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Abstract

There are a number of situations where there is a need to determine the concentrations of components in solid-state mixtures
without dissolving the sample. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) coupled with partial-least-
squares (PLS) data analysis has been used to determine the minor component in a mixture of structurally similar solid-state
compounds, in this case mixtures of ephedrine and pseudoephedrine. Factors that limit the precision and accuracy of the
determinations are discussed. It is shown that when care is taken to produce homogeneous calibration samples very good results
can be obtained, in this case cross-validated standard error of predictions of 0.74 wt% when the minor component spanned
t f 0–5 wt%.
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he concentration range of 0–50 wt%, and 0.11 wt% when the minor component spanned the concentration range o
esults are presented that indicate that the amount of data available to the PLS calibration routine relative to the
hich the calibration is performed can limit the precision and accuracy of the determinations.
2004 Published by Elsevier B.V.
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. Introduction

Although new routes for the administration of drugs
re continually being investigated, the most common

orm of administration of drugs is still the solid state. In
eneral, the active ingredient in a solid-state formula-

ion of a drug is a crystalline material. The compounds
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considered here are diastereoisomers and have s
icantly different biological properties (Schmidt et al.
1988). An analysis of samples containing a mixture
the two crystalline materials can be carried out u
infrared spectroscopy where the samples are no
solved, i.e. kept in the solid state. The difference
the infrared spectra of ephedrine and pseudoephe
are due to the differences in the intermolecular in
actions in the crystalline forms of the molecules. T
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situation is analogous to that found for many crystalline
pharmaceutical compounds that can exist as different
polymorphs. In the case of polymorphs the analysis of
a mixture also must be carried out in the solid state.
The crystal form of a compound can have significant
effects on the bioavailability of a material and/or influ-
ence the manufacturing process of a formulation. As
a result, polymorphism is a significant problem in the
pharmaceutical industry and there is a need for ana-
lytical methods for the characterization of solid-state
mixtures of polymorphs or diastereoisomers.

There is a rather large spectrum of techniques that
can be used to characterize solid-state materials de-
pending on the property, e.g. structure, spectral charac-
teristics, thermodynamic stability, solubility behavior,
etc., to be measured. Methods for the characterization
of polymorphs have been discussed in a number of re-
views of the area (Threlfall, 1995; Caira, 1998). Many
of these techniques measure bulk solid-state properties
and are not particularly useful for characterization of
mixtures, however some are applicable to quantitative
analysis of mixtures.

Solid-state13C NMR has been shown to be quite
useful in the characterization of polymorphs in both
bulk drug substances and dosage forms (Aboul-Enein,
1990; Brittain et al., 1991; Saindon et al., 1993; Byrn
et al., 1995). Most of the applications of13C NMR
have been qualitative, but a few quantitative applica-
tions have appeared (Suryamarayanan and Wiedmann,
1990; Gao, 1996). For example, the13C NMR detec-
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Jalsovszky et al., 1995) have been reported. The stud-
ies carried out using NIR and IR have used both
attenuated reflectance and diffuse reflectance sampling.
Diffuse reflectance sampling, although not without
problems, seems to offer some advantages when com-
pared to other solid-state sampling methods for IR
spectroscopy. This is the method that has been utilized
here.

In this paper, we report on the determination of the
minor component in mixtures of two crystalline forms
of 1-phenyl-2-aminomethylpropanol. The presence of
two asymmetric carbons in the structure of 1-phenyl-
2-aminomethylpropanol leads to two diastereometric
pairs, known as ephedrine and pseudoephedrine.
As will be discussed below, the differences in the
IR spectra of ephedrine and pseudoephedrine are
due to differences in the intermolecular interactions
between the molecules in the solid-state forms, hence
they have properties similar to that of polymorphs.
The differences in the IR spectra of ephedrine and
pseudoephedrine have been previously discussed
(Ciurczak, 1987), and as shown here can be used as
the basis of quantitative determination of the minor
component in mixtures of the two.

2. Materials and methods

Ephedrine hydrochloride (Aldrich) and pseu-
doephedrine hydrochloride (Sigma) both specified to
h KBr
u ent
w in a
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i
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h %. A
ion limit for the minor component in a mixture
elavirdine mesylate polymorphs has been report
e 2–3 wt% (Gao, 1996).

Methods based on vibrational spectroscopy h
he potential for characterization of mixtures of po
orphs, i.e. performing quantitative analysis of m

ures. Relatively recent instrumentation improvem
s well as the development of multivariate data an
is techniques have made vibrational methods su
ear infrared (NIR), infrared (IR), and Raman spec
copies all much more useful for performing quan
ive determinations.

Quantitative analysis of mixtures of polymorphs
ng NIR (Gimet and Luong, 1987; Blanco and Vill
000; Patel et al., 2000), IR (Doff et al., 1986; Deele
t al., 1991; Hartauer et al., 1992; Salari and You
998; Lee et al., 2000; Aboul-Enein et al., 20)
nd Raman (Deeley et al., 1991; Tudor et al., 199
ave a purity of 99.8% were used as received. The
sed to dilute the samples for DRIFTS measurem
as FTIR grade (Wilmad) and used after drying
acuum at 110◦C. All sample handling was carried o
n a purged glove bag.

Two sets of calibration mixtures were prepared.
rst set of calibration samples consisted of mixtu
f ephedrine and pseudoephedrine of about 3 g
ass with ephedrine as the minor component. El

alibration samples were prepared spanning a r
f ephedrine concentration of 0 to∼50 wt%, with the
esign points every 5 wt%. A second set of calib

ion samples was prepared with the minor compon
he ephedrine, concentration ranging from 0 to a
wt%. There were 20 calibration samples in this
ith 8 of the 20 samples having concentrations

ween 0 and 1 wt%, and the remaining twelve sam
aving concentrations between about 1.3 and 5 wt
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set of five validation samples was also prepared with
ephedrine concentrations of 0.904, 1.688, 2.001, 2.665,
and 3.068 wt%.

The masses of the two components to be mixed were
determined to 0.01 mg using a Mettler Toledo balance
(Model AX 205). In order to assure that homogeneous
mixtures were produced, the following procedure was
followed when mixing the two sample components.
The contents of the weighing boat containing the minor
component were transferred to a mortar. An amount of
the major component about equal in mass to that of the
minor component was transferred to the mortar and the
two components mixed thoroughly. A second quantity
of the major component about equal in mass to the
mixture in the mortar was then transferred to the mortar
and thoroughly mixed in. This process was continued
until the entire amount of the major component had
been mixed in.

The IR spectral data were collected using a Nico-
let Nexus Model 870 FTIR equipped with a diffuse re-
flectance accessory (Nicolet model 0031-999) mounted
in the sample compartment. A deuterated triglycine
sulfate detector was used and all spectral measure-
ments consisted of 128 coadded scans at 4 cm−1 reso-
lution. All samples were diluted by thoroughly mixing
with KBr using 10 parts KBr to 1 part sample, each
carefully weighed, prior to diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) measure-
ment. The mixing of the sample with KBr was carried
out using the same mixing protocol as that described
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points of the spectral region being corrected to zero.
The scattering correction used is a multiplicative scat-
ter correction (MSC) (Isaksson and NÆs, 1988). The
derivative processing is based on the Savitsky–Golay
algorithm. All PLS calibrations were carried out using
cross-validation with all spectra from a specific calibra-
tion sample simultaneously removed. The results of the
calibrations using various frequency regions and differ-
ent preprocessing are reported as the cross-validated
standard error of prediction (CVSEP).

3. Results

The IR spectra of the (1R,2S)-(+)-ephedrine hy-
drochloride (ephedrine) and (1S,2S)-(+)-ephedrine hy-
drochloride (pseudoephedrine) are shown inFig. 1. The
structures of these isomers of ephedrine have been de-
termined and although the arrangement of molecules
in the two structures are similar, there are significant
differences in the intermolecular hydrogen bonding in
the two structures (Bergin, 1971; Mathew and Palenik,
1977). There is, for example, a difference in the fre-
quency of the OH stretching vibration in the two
forms, as can be seen inFig. 1. The O H bands would
be expected to be spectral features significantly af-
fected by changes in hydrogen bonding. The OHCl
bond distances are 2.38 and 2.16Å in ephedrine and
pseudoephedrine respectively. These distances corre-
late with the O H stretching frequencies of 3330 cm−1
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round until it reached a “flour” like consistency. T
Br/sample mixtures were poured into the sample
f the DRIFTS apparatus and the top surface of
ample smoothed by carefully pulling a straight e
cross the sample cup. A gold mirror was used fo
ackground for all spectral data used in the calibra
odeling, and pure KBr was used for the backgro
f the pure component spectra. The samples of the
omponents were ground to uniform particle size p
o mixing with KBr for DRIFTS analysis.

All data processing, including the partial-lea
quares (PLS) modeling, was carried out using
LS2000 (Sandia National Laboratories) package

uns in the GRAMS (Thermo-Galactic Corp.) envir
ent. The linear baseline correction used forces the
n ephedrine and 3273 cm−1 in pseudoephedrine.
The first set of calibration samples was prepare

ixing ephedrine and pseudoephedrine, with 11 m
ure samples spanning the range of 0–50% ephed
ver such a concentration range the changes in th

pectral data collected from these samples can be
ly seen.Fig. 2contains spectra of three of the mixt
amples, 0, 25, and 50% ephedrine. The chang
he spectral features where there are significant d
nces in the pure component spectra, such as theOH
tretch in the region between 3260 and 3300 cm−1, are
pparent.Fig. 3 contains the same three spectra p

ed over the frequency region from 950 to 1540 cm−1.
ands due to the minor component (ephedrine),
t 993, 1242, and 1355 cm−1, can be seen to increa

n intensity with concentration. Not so apparent, is
aseline shift in the spectra that also correlates (n

ively) with the ephedrine concentration. The base
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Fig. 1. DRIFTS spectra of ephedrine and pseudoephedrine.

shift can be best seen in the high-frequency region of
Fig. 2. The baseline shift is due to scattering (Geladi
et al., 1985; Isaksson and NÆs, 1988), and is due to the
fact that the two pure component samples have differ-
ent crystal sizes. The calibration samples were made

up using the two pure components as received, and
aliquots of the calibration samples were weighed and
mixed with KBr diluent without any attempt to alter the
crystal size when preparing the samples for DRIFTS
analysis.

Fig. 2. DRIFTS spectra of the calibrations samples containing 0, 25, and 50 wt% ephedrine.
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Fig. 3. DRIFTS spectra of the 0, 25, and 50 wt% ephedrine sample across the 1540–950 cm−1 frequency region.

Spectral data were collected from three repeat
sample preparations of each of the 0–50% mixture
samples, for a total of 33 spectra. These spectral data
were converted to−log(R/R0) and Kubelka–Munk
units, assembled into data files, and subjected to
PLS analysis. The calibration results obtained with
the Kubelka–Munk transformed data were not as
good as, i.e. always higher CVSEP, than the results
obtained using the−log(R/R0) transformed data.
Although the Kubelka–Munk transformation is often
employed with diffuse reflectance data, a number
of papers have shown that the theory does not
accurately describe the situation where scattering
samples have strong absorption bands (Brimmer
and Griffiths, 1988; Loyalka and Riggs, 1995; Vargas
and Niklasson, 1997). Other authors developing
quantitative applications of diffuse reflectance data
have also found that better results were obtained with
data in “absorbance” units, rather than Kubelka–Munk
units (Reeves and Reeves, 2002). Thus, all results pre-
sented here are based on−log(R/R0) transformed data.
Calibrations were performed using a large number
of different frequency regions, and a variety of data
preprocessing options including baseline correction,
scatter correction, and derivative processing were
tested. The scattering correction made a significant

improvement in the CVSEP of the calibration when the
high-frequency data were included, but did not seem
to impact the calibration significantly when the cal-
ibration was limited to a portion of the low-frequency
region. The best calibration based on these data applied
only baseline correction to the frequency region from
950 to1540 cm−1. The CVSEP produced was 2.1 wt%.

The calibration samples were rerun, but after the cal-
ibration samples were ground to uniform particle size
prior to mixing with KBr powder. The grinding step
minimized the baseline shifts, especially in the high-
frequency region, that were correlated to the ephedrine
concentration. Again, various forms of data pretreat-
ment were tested in an attempt to determine the best
conditions for a quantitative analysis based on these
data. Again, the data pretreatment methods included
frequency selection, baseline correction, scattering cor-
rection, and taking derivatives. A summary of these
results is included inTable 1. A number of other fre-
quency regions were tested with varying results, some
producing CVSEPs close to the best shown inTable 1.
However, none of the regions produced calibrations
that were better, i.e. lower CVSEP, than the best shown
in Table 1.

In most calibrations carried out some spectral files
were identified as outliers, i.e. one to three spectra
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Table 1
Summary of calibration results obtained across the 0–50 wt% range

Frequency region (cm−1) Pretreatment CVSEP (wt%) No. of PLS factors No. of outliers

400–4000 Baseline 0.75 5 3
400–4000 MSC 2.27 3 1
400–4000 First derivative 1.46 3 0
950–1540 Baseline 0.74 3 3
950–1540 MSC 2.55 5 1
950–1540 First derivative 1.08 3 2

were found to be outliers during the cross-validation
process. The outlier metrics used included concen-
tration F-ratio, spectralF-ratio, and Mahalanobis
distance. As can be seen inTable 1good calibrations
result from the data using only baseline correction
as the preprocessing step. This was the case for all
frequency regions tested. A calibration plot based on
the data over the 950–1540 cm−1 frequency region
with only baseline correction is shown inFig. 4. Wave-
length selection made only small differences in the
final CVSEP, although models based on data limited
to the fingerprint region of the spectrum tend to have
fewer factors than models that include data from the
high-frequency region. Use of a scattering correction
did not produce good results for any of the frequency
regions tested for these data. Since the samples had

been ground to uniform particle size, this result might
not be unexpected. First derivative preprocessing
accounts for baseline shifts, but is not as effective as
a simple linear baseline correction for these data.

One of the advantages of using multivariate
calibration is that the signal averaging inherent to the
calibration process allows for the measurement of
small signals relative to the noise. In our experience,
calibration models often get better, i.e. the CVSEP gets
smaller, as the amount of data available to the modeling
process increases relative to the range over which the
calibration is carried out. The increased amount of data
allows for more effective signal averaging, and in some
cases the increased amount of data allows for better
modeling of any nonlinearities in the data. The calibra-
tion covering the concentration range of 0–50 wt% with

F s obta
r

ig. 4. Cross-validated calibration plot for the 0–50 wt% mixture
egion after baseline correction.
ined using the spectral data collected from the 1540–950 cm−1 frequency
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Table 2
Summary of calibration results obtained across the 0–5 wt% range

Frequency region (cm−1) Pretreatment CVSEP (wt%) No. of PLS factors No. of outliers

400–4000 Baseline 0.11 4 9
400–4000 MSC 0.11 5 6
400–4000 First derivative 0.14 3 4
400–4000 Second derivative 0.13 4 4
950–1540 Baseline 0.12 4 4
950–1540 MSC 0.16 2 1
950–1540 First derivative 0.12 3 2
950–1540 Second derivative 0.12 3 3

33 spectra might be limited by the information available
to the PLS model relative to the relatively large concen-
tration range to which the calibration model applies.

A second calibration sample set was produced to test
whether or not a better calibration could be produced
by limiting the calibration to a narrower concentration
range. In this set of 20 calibration samples the concen-
tration of ephedrine in the mixtures of ephedrine and
pseudoephedrine spanned the range of 0 to∼5 wt%.
Three repeat DRIFTS preparations were carried out
for each mixture, spectra collected from each, and the
spectral data assembled into a matrix for processing
using the PLS algorithm. As with the 0–50 wt% set,
calibrations were carried out using frequency selection

and a variety of data preprocessing steps.Table 2con-
tains some of the most significant results obtained.

As can be seen inTable 2the CVSEP when working
with this larger data set is a factor of five or six better,
i.e. lower, than that achieved with the 0–50 wt% data.
Other frequency regions than those included inTable 2
produced CVSEPs that are equivalent to, but not any
better than, those shown inTable 2. A calibration plot
using the first derivative preprocessed spectral data over
the 950–1540 cm−1 frequency range is shown inFig. 5.
It should be noted that when preparing the samples
for DRIFTS measurement, the aliquots of the calibra-
tion samples were mixed with the KBr diluent without
any grinding. Thus, there will be scattering differences

F s obtai
r

ig. 5. Cross-validated calibration plot for the 0–5 wt% mixture
egion after first derivative preprocessing.
ned using the spectral data collected from the 1540–950 cm−1 frequency
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across the spectral data to the degree the mixtures vary
in particle size distribution across the concentration
range of 0–5 wt% ephedrine. As can be seen inTable 2,
at least across the 950–1540 cm−1 frequency region the
MSC and derivative data preprocessing steps seem to
account for the degree of scattering encountered.

As with the 0–50% data discussed above, a num-
ber of concentration outliers were identified during the
cross-validation process. The number of outlier spec-
tral files identified during each calibration is shown in
column five inTable 2. When the entire spectral region
was included the number of outliers during the cross-
validation process was relatively high. For example,
nine samples were flagged as outliers using baseline
correction and six were flagged using the scatter cor-
rection. While the CVSEPs produced are as good as
those produced when limiting the spectral data to por-
tions of the low-frequency region, they are the result of
removing a significant number of spectral files from the
calibration. In most of the low-frequency models em-
ploying an MSC correction, or derivative preprocess-
ing, one to three spectral files are identified as outliers.
One spectral file, one of the repeats of the 4.99 wt%
sample, had a high spectralF-ratio and was identified
as a significant concentration outlier regardless of the
spectral region or preprocessing option used when de-
veloping the PLS calibration model. It is possible some
error was made when collecting this spectrum.

The calibration model was validated by determining
the concentration of ephedrine in a set of five indepen-
dent validation samples. Three repeat preparations of
each of the validation samples were prepared, an IR
spectrum collected from each, and the concentration
predicted using the calibration model (the first deriva-
tive preprocessed data across the 950–1540 cm−1

range). The resulting SEP was 0.13 wt%, i.e. very
good agreement with the calibration model CVSEP of
0.12 wt%.

It is clear that the CVSEP is much improved by us-
ing more data, i.e. more calibration samples relative to
the concentration range being modeled. Ultimately the
CVSEP will be limited by a noise source or nonlinearity
in the data that the PLS algorithm cannot adequately
model. In the experiments discussed here we believe
that the limiting noise source is likely the variability
of the sample surface when the sample is introduced
to the spectrometer, as will be discussed below. Thus,
the relatively large number of samples and small con-
centration range provide adequate information so that
the limit is the noise source, not a less than adequate
amount of information necessary for the model. A mea-
sure of the impact of the number of samples relative to
the information needed by the PLS algorithm to model
a particular data set can be determined by removing
data from the matrix of calibration data and repeat-
ing the calibration process. Results of such a study are

les fro
Fig. 6. The effect of removing samp
 m the calibration data set on the CVSEP.
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shown inFig. 6. The “starting point” ofFig. 6 is the
CVSEP of 0.12 wt% achieved modeling the data col-
lected from the 0–5 wt% calibration samples across the
950–1540 cm−1 frequency region using first derivative
preprocessing. The three repeat spectra collected from
a randomly selected sample were removed from the
calibration data and a PLS model was produced from
the remaining data. This process (randomly selecting
a sample and removing all the spectral data collected
from that sample) was repeated 10 times, and the av-
erage CVSEP and standard deviation of the 10 trials
plotted relative to 19 samples. Analogous calibrations
were performed using six spectra collected from two
randomly selected samples, nine spectra collected from
three randomly selected samples, etc. As can be seen
in Fig. 6 there is virtually no change in the average
until four samples have been removed. The average
CVSEP increases slowly as more samples are removed
until about 13 samples remain. From that point both
the average CVSEP and the standard deviation of the
CVSEP increase more rapidly as additional samples
are removed. For this specific experiment, three repeat
spectra of 14 or 15 samples would yield a good CVSEP.
A small gain, i.e. lower CVSEP, as the number of sam-
ples increases to eighteen is realized. The addition of
further samples does not impact the CVSEP. This sug-
gests that the PLS model has extracted the maximum
amount of information that it can, and that some noise
source is limiting the CVSEP.

The magnitude of various noise sources can be de-
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Table 3
The standard deviation of 10 repeat determinations of the sample
containing 2.67 wt% ephedrine as a function of procedure

Experiment Standard deviation (wt%)

No movement 0.02
Sample in/out 0.08
Sample in/out—smooth 0.12
Sample cup repacked 0.11

between repeat data collects. The sample holder was
moved carefully, i.e. an attempt was made to reposi-
tion the sample holder in the DRIFTS apparatus pre-
cisely and to avoid any perturbation of the smoothed
sample surface. The third row inTable 3contains the
results obtained when removing the sample from the
spectrometer and resmoothing the sample surface be-
tween data collects. The results in the fourth row were
obtained using 10 different aliquots of the sample, i.e.
a complete new sample preparation including weigh-
ing out the sample and KBr, mixing the sample into
the KBr, introducing the mixture to the sample cup,
and smoothing the surface were carried out for each
data collect step. The results in row two are not signif-
icantly different than those in rows three and four (F
test at the 95% confidence level). When the sample is
moved in and out of the spectrometer the sample sur-
face is likely disturbed. The largest standard deviations
in Table 3, rows three and four, both have a sample sur-
face smoothing step. The lack of ability to generate
an exactly reproducible sample surface seems to be a
significant source of noise in this experiment.

4. Discussion

In our experience the CVSEP of the determination
of the minor component in a solid-state mixture is
dependent on a number of experimental variables.
However, the homogeneity of the calibration samples
i sed
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h
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a etter
ermined by carrying out repeat measurements. In
xperiment, 10 repeat spectral measurements o
.67 wt% ephedrine sample were carried out using

erent procedures. A PLS calibration model was b
sing data collected from the other nineteen sam

.e. there were no data included in the calibration m
rom the 2.67 wt% sample, and this model used to
ict the ephedrine concentration of the spectra colle

rom the 2.67 wt% sample using the different pro
ures.Table 3contains the results of these experime
he first row ofTable 3contains the standard deviati
btained when 10 spectra were collected from the
le without any movement of the sample, and the
entration of the ephedrine predicted from each o
0 repeat spectra. This should represent the spec
ter noise, which is expected to be relatively low.
econd row contains the results obtained by mo
he same sample in and out of the DRIFTS appar
s of paramount importance. The components u
o prepare the solid-state calibration mixtures h
o be accurately weighed and very carefully mi
o ensure homogeneity. The method presented a
n Section2, involving sequential addition/mixing
pproximately equal volumes consistently produ
omogeneous samples.

The use of a multivariate calibration routine, s
s the PLS routine used here, generally produce b
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results than do conventional univariate analysis meth-
ods. One significant factor in the use of multivariate
calibration is the opportunity to employ outlier detec-
tion. There are a number of commercially available
multivariate calibration software systems and virtually
all of them have the capability of performing cross-
validation. The use of cross-validation allows for out-
lier detection to be applied to the calibration samples.
Elimination of outlier samples in the calibration sam-
ple set can improve the quality of calibration, as well
as make the calibration model more sensitive to out-
lier samples in the future. A major source of variance
in the spectral data collected from solid-state samples
such as discussed here is scattering. As shown above,
the number of outlier samples identified during the
cross-validation process is dependent upon frequency
selection and choice of data preprocessing options. It
is important that these options be explored when de-
veloping a multivariate calibration model if optimum
performance is to be achieved.

The amount of information available to the calibra-
tion model relative to the complexity in the data that
the calibration model must account for is an important
factor in the determination of how well the calibration
model performs. DRIFTS data are potentially quite
nonlinear; hence a calibration model applied to
DRIFTS data might be limited by the calibration
model’s ability to account for the nonlinearity. In all
experiments discussed above the amounts of sample
and KBr that were mixed to prepare a sample for
D out.
T the
s g the
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re-
s ten-
s ing
t t%
r the
0 ibu-
t the
c sam-
p ift in
t ith
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s sent
i a in
T ro-

cessing steps that minimize scattering effects, e.g. MSC
or derivative preprocessing, have fewer factors than the
model produced using baseline correction only. The
fact that the CVSEP from the baseline correction model
is equivalent to those of the other models suggests
the PLS algorithm attempts to account for the scat-
tering effects by adding factors to the model, but even
then must reject more samples as outliers to achieve
CVSEPs equivalent to those yielded by models where
MSC or derivative preprocessing was employed. These
observations agree with those of other researchers who
explored scattering effects on near infrared data sets
(Blanco et al., 1997). The ability to account for scat-
tering effects, whether by preprocessing or adding ad-
ditional PLS factors, is probably related to the amount
of data available relative to the range of variation in
properties the calibration model must account for.

The fact that the repeat experiments demonstrated
standard deviations equivalent to the CVSEP of the
calibration suggests that a noise source limited the
calibration. In this case the noise source appears to
be the variability of the sample surface when the
sample is inserted into the DRIFTS apparatus. Special
care should be taken to achieve reproducible sample
surfaces when preparing materials for quantitative
measurements using DRIFTS.

In conclusion, the results presented above show
DRIFTS measurements can be used to produce
sensitive determinations for the minor component in a
solid-state mixture. The quality of results depends on
c ude
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c rted
i the
C nt
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w the
d yte,
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c ver
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R

A ag-
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RIFTS measurement were carefully weighed
hus, the total amount of sample introduced to
pectrometer was nearly a constant, hence limitin
ange of variation in the measured signals.

It is well known that highly scattering samples
ult in band shape differences and nonlinear in
ities in DRIFTS measurements. It is not surpris
hat the results of the calibration over the 0–50 w
ange improved after grinding the samples. Over
–5 wt% range the difference in particle size distr
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