMs were used in this anal- 
ysis (labeled samples I to 14): samples 1-5 are Nitriflex 

EPDMs, samples 6-8 are Royalene EPDMs, and samples 
9-14 are Nordel EPDMs. The diene unit used in the 
Nitriflex amd Royalene samples is 5-ethylidene bicy- 
clo[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 uncross- 
linked polymers. Reference chemical composition values 
of the EPDM polymers were obtained by FT-NMR spec- 
troscopy of the samples dissolved in CDCI3. Estimated 
errors in the NMR composition values are 2% (mass) 
for ethylene and propylene, and 0.5% (mass) for ENB 
and HD. A complete list of the samples, with their NMR- 
determined compositions, is shown in Table I. All con- 
centrations are expressed in mass percentages. 

NIR spectra of the polymers were obtained with a 
Pacific Scientific 6250 near-infrared grating spectropho- 
tometer with a lead-sulfide detector. The spectral range 
was 1100-2500 nm, the nominal resolution was 10 nm, 
and the wavelength reproducibility was +_1 nm. Each 
scan lasted about 30 s. Spectral data were saved on an 
IBM-AT microcomputer for later data processing. 

The polymers were sampled by NIR in CC14 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 du- 
plicate, with the use of two different pieces of the bulk 
sample. 

EPDM solutions of approximately 5 % (w/v) were pre- 
pared by placing approximately 0.2 g of polymer and 40 
mL of CC14 (Aldrich) in an 80-mL vial. After 24 h, several 
samples had significant gel fractions. As a result, each 
solution was homogenized (Helvitica homogenizer) for 
approximately 30 s to disperse the nonsoluble portion of 
the polymer. The concentration of polymer in each so- 
lution was determined by pipetting 10 mL of the ho- 
mogenized solution into a pre-weighed aluminum pan 
and weighing the pan again after solvent evaporation. 
The samples were then placed in a 4-mm-thick quartz 
cuvette and analyzed by NIR transmission spectroscopy. 
Spectra of pure CC14 solvent were then subtracted from 
the solution spectra. 

NIR reflectance spectra of high-density polyethylene 
(HD-PE) (Aldrich) and isotactic polypropylene (ISO- 
PP) (Aldrich) were obtained by placing the samples in 
a standard reflectance 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 pretreatment 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 ab- 
sorbance value at 1100 nm from all other absorbance 
values, and dividing the resulting absorbance values by 
the concentration 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 (1100-1350 nm), region 2 (1570-1850 nm), and 
region 3 (1950-2500 nm). Each region was used sepa- 
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rately for multivariate analysis. A PLS multivariate anal- 
ysis program developed by the Center for Process Ana- 
lytical Chemistry 7 was used. Mean-centered spectral data 
were used for all PLS analyses. CLS analyses were per- 
formed with a LOTUS-123 data spreadsheet. 

THEORY 

All multivariate analysis methods can utilize all avail- 
able wavelengths in a spectrum to correlate to important 
properties of a system. However, PLS and CLS methods 
differ greatly in their approaches and, therefore, differ 
in the amount and type of information obtained. Pre- 
vious work by Beebe and Kowalski 5 described the dif- 
ferences between these methods in detail. 

CLS. In CLS calibration, spectra that  are baseline- 
corrected and normalized to the product of the sample 
concentration and the spectroscopic pathlength are re- 
quired. In addition, the number of different chemical 
components in the samples must be known, and concen- 
tration values for all chemical components for all samples 
must be known. In the CLS model, the chemical con- 
centrations and spectral absorbance values are related 
by the Beer-Lambert equation 

A = KC + E (1) 

where A is an n x m matrix containing the spectral 
absorbances at n wavelengths for the m calibration sam- 
ples, C is a p x m matrix containing concentrations of 
p chemical components for the ra calibration samples, K 
is an n × p matrix containing the spectra of the p dif- 
ferent pure components in the samples, and E is an n x 
m matrix of random spectral errors. Given A and C, K 
can be estimated by the least-squares solution 

= AC~(CCt) -~. (2) 

The columns in I( are the reconstructed analyte spec- 
tra or basis spectra, which are very useful for qualitative 
analysis. Estimated concentrations for all of the analytes 
in the calibration samples are determined by fitting the 
basis spectra (I~) to each of the calibration spectra. The 
estimated concentrations are then plotted against the 
known concentrations to obtain calibration curves for 
the different analytes. Spectral residuals (E) are useful 
for outlier sample detection and for determination of 
unknown spectral effects. 

PLS. In PLS calibration, the calibration spectra are 
modeled according to Eq. 3: 

A = TP t + E (3) 

where P is an m × f matrix containing f orthogonal 
spectral factors, or loadings, and T is an n × f matrix 
containing the scores of each factor for each calibration 
sample) The A matrix contains the calibration spectra, 
and the E matrix contains spectral residuals. The cali- 
bration spectra in A must be normalized with respect to 
the product of the sample concentration and spectro- 
scopic pathlength before PLS calibration. In this work, 
only one analyte is calibrated for each PLS calibration. 

The spectral factors in P describe relevant spectral 
variations and are useful for qualitative analysis. The 
scores (T) are used to determine estimated concentra- 
tions of the analyte in the calibration samples, which can 

be used to construct a calibration curve. In addition, a 
PLS coefficient spectrum can be constructed from the T 
and P matrices. Because the coefficient spectrum indi- 
cates wavelengths that  are important for quantitation of 
the analyte, it is also very useful for qualitative analysis. 

The appropriate number of factors (f) in a PLS cali- 
bration can be determined by the method of cross-vali- 
dation. 7,1~ In cross-validation, the calibration samples are 
split into a calibration set and prediction set. PLS cal- 
ibrations using different numbers of factors are con- 
structed from the calibration samples and used to predict 
concentrations of an analyte in the prediction samples. 
The optimal number of factors can then be determined 
from observation of the prediction errors as a function 
of the number of factors in the PLS calibration. 

CLS vs. PLS. The review article by Beebe and 
Kowalski 5 discusses the differences between PLS and 
CLS calibration methods (in Ref. 5, CLS is referred to 
as MLR). In CLS calibration, the presence of irrelevant 
spectral variations (from chemical interactions or un- 
known chemical components in the calibration samples) 
worsens the calibration performance. In PLS calibration, 
only spectral variations that  are relevant to the quan- 
titation of the analyte are used. As a result, PLS out- 
performs CLS when unknown spectral variations are 
present. However, one must avoid overfitting of PLS 
calibrations by the use of too many spectral factors. 

If unknown spectral effects are not too large, the CLS 
method is expected to yield better qualitative informa- 
tion. The CLS basis spectra are the closest possible ap- 
proximation to the spectra of the pure chemical com- 
ponents in the samples. 

Prediction Ability of Calibrations. The prediction abil- 
ity of CLS and PLS calibrations is estimated by a "leave- 
one-out" cross-validation procedure. For each calibra- 
tion, a prediction error for each calibration sample is 
determined by constructing a calibration with all other 
samples and using it to predict the concentration of an- 
alyte in the "left-out" sample. After all of the samples 
have been "left-out" and predicted, the standard error 
of prediction (SEP) is calculated: 

I 
N T= 

SEP = (4) 

where 6i is the predicted concentration of analyte in sam- 
ple i with the use of a calibration model that  excludes 
sample i, ci is the known concentration, and N is the 
number of calibration samples. 

Chemical Interaction in EPDMs. Although the mono- 
mer 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 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 in- 
frared spectra of block and random ethylene-propylene 
co-polymers were observed 1~ because the vibrational 
spectroscopy of the ethylene and propylene groups is 
sensitive to the identities of adjacent groups in the poly- 
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EPDM spectrG TABLE II.  CLS prediction errors. 
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FIG. 1. Near-infrared reflectance spectra of bulk EPDM sample 14 
(A) and sample 2 (B). Region 1 is 1100-1350 nm, region 2 is 1570-1850 
nm, and region 3 is 1950-2500 nm. 

Analyte SEP 

Spectral Data (in mass % ) 
region correction a Ethylene Propylene ENB HD 

EPDM solutions: 

1 Normal 3.6 5.3 9.1 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 

"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 (see Ref. 12); MSC-2D: second-derivative correc- 
tion, then Multiplicative Scatter Correction. 

mer chain. Interchain interactions occur between mono- 
mer 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, s,ll 
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 were not known 
before multivariate analysis. 

RESULTS 

NIR reflectance spectra of a high-ethylene and low- 
ethylene EPDM elastomer are shown in Fig. 1. Regions 
of significant absorption are designated as region 1 (1100- 
1350 nm), region 2 (1570-1850 nm), and region 3 (1950- 
2500 nm). Although significant absorptions are found in 
the region 1350-1570 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 characteris- 
tics. Region 1 is dominated by second overtone C-H 
stretching bands. The low absorptivities of these bands 
permit the use of this region for the sampling of thick 
films (up to several cm thick) and large pellets. Region 
2 is dominated by first-overtone C-H stretching bands, 
which have about an order-of-magnitude higher absorp- 
tivity than the bands in region 1. As a result, region 2 
can be used for thinner films (about 0.5-2 mm thick) and 
dilute solutions. Region 3 contains C-H combination 
bands with much higher absorptivities than those of the 
bands in regions 1 and 2. This region is appropriate for 
very thin films (less than 0.1 mm thick) and dilute so- 
lutions. Because the bulk samples were approximately 1 
mm thick, region 3 was not; useful for bulk EPDM anal- 
ysis. However, this region was useful for dilute EPDM 
solutions. 

Although sampling difficulty increases as one goes from 
region 1 to region 3, spectral information and spectral 
resolution increase also. 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 600-2000 cm -1) IR spectrum, and there- 
fore contain much more information than do the former 
regions. 

A consequence of rapid sampling of EPDM elastomers 
with NIR spectroscopy is the presence of baseline shifts 
and differences in absolute peak amplitudes in the spec- 
tra (see Fig. 1), which are results of nonreproducible NIR 
sampling. The baseline offset effect is a function of sam- 
ple placement in the spectrometer, and the peak ampli- 
tude effect is a function of the product of sample con- 
centration and spectral pathlength (or sample thickness). 
Because the CLS and PLS methods perform better with 
spectra that are baseline-corrected and normalized to the 
product of sample concentration and spectral path- 
length, MSC spectral correction was applied to the bulk 
spectra. 

TABLE III .  Cross-validation results. 

Prediction set 1: Samples: 4, 5, 7, 11, 13 
Prediction set 2: Samples: 3, 6, 8, 9, 12 

Number of times a given optimal number of factors was 
determined by cross-validation 

Spectral Number of factors 

region Data correction a 1 2 3 4 

EPDM solutions: 
1 Normal 1 3 2 2 0 
2 Normal 0 1 5 2 0 
3 Normal 0 5 2 1 0 
1 2nd deriv. 4 2 1 1 0 
2 2nd deriv. 0 4 4 0 0 
3 2nd deriv. 2 2 3 1 0 

Bulk EPDM samples: 

1 MSC 0 1 2 2 3 
2 MSC 0 1 3 3 1 
1 MSC-2D 0 1 0 5 2 
2 MSC-2D 0 1 3 4 0 

All EPDM solution 
calibrations: 7 17 17 7 0 

All bulk EPDM 
calibrations: 0 4 8 14 6 

a Same abbreviations as in Table II. 
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Second-derivative correction was also applied to both 
the bulk elastomer and solution spectra. Second-deriv- 
ative correction eliminates baseline offset and improves 
spectral resolution. However, it also increases spectral 
noise and produces spectra that  are difficult to interpret 
qualitatively. 

CLS Results. Table II lists the leave-one-out SEP val- 
ues 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 
noticeably reduced as the spectral region changed from 
region 1 to region 2 (to region 3, for the solution samples). 
The spectral information content and spectral resolution 
increase as one moves from region 1 to region 3; this 
trend is reflected in the prediction results. 

The SEP values for ethylene and propylene were, for 
the most part, slightly greater than the estimated error 
of the reference NMR method for ethylene and propyl- 
ene concentration (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 pre- 
diction 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 spectral effects for the bulk 
samples that  were not present in the solution spectra. 

Predictions of ENB and HD in EPDM are expected 
to be more difficult than those for ethylene and propyl- 
ene, because the concentrations of these monomer units 
are much lower than the concentrations of ethylene and 
propylene units (see Table I). In addition, there are few 
functional groups in these monomer units that  can give 
unique spectral signals, especially at low spectral reso- 
lution. 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 errors for ENB and HD calibrations in region 3 were 
within 35-65% of the range of concentration values of 
these analytes in the samples. 

P L S  Results. The first step in all PLS calibrations was 
the determination of the optimal number of spectral fac- 
tors. If all chemical components are known, and there 
are no interactions between them, the optimal number 
of factors for PLS calibrations using mean-centered 
EPDM spectra is three, because there are four different 
chemical components in the polymers (ethylene, pro- 
pylene, ENB, and HD units). However, additional factors 
might be necessary in order to explain unknown spectral 
components. In an attempt to determine a more reliable 
number of factors for PLS calibrations, cross-validations 
were performed with each PLS calibration with the use 
of two user-selected prediction sets (see Table III). The 
most frequently chosen optimal numbers of factors are 
two and three for the solution calibrations and four for 
the bulk elastomer calibrations. The lack of conclusive 
results could have been caused by the small number of 
samples (fourteen) or by the experimental design. 

The cross-validation results suggest that  at least three 
factors should be used in all PLS calibrations, and per- 
haps four factors should be used in the bulk elastomer 

TABLE IV. PLS prediction errors. 

Spectral Analyte SEP (in mass % ) 
region Data correction" Ethylene Propylene ENB HD 

EPDM solutions: 
1 Normal 3.7 5.0 3.7 2.4 
1 2nd deriv. 2.7 3.8 2.7 2.0 
2 Normal 1.9 1.6 3.0 2.2 
2 2nd deriv. 1.7 1.7 3.0 2.0 
3 Normal 1.4 2.4 2.4 1.6 
3 2nd deriv. 1.6 2.5 1.4 1.3 

Bulk EPDM: 
1 MSC 1.9 1.9 2.6 1.7 
1 MSC-2D 1.8 1.7 1.8 1.4 
2 MSC 1.6 1.7 1.8 1.3 
2 MSC-2D 1.7 1.7 1.0 1.0 

"Same abbreviations as in Table II. 

calibrations. Because there are four known chemical 
components in the samples that  are spectroscopically 
active, the use of three factors in PLS calibrations should 
not result in overfitting. With these considerations in 
mind, three factors were used in all PLS calibrations 
with the solution spectra, and four factors were used in 
all calibrations with the bulk spectra. 

The SEP results of the PLS calibrations are shown in 
Table IV. For the most part, SEP values for PLS cali- 
brations were significantly lower than the SEP values 
for CLS calibrations (Table II). The use of second-de- 
rivative-corrected spectra improved calibrations in most 
cases. 

The large difference between calibration results from 
CLS and PLS suggested that  there were unknown spec- 
tral variations in the EPDM solution and bulk spectra. 
These unknown spectral effects could have resulted from 
interchain or intrachain interactions in the polymers. It 
is possible that  the NIR spectra of EPDMs are affected 
by varying amounts of block and random segments (or 
intrachain interactions) in the different  polymers. 
Another possible effect, present only for the elastomer 
samples, is the effect of morphology, or interchain in- 
teractions. EPDM terpolymers with high ethylene con- 
tents can have significant crystallinity. 14,15 It is probable 
that  crystallinity also affects the NIR spectra of these 
substances. 

For the EPDM solution calibrations, many ethylene 
and propylene prediction errors were below the esti- 
mated 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 reference 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, be- 
cause this region is tolerant of wide sample variations. 

DISCUSSION 

Multivariate calibration methods like PLS and CLS 
not only provide better calibration results than univar- 
iate methods but also provide qualitative information 
about the chemical system analyzed. In many cases, this 
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TABLE V. Sum of squares of spectral residuals--times 1000 (percent sum of squares of spectral residuals). 

Spectral PLS calibrations 

region Data correction" Ethylene Propylene ENB 
CLS 

HD calibration 

EPDM solutions: 
1 Normal 0.22 (1.9) 0.23 (1.9) 0.36 {3.0) 
1 2nd deriv. 0.18 (5.0) 0.19 (5.4) 0.18 (4.9) 
2 Normal 1.8 (4.8) 1.9 (4.8) 2.0 (5.1) 
2 2nd deriv. 1.5 (2.9) 2.1 (4.1) 2.3 (4.4) 
3 Normal 18 (1.7) 21 (2.0) 22 (2.1) 
3 2nd deriv. 8.2 (0.90) 7.7 (0.84) 7.8 (0.85) 

Bulk EPDM: 
1 MSC 0.0090 (0.25) 0.010 (0.30) 0.012 (0.32) 
1 MSC-2D 0.014 (2.7) 0.0084 (1.6) 0.014 (2.7) 
2 MSC 0.32 (0.89) 0.24 (0.67) 0.35 (0.97) 
2 MSC-2D 0.095 (1.9) 0.096 (1.9) 0.091 (1.8) 

0.46 (3.8) 0.44 
0.17 (4.8) 0.20 
2.0 (5.2) 2.3 
1.8 (3.6) 1.7 

26 (2.5) 28 
7.8 (0.85) 14.7 

0.039 (1.1) 0.34 
0.014 (2.7) 0.93 
0.34 (0.93) 0.75 
0.09 (1.8) 0.35 

"Same abbreviations as in Table H. 

qualitative information can be used to explain trends or 
inconsistencies in the quantitative analyses. 

Spectral Residuals. In CLS and PLS calibrations, all 
variations in the calibration spectra must be explained 
in order to obtain an optimal calibration. The variations 
in the calibration spectra that are not explained by the 
multivariate model are called the spectral residuals. The 
specific quantity commonly used to refer to spectral re- 
siduals is the residual sum of squares (abbreviated "re- 
sidual SS"), defined by the equation 

residual SS -- ~ ( a i j  - gij) 2 (5) 
~=1 j=l 

where aij and gij are the spectral absorbance values of 
sample i at wavelength j for the real calibration spectrum 
and the calibration spectrum modeled by the multivari- 
ate method, respectively. A zero residual 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 V 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 cal- 
ibration spectra. Note that only one residual value is 
reported for each CLS calibration, because all four an- 
alytes are calibrated in the same procedure. For the PLS 
calibrations in this work, one calibration model was con- 
structed for each analyte. 

The residuals for CLS calibrations are consistently 
higher than the residuals for corresponding PLS cali- 
brations. This result is a further indication that signifi- 
cant spectral effects explained by the PLS calibration 
are not explained in the CI, S calibrations. Of particular 
note is the large difference i[n spectral residuals for PLS 
and CLS calibrations with bulk samples. This difference 
corresponds to a large difference in prediction errors (see 
Tables II and IV). Earlier, it was mentioned that  crys- 
tallinity could have affected the spectra of the bulk sam- 
ples. It is probable that this effect, if it exists, is not 
accounted for by the CLS calibrations. 

Comparison of PLS calibrations with different spectral 
data corrections and different spectral regions requires 

the use of percent residual SS values (the values in pa- 
rentheses in Table V). 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 cali- 
brations. Despite this discrepancy, the prediction errors 
for all regions were slightly improved or unchanged by 
the use of second-derivative correction (Table IV). For 
regions 2 and 3, the deconvolution and baseline correc- 
tion abilities of second-derivative correction dominated, 
and caused improved calibration fit and decreased spec- 
tral residuals. In region 1, where the signal-to-noise ratio 
was much less than in regions 2 and 3, the noise increas- 
ing effect of second-derivative correction became signif- 
icant, which caused the spectral residuals to increase 
despite slight improvements in calibration results. 

Qualitative Information. The CLS basis spectra (or re- 
constructed pure component spectra) and PLS coeffi- 
cient spectra yield important qualitative information 
about the EPDM solutions and elastomers. For this dis- 
cussion, spectra corrected with the second-derivative- 
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FIG. 2. (A) PLS coefficient spectrum of ethylene in EPDM solution; 
(B) NIR reflectance spectrum of high-density polyethylene; (C) CLS 
reconstructed spectra of ethylene in EPDM solution; (D) CLS recon- 
structed spectrum of ethylene in bulk EPDM in region 1. Spectra B, 
C, and D were vertically offset and scaled for clarity; spectrum A was 
only scaled for clarity. 
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Fzo. 3. (A) PLS coefficient spectrum of propylene in EPDM solution; 
(B) NIR reflectance spectrum of isotactic polypropylene; (C) CLS re- 
constructed spectra of propylene in EPDM solution; (D) CLS recon- 
structed spectrum of propylene in bulk EPDM in region 1. Offset and 
scaling were similar to that of Fig. 2. 

corrected operation will not be used, because they are 
more difficult to interpret qualitatively. 

Figure 2 shows the region 1 CLS reconstructed spectra 
of ethylene in EPDM solution (C) and in bulk (D), the 
PLS coefficient spectrum for ethylene in EPDM solution 
(A), and an NIR reflectance spectrum of high-density 
polyethylene (HD-PE) (B). Note that  the CLS recon- 
structed spectra (C and D) closely resemble the spectrum 
of HD-PE (B). The difference between the CLS recon- 
structed spectra for ethylene in EPDM solution (C) and 
in bulk (D) is small, but significant. The reconstructed 
spectrum from the solutions had a peak maximum at 
1212 nm, and the reconstructed spectrum from the bulk 
had a peak maximum at 1214 nm, which is closer to the 
peak maximum for HD-PE (1216 nm). Because the wave- 
length reproducibility of the NIR instrument is + 1 nm, 
these peak shifts are significant. In addition, a very small 
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FIG. 4. (A) PLS coefficient spectrum of ethylene in EPDM solution; 
(B) NIR reflectance spectrum of high-density polyethylene; (C) CLS 
reconstructed spectra of ethylene in EPDM solution; (D) CLS recon- 
structed spectrum of ethylene in bulk EPDM in region 2. Offset and 
scaling were similar to that of Fig. 2. 

propylene spectra 

0 .003 -  

O.O02~'J 

0.0O2 D 

0.001~ 

O.O01 C 

o,ooo~ 

o 

- . - o . o ~  . . . . . . . . . . . . . . . . . . .  i . . . . . . . . . . . . . . . . . . .  i . . . . . . . . . . . . . . . . . . .  i . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . .  i . . . . . . . . . . . . . . . . . . .  i . . . . . . . . . . . . . . . . . .  

1570 1610 I ~ 0  tOgO 1730 1770 1810 I ~ 0  

wavelength (rim) 

FIG. 5. (A) PLS coefficient spectrum of propylene in EPDM solution; 
(B) NIR reflectance spectrum of isotactic polypropylene; (C) CLS re- 
constructed spectra of propylene in EPDM solution; (D) CLS recon- 
structed spectrum of propylene in bulk EPDM in region 2. Offset and 
scaling were similar to that of Fig. 2. 

shoulder at 1170 nm was observed only in the recon- 
structed spectrum from the elastomers (D) and in the 
HD-PE spectrum (B). These observations suggest that  
the ethylene units in EPDM elastomers 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 ex- 
hibit crystallinity in solution, these results suggest that  
the ethylene units in the EPDM elastomers have signif- 
icant crystallinity. 

The PLS coefficient spectrum for ethylene in EPDM 
solution (Fig. 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 eth- 
ylene band. Its presence indicates that  interfering pro- 
pylene absorbances were accounted for in the ethylene 
calibration. 

Figure 3 shows the CLS reconstructed spectra for pro- 
pylene in EPDM solution (C) and in bulk (D), the PLS 
coefficient spectrum for propylene in EPDM solution 
(A), and the NIR reflectance spectrum of isotactic poly- 
propylene (ISO-PP) (B). As is the case for ethylene, the 
two CLS reconstructed spectra closely resemble the spec- 
trum of the homopolymer (ISO-PP). However, slight dif- 
ferences between the reconstructed spectra and the ISO- 
PP spectrum are observed. These differences might be 
caused by differences in intrachain interactions of the 
propylene units in the two polymer systems. In ISO-PP, 
the propylene units are connected 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 crys- 
tallinity effect, discussed earlier, might contribute to the 
observed deviations of the reconstructed spectrum in 
bulk EPDM (D) from the reconstructed spectrum of pro- 
pylene in EPDM solution (C). Although the propylene 
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FIG. 6. PLS coeficient spectra for ethylene in EPDM solution (solid 
line) and in EPDM rubber (dotted line), in region 2. 

units in EPDM elastomers do not exhibit crystallinity 
themselves, they can be incorporated into crystalline do- 
mains of ethylene units," thus causing their spectral 
properties to differ from those of propylene units in so- 
lution. 

The PLS coefficient spectrum for propylene in EPDM 
solutions (Fig. 3, A) is almo.,;t exactly opposite to the PLS 
coefficient spectrum for ethylene (Fig. 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. 

Figures 4 and 5 are the region 2 analogs of Figs. 2 and 
3. Note the shift in peak maxima between the CLS re- 
constructed spectrum for ethylene in EPDM solution 
(Fig. 4, C) and the spectrum of HD-PE (Fig. 4, B). The 
magnitude and direction of this shift are identical to 
those for region 1 mentioned earlier. This further indi- 
cates the large difference in morphology of ethylene units 
in EPDM solutions and in HD-PE. The reconstructed 
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 nonlinear 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 reconstructed spectrum of propylene in 
EPDM solution (Fig. 5, C) and the ISO-PP spectrum 
(B) are very similar, but they do show small differences. 
For example, the peak at 1.770 nm in the reconstructed 
spectrum in EPDM solution (C) is not present in the 
ISO-PP spectrum. As mentioned earlier, these differ- 
ences could be caused by differences in intrachain and 
interchain interactions between propylene units in ISO- 
PP and in EPDM solution. The reconstructed spectrum 
of propylene in EPDM elasi~omer (D) differs greatly from 
the ISO-PP spectrum, much of which is likely caused by 
the nonlinear absorbance at 1730 nm. 

The nonlinear absorbance at 1730 nm is considered to 
be caused by an unknown spectral effect, which should 
increase the number of independent spectral variations 
by one. PLS can explain t:he extra spectral effect more 
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FIG. 7. (A) PLS coefficient spectrum of ethylene in EPDM solution; 
(B) NIR reflectance spectrum of high-density polyethylene; (C) CLS 
reconstructed spectra of ethylene in EPDM solution in region 3. Offset 
and scaling were similar to that of Fig. 2. 

easily than CLS. This assertion is reflected in the CLS 
and PLS calibration results for EPDM elastomers, and 
in the spectral residuals of the CLS and PLS calibrations 
for the bulk elastomers in region 2 (Table V). In addi- 
tion, the PLS coefficient spectra for ethylene in  EPDM 
elastomers and solutions (Fig. 6) reflect the presence of 
nonlinearities. The PLS coefficient spectrum for ethyl- 
ene in bulk EPDM shows much less intensity in the 
suspected nonlinear region (around 1730 nm) than the 
coefficient spectrum for ethylene in solution. Because the 
solution spectra are not expected to exhibit nonlinear 
behavior, this discrepancy is probably a result of nonlin- 
ear absorbances of the bulk samples in the region 1718 
to 1730 nm. In effect, PLS corrected for the nonlinear 
spectral region by minimizing the effect of the region on 
the calibration. On the other hand, the CLS reconstruct- 
ed spectrum (Fig. 4, D) gave a significant weight to the 
nonlinear region, which demonstrates the inability of 
CLS to correct for the nonlinear effects. 
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FIG. 8. (A) PLS coefficient spectrum of propylene in EPDM solution; 
(B) NIR reflectance spectrum of isotactic polypropylene; (C) CLS re- 
constructed spectra of propylene in EPDM solution in region 3. Offset 
and scaling were similar to that of Fig. 2. 
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FIG. 9. CLS reconstructed spectra of ENB (A), propylene (B), eth- 
ylene (C), and HD (D). Spectra were offset for clarity. 

Figures 7 and 8 are the region 3 analogs of Figs. 2 and 
3. The CLS reconstructed spectrum for ethylene in EPDM 
solution (Fig. 7, C) is very similar to the HD-PE spectrum 
(B). As in regions 1 and 2, the major ethylene peaks (at 
2310 and 2350 nm) are shifted to lower wavelength for 
the reconstructed spectrum of ethylene in EPDM solu- 
tion. 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 dif- 
ferences between the CLS reconstructed spectrum of 
propylene in EPDM solution (Fig. 8, C) and the ISO-PP 
spectrum (B) 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 coeficient spectrum for propylene (Fig. 8, A) 
is almost an exact opposite of the PLS coefficient spec- 
trum for ethylene, with the exception of a major positive 
feature at 2198 nm. This feature is slightly visible in the 
CLS reconstructed spectrum of propylene in EPDM so- 
lution (Fig. 8, C) and the ISO-PP spectrum (B). How- 
ever, 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 reconstructed 
spectra for all four analytesin EPDM solution are shown 
in Fig. 9. A peak at 2274 nm, present in the reconstructed 
spectra of propylene, ENB, and HD, has been previously 
assigned as a methyl combination bandJ 1 The relative 
number of methyl groups per monomer unit in the three 
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 three reconstructed 
spectra A, B, and D. Weak but  significant bands are 
observed in the region 2130 to 2200 nm only for the ENB 
and HD reconstructed spectra. These bands are char- 
acteristic of unsaturation, 1~ 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 to 2450 nm. The most prominent of these are the 
2306- and 2346-nm bands in the reconstructed spectrum 
of ethylene, which were previously assigned to ethylene 
group vibrations. 11 

CONCLUSIONS 

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 two-wavelength calibrations used 
earlier, PLS and CLS methods can account for overlap 
between analyte signals. Also, PLS can account for un- 
known 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 recon- 
structed analyte spectra. This additional information can 
be used to verify the presence of spectral interactions, 
interferents, and nonlinearities, and to improve the con- 
fidence of calibrations. 
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