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Abstract

Validation of reducing-difference procedure based on subtracting of non-polarized infrared (IR) spectra of n-component solid mixtures is
presented. The accuracy and precision are established. The limits of detection are 3.0, 2.5, 1.5 and 1.0 wt.% for 5-, 4-, 3-and 2-component mixtures,
respectively. Smoothing procedures for IR spectral analysis, based on Savitzky—Golay or Fourier methods are applied as well. The mean values
and relative standard deviations for peak position (v;) and integral absorbance (A;) obtained by this data processing approach have been examined

using Student’s r-test.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Infrared spectroscopy (IR) is a fundamental and well estab-
lished analytical technique, whose development with a view to
improving possibilities for quantitative and qualitative determi-
nation is worthwhile. Moreover, substantial interest in develop-
ment of robust, inexpensive and rapid procedures for quantitative
and qualitative determination of major components exists in
some industrial, pharmaceutical or forensic fields and customs
authorities.

The so-called reducing-difference procedure for interpreta-
tion of non-polarized IR spectra of binary, solid or liquid systems
has been described in [ 1-4], allowing the separation and determi-
nation of different components, associates [1,3] and tautomeric
forms in mixtures [4]. The question about feasibility of interpre-
tation for n-component systems and optimal experimental con-
ditions for obtaining valid quantitative results is well grounded.
This calls for optimization of critical experimental variables
such as the number of IR scans, deconvolution and curve-
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fitting parameters [5]. In reducing-difference IR-spectroscopic
approach as well as in any other IR subtracting procedures,
could be encountered other problems. The signal-to-noise ratio
decreases with every subsequent subtraction, however the com-
parison between the spectral curves and the identification of
unknown compounds versus standards may become ambiguous.
The optimization of smoothing IR spectral curve is mandatory
in such cases.

Therefore, the present work is devolved to optimization
and validation of the reducing-difference procedure for non-
polarized IR spectra interpretation for n-component solid
systems. The effect of smoothing parameters, based on
Savitzky—Golay [6—10] and Fourier [7,8] methods has been care-
fully evaluated. The limits of detection (LODs) for n-component
systems have been determined, using as model systems the solid-
state mixtures of amino acids and peptides. Their choice has
been governed by biological activity of these components and
also by their suitable IR spectroscopic characteristics, compris-
ing of numerous and intensive absorption maxima in the whole
4000-400 cm™! IR spectral region [11—13]. On the other hand,
DL-isoleucine (Ile) has been used as a model compound for val-
idation of the technique for orientation as suspension in nematic
liquid crystal in linear-dichroic infrared spectroscopy [5].
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Table 1
Concentrations (wt.%) of the components in the solid state mixtures studied
Sample no. n wt.%
L-phe-L-phe  L-tyr  L-phe gly-met-gly Ile
1) 31.33 31.33  31.33 3.00 3.00
2) 5 31.67 31.67 31.67 2.50 2.50
3) 32.33 31.33  31.33 1.50 1.50
4 32.67 32.67 32.66 1.00 1.00
(5) 32.33 3233 3233 - 3.00
(6) 4 32.50 3250 3250 - 2.50
7 32.83 32.83 32.83 1.50
8) 33.00 33.00 33.00 - 1.00
9) 48.75 48.75 - - 2.50
(10) 3 49.25 49.25 - - 1.50
an 49.50 49.50 - - 1.00
(12) 49.75 49.75 - - 0.50
(13) - 98.50 - - 1.50
(14) 2 - 99.00 - - 1.00
(15) - 99.50 - - 0.50

(16) - - —
a7 1 - - _

2. Experimental
2.1. Materials, measurements and methods

L-tyrosine (L-tyr), L-phenylalanine (L-phe), L-phenylalanyl-
L-phenylalanine (L-phe-L-phe), glycyl-L-methionyl-glycine
(gly-met-gly) and Ile have been purchashed from Bachem
(Darmstadt, Germany).

Seventeen solid mixtures (Table 1) have been prepared
by means of mechanical mixing of individual compounds in
hydraulic ball-crusher (Vibrator according to M. von Adrenne,
Germany), for 5 min. All the measurements have been preformed
with three individually prepared samples and three scans with
150 repetitions for each sample.

The IR spectra have been recorded on a Bomem—Michelson
100 FT-IR-spectrometer within the 4000-400cm™' range at
2cm~! resolution. The conventional (non-polarized) solid
IR spectra have been obtained using KBr disk technique,
where 200 mg of KBr were mixed with 1 mg of solid sam-
ple in hydraulic ball-crusher for 5 min. Prepared solid mix-
tures were pressed under 9.8 MPa in hydraulic press (Dec-
imal DP36, Germany) during 3min. The IR spectra were
obtained from 150 scans. The position (v;) and correspond-
ing integral absorbancies (A;) for each i-peak were deter-
mined by deconvolution and subsequent curve-fitting proce-
dure at 50%:50% ratio of Lorentzian to Gaussian peak func-
tions, X2 factors between 0.00047—0.00039 and 2000 itera-
tions [5]. The means of two treatments (even if based on
different numbers of replicates) were compared by Student’s
t-test [14-16]. The experimental IR spectral curves have
been acquired and processed by means of GRAMS/AI 7.01
IR spectroscopy (Thermo Galactic, USA) and STATISTICA
for Windows 5.0 (StatSoft, Inc., Tulsa, OK, USA) program
packages.

2.2. Reducing-difference analysis of non-polarized
IR-spectra

As mentioned above and described in [1,2] for binary sys-
tems, the method consists in subtraction of two IR spectral
curves, corresponding to samples, containing diverse concen-
trations of given structural units. The measurements of both
samples must be made under the same conditions and sample
preparation techniques (e.g. liquids, solutions in selected sol-
vents, Nujol mull or KBr-technique). The subtraction procedure
is performed until a definite band is eliminated in the obtained
reducing-difference IR spectrum. The following equations are
used:

Al — k1A = e1bicy —k1e1bacy =0 (D
or

Clbl
ky = 2L 2
1= b (2)

Ajp and App in Eq. (1) are the integral absorbancies of manip-
ulated absorption maxima in both spectra, characterized with
molar absorptivity (g1(v1)), concentration (¢ 2) and pathlength
(b1,2). The Eq. (1) should be valid for other IR spectral band (v;)
characteristic for the same structure [1,2]:

Arl — kA = &2b1c1 — K282b2c2 =0 3)
and
Clbl
Ky = —— “)
by

The equalization of Egs. (2) and (4) results in kj =k», i.e. the
elimination of the IR spectral characteristics of given structure
leads to disappearance of the obtained reducing spectra of all
the bands assigned to a given compound.

For i-component system and j IR-characteristic maxima, Eq.
(1) is transformed to

Aij — KiAij+1) = &ibjej — Kigibj+ne+n = 0 Q)
where i, j = 1-n.
And finally resulting in
cjbj
k1:[(2:k3:-~-=ki:7 (6)
C(j+nb+1)

2.3. IR spectra subtraction

By analogy to the case of binary mixtures [1,2], for a n-
component system the subtraction [17-19] of the IR spectra is
obtained from the relation:

RS =SS — (SbSF) (7

In Eq. (7), RS is the result spectrum, SS the sample spectrum,
SbS the subtracted spectrum and F is the subtraction factor. By
varying the F factor and looking at the obtained reducing curve,
can be observed the disappearance of a given absorption peak.
However, this procedure entails the problem with shifting the
data point spacing sets. It is obvious that the proper subtraction
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of one spectrum from another, requires a strict correspondence
of the data points to the same x values. The data point spac-
ing problem needs interpolation, which is done automatically
by the software. The software also handles the problem of the
subjectivity of iterative algorithm selection. This algorithm cal-
culates the subtraction factor by minimizing the complexity of
the residual spectrum (Auto Subtraction Algorithm).Smoothing
procedureThe most typical smoothing methods for IR spec-
tral curves are Savitzky-Golay [5—-8] and Fourier [6,7]. Fourier
smoothing is based on data inversion by Fast Fourier Trans-
form (FFT) to the time domain, where a trapeziodal filter is
applied to the high frequency region. Finally, an inverse FFT is
applied to give the smoothed result. The degree of smoothing
determines the cut-off point of the filter. A trapeziodal filter is
applied to the high frequency region, then inverse FFT to give
the smoothed result. The degree or percentage (%) of smooth-
ing determines the cut-off point for the filter. Savitzky—Golay
smoothing is based on the convolution approach which performs
a least-squares fit to a specified part of data points or the pro-
cedure is controlled by the level of polynomial and number of
points parameters. The degree of polynomial and the number of
points are controlled during the procedure by specifies the order
of the polynomial to fit over the specified number of points.
Thus the larger number of points specified and lower order of
polynomial heavier the smoothing. Only odd numbers are used
for number of smoothing points and even values are rounded.
The number of smoothing points must be one more than the
“degree of polynomial.” The algorithm used for generating the
Savitzky—Golay convolution coefficients has been described in
[6-9]. Itis worth mentioning that the choice of smoothing param-
eters is somewhat subjective—data-dependent and arbitrary. The
(n — 1)/2 data points, where n is the number of points used in
the convolution function, are truncated from the beginning and
end of the procedure.

3. Results and discussion
3.1. Limits of detection and smoothing procedure validation

The LODs of the reducing-difference procedure for non-
polarized IR spectra are examined for n-component systems
starting with optimization of the standard smoothing conditions
for IR curves interpretation. For that reason the complicated IR
spectrum of five component mixture (No. 1 in Table 1) is step-
wise reduced by subtracting the IR spectra of other components.
In this case the reduced IR spectrum should correspond to pure
Ile. A series of IR-characteristic peaks are used in the follow-
ing steps: (i) from the IR spectrum of sample 1 (Fig. 1.1) is
subtracted the IR curve of pure gly-met-gly (Fig. 2.1) until dis-
appearance of the peak at 3295 cm™! to yield a final reduced IR
spectrum shown in Fig. 1.2. (ii) From the latter curve, L-tyr IR
spectrum (Fig. 2.2) is subtracted the maximum at 3205 cm™!.
Its total elimination results in curve in Fig. 1.3. (iii) A sub-
sequent subtraction (Fig. 1.3 minus Fig. 2.3 curves), where
Fig. 2.3 corresponds to L-phe, results in IR curve in Fig. 1.4.
In this case the subtraction is aimed at disappearance of the
1624 cm™! peak, typical for L-phe. However, the complex char-

3000 2500 2000 1500 1000 500
Absorbance / Wavenumber (cm-1)

Fig. 1. Solid-state IR spectra of five component system within 3500-400 cm ™!
(No. 1, Table 1) (1) and subtracted IR curves after stepwise reduction of the
components: gly-met-gly (2), L-tyr (3), L-phe (4) and L-phe-L-phe (5).

acter of the spectral curve (Fig. 1.3) calls for monitoring of
a second peak, also typical for simple amino acid. For L-phe,
the 844 cm™! band is suitable (Fig. 2.3). (iv) Finally, from the
spectrum in Fig. 1.4 is subtracted the IR curve for individual
L-phe-L-phe (Fig. 2.4) until total elimination of the peak at
1495cm™! (Fig. 1.5) which corresponds to pure Ile in solid
state is reached (cf. Figs. 1.5 and 2.5). The comparison between
Figs. 1.5 and 2.5 demonstrates a qualitative correlation. Itis note-
worthy that the order of subtraction of different components in
the mixture leads to identical final results.

However, the exact qualitative or quantitative IR-spectra
identifications of unknown compound in mixtures are difficult,
since the pathlengths in all solid-state techniques are uncer-
tain. For that reason the analysis requires a comparison between
the pairs of IR spectral curves (standard, pure compound and
reduced IR spectra) as regards the peak position and inte-
gral absorbance ratios of series of IR-characteristic peaks. In
DL-isoleu are chosen the multiple absorption maxima in the
1700-1500 cm ™! region, where the deconvolution and subse-
quent curve-fitting yields three absorption peaks (Fig. 3A).
The reduced (components n=5) and pure IR spectrum of
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Fig.2. Solid-state IR spectra of gly-met-gly (1), L-tyr (2), L-phe (3), L-phe-L-phe
(4) and Ile (5) within 3500400 cm™!.
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Fig. 3. 1700-1500cm~! and 1700-1600 cm ™! regions of curve-fitted solid-state IR spectra (KBr pellets) of Ile (A) and gly-met-gly (B), respectively.

Ile (Figs. 1.5 and 2.5) are interpreted using the Fourier and
Savitzky—Golay smoothing procedures (Fig. 4A and B) with
variable smoothing degrees within 0—10 (with step 1) and 5-25
(with step 2) in the first and second methods, respectively. The
results for v; and A; (Table 2) are examined using Student’s
t-test and the obtained data are presented in Table 3. The p
values varied between 0.17 and 0.32 using Fourier smoothing
(degrees 1-5) and equals to 0.36, when the IR-spectral curve
is smoothed by Savitzky—Golay method (degree 5). The calcu-
lated p- and t-data (Table 3) are compared with tabulated data
[14-16] at 99% confidence level, so as to verify the absence
of statistically significant differences [16]. This is visualized in
Fig. 5A, where the standard deviations (S.D.s) of unprocessed-
and Fourier-smoothed (degree 5) IR-spectra of DL-isoleu are
presented. These results are well correlated with other known
data from quantitative IR analysis [14—16]. In other cases (sam-
ples 1-5 in Table 1 and higher degrees of smoothing (7-25
by Savitzky—Golay and 6-9 by Fourier), the critical p- and #-
values are obtained, thus leading to rejection of the hypothesis
about the possibility for adequate comparison of resulted curves
[14,16]. Some examples are given in Table 3, where the com-
parison between the original-, Savitzky—Golay (degrees 7,9 and
25) and Fourier (degree 9) smoothed IR spectral curves of Ile
give p values around the critical one 0.05 [14—16]. Despite the
slightly higher p values of 0.076 and 0.072 for degrees 7 and 9
by Savitzky—Golay (Table 3), these degrees cannot be recom-
mended for quantitative assays. The inadequate S.D.s in Fig. 5B
for original- and Fourier-smoothed data (degree 9) also tend to
supports the above cautiousness.

These results lead to the following main conclusions: (i)
the best correlation between original (No. 16 in Table 1) and
smoothed IR spectral data of Ile are obtained using Fourier
method with degrees of smoothing between 1 and 5 and by
Savitzky—Golay procedure only with degree 5; (ii) as far as
for optimization of smoothing conditions is used only a five-
component mixture and adequate results are obtained only for

T T T
1500 1400 1300

Absorbance / Wavenumber (cm-1)

T
1600

T T T T T
1550 1500 1450 1400 1350

Absorbance / Wavenumber (cm-1)

T
1600

- 1650
(B)

Fig. 4. Solid-state IR spectra of Ile within 1700-1200cm~' obtained
by stepwise reduction from five-component system and interpretated by
Savitzky—Golay (A) and Fouried methods (B), varying the smoothing degrees
within 5-23 (step 2) and 1-9 (step 1) in the first and second approach, respec-
tively.
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Table 2
Peak positions (v;) and integral absorbancies (4;) of non- and smoothed by Savitzky—Golay and Fourier methods, solid-state IR-spectral curves of Ile and gly-met-gly
vy Ay V2 Ay V3 A3z
Tle
Non-smoothed IR-spectral curve of pure compound 1627.86 3.935¢ 1613.72 0.417, 1593.56 8.7273
Smoothed IR-spectral curve (n=5)
Savitzky—Golay
Degree 5 1627.00 3.9293 1613.65 0.4153 1593.18 8.7214
Degree 7 1625.13 3.7700 1615.67 0.754; 1596.56 8.999;
Degree 9 1620.22 2.178¢ 1618.44 2.0899 1611.56 9.0617
Degree 25 1622.77 0.256¢ 1619.22 3.0967 1604.88 11.852,
Fourier
Degree 1 1627.76 3.9334 1613.70 0.4179 1593.64 8.726¢
Degree 2 1627.64 3912, 1612.80 0.416¢ 1593.23 8.721;
Degree 3 1627.23 3.9044 1612.67 0.4014 1593.11 8.716¢
Degree 4 1627.25 3.900, 1612.55 0.398g 1593.15 8.706¢
Degree 5 1628.67 3.0454 1611.98 0.400, 1594.35 8.890;
Degree 9 1630.21 0.800¢ 1615.78 0.6999 1594.55 9.8007
gly-met-gly
Non-smoothed IR-spectral curves of pure compound 1685.33 2.8621 1673.31 5.6973 1650.88 4.0574
Smoothed IR-spectral curve (n=5)
Savitzky-Golay
Degree 5 1685.12 2.877> 1672.89 5.598g 1651.05 4.0479
Fourier
Degree-1 1685.25 2.8693 1673.22 5.6944 1650.91 4.053g

3 wt.%, this value should be accepted as limit of detection for
the discussed system. The second conclusion is supported by
the following results. Examination of the second 3 wt.% compo-
nent gly-met-gly (Table 1) versus a series of absorption peaks,
determined also by deconvolution and curve-fitting procedure
(Fig. 3B) is carried out. The corresponding data are given in

Table 3
Student’s 7-test data for the smoothed by Savitzky—Golay and Fourier methods,
solid-state IR-spectral curves of Ile and gly-met-gly

S.D. N Difference S.D. difference ¢ df. p

Ile
Savitzky-Golay

Degree 5 1.87 6 —1.00 2.45 —1.00 5 0.36
Degree 7 5.88 6 —4.67 5.13 —223 5 0.076
Degree 9 3.76 6 —2.67 2.88 —2.28 5 0.072
Degree 25 4.14 6 —5.00 3.90 —3.14 5 0.025
Fourier
Degree 1 2.37 6 —0.50 1.23 —1.00 5 0.36
Degree 2 232 6 —0.33 0.52 —1.58 5 0.17
Degree 3 2.37 6 —0.50 1.23 —1.00 5 0.36
Degree 4 2.16 6 —0.17 0.41 —1.00 5 0.36
Degree 5 293 6 —0.17 3.62 —1.13 5 0.31
Degree 9 327 6  —10.00 3.52 —6.96 5 0.00094
Gly-met-gly
Savitzky-Golay
Degree 5 2.83 6 —0.50 1.23 —1.00 5 0.36
Fourier
Degree 1 2.48 6 —0.33 0.82 —1.00 5 0.36

S.D.: standard deviation; N: parameters number; ¢: parameter; p: parameter; d.f.:
degree of freedom.

Tables 2 and 3, where a comparison with standard gly-met-gly
IR spectral data (No. 17 in Table 1) has been made. The calcu-
lated integral absorbance ratios and #-test data (Tables 4 and 5)
brings to conclusions similar to those for Ile-likewise the S.D.s
for n=5 (Fig. 6).

The LODs for different component systems (Table 1) are
determined using the described procedure. The obtained p values
around 0.42 (Tables 4 and 5) have indicated difference between
means at 99% level [16]. The listed data correspond to con-
centrations of Ile at 2.5, 1.5 and 1.0 wt.% for n=>5, 4, 3 and 2,
respectively (samples 6, 10, 14 in Table 1). In all other systems
(Table 1), the p values are below the critical value of 0.05 [14,16],
while in some cases the corresponding values are <0.0044.

Table 4

Integral absorbencies (A;) ratios of the peaks with vi—v3 (Table 2 for the solid-
state IR spectra of Ile and gly-met-gly, obtained by reducing procedure in
different n-component systems

A1/Ay A1/A3 Ar/A3
Ile
IR-non-smoothed spectrum of pure 9.4364 0.4507 0.047g
compound
Smoothed IR-spectra (n-component mixture)
n=>5 9.4355 0.4500 0.0443
n=4 9.436¢ 0.4501 0.0456
n=3 9.436¢ 0.4504 0.0471
n=2 9.4363 0.4506 0.0477
gly-met-gly
IR-non-smoothed spectrum of pure 0.2734 0.444, 1.6245
compound
Smoothed IR-spectrum (n=5) 0.2713 0.443¢ 1.610¢
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Table 5 110
Student’s #-test data about the integral absorbance ratios listed in Table 4 for
n-component systems 108
n SD. N Difference ~ S.D. difference ¢ df. p 106
Ile 104
5 1.53 3 —0.67 1.15 —1.00 2 0.42 —I— N
4 153 3 —0.67 1.15 -1.00 2 0.42 102
3 153 3 —-0.33 0.58 —-1.00 2 0.42 9
2 208 3 —167 2.89 ~100 2 042 1ap
gly-met-gly 98
5 153 3 -0.33 0.58 -1.00 2 0.42 5
S.D.: standard deviation; N: parameters number; ¢: parameter; p: parameter; d.f.:
degree of freedom. 94
(A) n=1 n=35
o 105.5
3.2. Accuracy and precision
The accuracy and precision are obtained for n-component H
systems in the cases of the best (lowest) LODs, namely sam- S
ples 1, 6, 10, 14 corresponding to n=5, 4, 3, 2 component 102.5
systems (Table 6, Fig. 7) and for standards 16 and 17 for n=1 .
(Table 1). All the spectral curves are Fourier-smoothed at degree 101.0 .
1. The obtained data are presented in Table 6, including the
99,5
109
98,0
167 (B) n=1 n=5
Fig. 6. Mean values and S.D.s for five component systems (n=>5) for Ile (A)
105 and gly-met-gly (B).
103 .
a .
calculated S.D.s. The S.D.s for v; are obviously lower than
101 those for their corresponding values for A;. The result is in
agreements with [5] and could be explained by uncertainties
99 i i involved by curve-fitting stage for complicated absorption max-
ima [5]. The S.D.s for v; (i=1-3, Table 2) and A; (Table 4)
1 w——— Smoothed  Touser for Ile are: vy =1627.80£0.034, v2=1613.69£0.01¢, v3=
(A) curve (degree 1) 1593.60 £ 0.029, A;/A2=9.436; £0.0114, A1/A3=0.4503 £
08 0.0159 and A»/A3 =0.0465 £ 0.015g, respectively.
106 111
| 2
1]
104 HH
o -,1 «:ﬁ oae
o a 107 e Ho ILH .
102 | e cue | 4]
o = o
100 i - e
g 103 .. s cso ek
| S— A Oso i i A2
98 © A3
Non smoothed Smoothed Fourier s o vl
(B) curve (degree 5) s V2
9 62776 0018 162778 0021 162779 162781 0015 162786 , 4 ° ¥3

Fig. 5. Mean values and S.D.s for original- and Fourier smoothed curves of Ile,
obtained by means of reducing-difference procedure of five component mixture
at degree 1 (A) and 5 (B).

v,

Fig. 7. Mean values and S.D.s of v; and A; for component systems (n = 1-5) for
Ile.
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Table 6

Peak position (v;) and integral absorbance (A;) for Ile depending of the component in the mixtures (1)

N V| Al %) Az V3 A3

5 1627.76 £0.01g 3.9334 £0.0103 1613.70+0.01¢ 0.4179 £0.0109 1593.64 +0.02¢ 8.7266 £ 0.0117
4 1627.78 +0.02, 3.713; £0.010, 1613.69+0.019 0.5123 £0.012; 1593.5540.029 11.2347 + 0.0124
3 1627.79 +£0.01g 3.135, +£0.0124 1613.55+0.019 0.3323 £0.011¢ 1593.66 +0.014 7.055, + 0.011;4
2 1627.81+0.015 2.997, £0.013¢ 1613.77+0.014 0.317¢ £0.0125 1593.60+0.015 6.6583 + 0.012;
1 1627.86+0.015 3.9359 +0.0109 1613.72+0.017 0.417, £0.0105 1593.56 £0.014 8.7273 £ 0.011,

4. Conclusion

The presented reducing-difference procedure for non-
polarized IR spectra interpretation and the obtained results
for multicomponent (n=2-5) solid mixtures provide a useful
methodology for treatment and identification, with adequate cri-
teria about the presence or absence of a given component and
LODs of3.0,2.5, 1.5 and 1.0 wt.% for 5-, 4-, 3- and 2-component
mixtures, respectively.
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