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Abstract

We have developed a microcomputer program, based on a recently described approach called step by step filter
(SBSF), for calculation of derivative curves directly from spectra recorded as a function of wavelength. This program
avoids the long wavelength attenuation featured at conventional method for derivative curves calculation, and in this
extent could be very helpful for daily spectroscopy practice. The features of the SBSF program include: easy
treatment of data through a windowed environment, calculating of both conventional and step by step filter
derivatives, possibilities for selection of the mathematical conditions for smoothing and differentiation simultaneous
plotting of the original curve and its derivative and a mouse pointer. Several examples from different branches of the
molecular spectroscopy (absorption UV-VIS, CD and fluorescence) are provided and discussed in the terms of
advantages of SBSF. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The importance of the derivative spectroscopy for
interpretation of UV-VIS spectra (Talsky, 1994; An-
tonov and Stoyanov, 1993a) and for quantitative analy-
sis (Ojeda et al., 1995; Bridge et al., 1987) is well known
and documented. Its popularity results as from the
good SNR in the absorption UV-VIS spectra as well as
from the possibilities for easy obtainment of derivative
curves in the commercial instruments and software,
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where well studied procedures of Savitzky and Golay
(1964) or Butler and Hopkins (1970) are implemented.
On the other hand a problem appears when the spec-
trum is recorded as a function of wavelength (4 in nm)
(Antonov and Stoyanov, 1993b; Antonov, 1997a), since
a strong attenuation of the derivative curve at the long
wavelengths is observed, leading to substantial loss of
spectral information and causing troubles of the users.
The problem is seriously enough since the wavelength
linear spectra are generated from instruments contain-
ing grating monochromator, used practically in all com-
mercial UV-VIS spectrophotometers available now.
Recently these problems were solved by a new ap-
proach, called SBSF (Antonov, 1997a) and the aim of
this smdy is to demonstrate the achievement of SBSF
procedure as well as the original software developed.
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2. Description of the method

It is well known that any absorption spectrum pre-
sented as uniformly spaced points (with total number
w) can be easy differentiated by using the classic
Savitzky and Golay procedure, based of polynomial
least squares method (Savitzky and Golay, 1964). In
this case spectral points i to be differentiated is approx-
imate through its neighboring points from i—m to
i+ m (the value 2m + 1 is called filter width) by using
n-order polynomial (n <2m+ 1). The value of m, se-
lected by the researcher, is a constant determining the
smoothing  (differentiation) through the whole
spectrum.

But if the spectrum is linear to the wavelength scale
the classic Savitzky and Golay procedure leads to atten-
uating s, derivative d°4(4)/d4° (Fig. 1b and d) (An-
tonov, 1997a). The more informative derivative
(d*A(4)/dd*) (where ¢ represents wavenumbers in

m ) can be obtained only if 7 is not kept constant.
It should depend on Z in order the value of the filter
width to be constant in cm ~ !, not in #m. In this case an
initial value m, can be selected and definite filter width
as a function of 4 can be calculated:
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Fig. 1. (a) Simulated spectrum in the wavenumber scale; (b) the same spectrum transformed into the wavelength scale; derivatives
of (b): (c) Second derivative using SBSF method (m, =2; n=3; s =2); (d) second derivative using conventional procedure (Gorry,
1990) (m=2; n=3; s=2); (e) fourth derivative using SBSF method (my,=4; n=35; s=4); (f) fourth derivative using the
conventional procedure (Gorry, 1990) (m=4; n=15; s=4).
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Thus the derivative spectrum (d*4(4,;)/dd*) (i=1-+w)

can be calculated using the expression:

dsA (A,
~(, 2 sI[B],
do®

(€)

where [B,], is the corresponding s, element of the
vector B; obtained according the following matrix
calculation:
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where a is the conversion factor between wavelength
[in nm] and wavenumber [in cm ~!], equal to 1 x 107.

The essence of SBSF is to calculate (d*4(4;)/dd*)
directly form the spectrum linear in wavelength (Fig.
Ic and e), keeping the filter window constant in
cm~ !, according to Eq. (1). However, the constant
(in cm ') filter width leads to change of the filter
window as a function of 4 and as a result the con-
volution coefficients B, cannot be tabulated. This
fact requires their calculation at every A(/,), but al-
lows the derivative to be obtained without attenua-
tion and loss of spectral information. The reliability
of SBSF has already proved by careful analysis in the
second and forth derivative spectra (Antonov,
1997a,b).

The use of Eq. (1) unfortunately leads to loss of
great number of spectral points in long wavelength
area. This can be easy make off using asymmetrical
filter width defined by the following equations:
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Fig. 2. (a) Spectrum of 4-aminoazobenzen; (b) Second derivative using conventional procedure (Gorry, 1990) (m =3; n=3; s =2);
(c) Second derivative using SBSF method (m, = 3; n=3; s =2); (d) the long wavelength part of the curve from (b) zoomed.
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Fig. 3. (a) CD spectrum of a chiral azulene derivative; (b) Second derivative using SBSF method (m,=5; n=3; s =2); (c) second
derivative using conventional procedure (Gorry, 1990) (m=15; n=3; s=2); (d) fourth derivative using SBSF method (m,=15;
n=>5; s=4); (e) fourth derivative using conventional procedure (m =15; n=75; s=4).
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where o is defined as

e =0 when i+m,<w
® au=i+m;,—w when i+m;>w

Almost the same approach can be used for the short
wavelength area, which we do not recommend because
in this area only a few points are lost and the errors
caused by the calculations are very high.

3. Structure of the program

The structure of the program (Scheme 1) can be
described as follows:
1. Input of data by Button 1.
2. Setting of the mathematical conditions of smoothing
(differentiation) by Edit Box 1, 2 and 3.
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Fig. 4. (a) Spectrum of BiAcridine; (b) second derivative using SBSF method (m,=30; n=3; s =2); (c) second derivative using
conventional procedure (Gorry, 1990) (m =30; n=3; s=2).
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3. Setting the mathematical model by CheckBox 1. If the
‘SBSF’ is checked the SBSF procedure is applied,
otherwise the conventional Golay—Savitzky method
is used.

4. Calculations of the derivative (smoothed) spectrum
by Button 2. In the case of SBSF the resulting curve
is given in blue, while in the conventional Golay—
Savitzky procedure red color is used.

5. Saving results by Button 3

The block diagram of the program is shown on the

Scheme 2.

The program is based on the described above step by
step filter method, which is applied without changes. It
is written on program language Delphi version 3.0
because it gives a possibility for easy calculation and
visualization.

4. Experimental part

The spectra used below are recorded as follows:
1. Absorption spectra — on PE 1 17 W-VIS
spectrophotometer.
2. Fluorescent spectra — on
spectrophotometer.
3. CD absorption spectra — on Jasco J 550.
All of the spectra are recorded at optimal instrumental
conditions in order the noise level to be lower as possible,
but without using additional mathematical smoothing.

PE 440 MBF

5. Results and discussion

In order the advantages of SBSF to be proved without
any suspicious the developed program was tested as on
simulated as well as on wide range of real molecular
spectra.

5.1. Simulated spectrum

Three bands with the same half-width was generated
(Fig. 1a) in coordinates 4 (7). After being transformed in
coordinates A(4) these three bands (Fig. 1b) look as
recorded on grating instrument. The transformation
leads to visual asymmetry of the bands (although they
are actually the same) caused by a compressing in the
short wavelength area, and broadening in the long
wavelength area. The visual broadening in the long
wavelength region results in attenuation of the corre-
sponding derivative curves (Fig. 1d and f) becoming
higher with increase of the order of the derivative. This
attenuation can not be avoided using the conventional
Golay—Savitzky procedure. But as shown (Fig. 1c and
d) the situation changes after using SBSF, where loss of
spectral information at the long wavelengths even in
higher order derivatives cannot be observed.

5.2. Absorption spectrum of 4-aminoazobenzen

The absorption spectrum of 4-aminoazobenzen in
EtOH/water (50%/50%) is presented on Fig. 2a. It is a
feature of such kind of aminoazodyes to exhibit color
change under protonation (Stoyanova et al., 1996) deter-
mining their wide use as pH indicators and resulting in
appearance of new bands as shown in Fig. 2a. It is very
important for the practice the structure of these ba-
tochromicaly shifted bands to be studied in the term of
evaluation of the number and positions of the corre-
sponding sub-bands.

The instrumentally obtained second derivative of the
protonated spectrum is presented on Fig. 2b. It is clear
that even after smoothing the noise is not removed and
due to above cited attenuation any information about the
structure of the bands and there positions can not be
gained directly. In Fig. 2c the second derivative obtained
by SBSF at the same polynomial order and filter width
is presented for comparison. This curve is even visually
less noisy (in comparison with Fig. 2d) and very easy for
interpretation. The position and structure of the band at
&~ 500 nm due to protonation can be easy estimated using
the mouse pointer.

5.3. CD spectrum of a chiral azulene derivative

It is well known that CD spectroscopy is very powerful
for determining the absolute stereochemistry of natural
products (Harada and Nakanishi, 1983). In general, CD
spectra are measured at extremely low SNR, and there-
fore sometimes requiring additional smoothing. Fig. 3a
shows the CD spectrum of a chiral azulene derivative,
which was selected as a typical CD spectrum exhibiting
medium intensity but low SNR especially in the long and
short wavelength regions. The second derivative spectra
of the compound were calcu-lated using the same poly-
nomial order and filter width by the old procedure of
Golay—Savitzky (Fig. 3c) and also by the SBSF method
(Fig. 3b). A substantial difference in the quality of the
derivative curves is evident. Without suspicion the in-
crease of the filter width could lead to some improvement
of the Golay—Savitzky derivative, but it will cause curve
distortion. The derivatives obtained by the SBSF method
are optimal concerning these opposite trends, noise
removal and curve deformation, especially for the higher
order derivatives as shown in Fig. 3d and e.

5.4. Fluorescent spectrum of bi-acridine

Fluorescent spectra consist also overlapping bands
and sometimes it is important to estimate their positions
by derivative spectroscopy. It is not easy since the SNR
is lower comparing with the conventional W-VIS spec-
troscopy. On Fig. 4 the fluorescence spectrum of
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Bi-Acridine with unhomogenious noise, as well as its
second derivatives are shown. Again SBSF shows better
possibility for noise removal at the same mathematical
conditions.

6. Conclusions

The newly developed SBSF, avoiding the loss of
spectral information in the derivative curves is reported.
Achievement of the method is described allowing the
differentiation to be performed without loss of the end
spectral points as it is in the conventional methods. The
advantages of SBSF are clearly shown in real spectra
from various branches of molecular spectroscopy. A
SBSF microcomputer program is developed allowing
easy treatment of spectra recorded as a function of
wavelength.

7. Program availability

The program is freeware, but the users are kindly
requested to cite both reference Antonov (1997a) and this
paper in the case of use. The SBSF program can be
obtained by writing to the authors. It is also available
with two working examples at http://www.orgchm.
bas.bg/ ~ lantonov or via ftp://ftp.orgchm.bas.bg/pub/
Chemistry_ Software/software/MS-WINDOWS95/veso/
SBSF .zip.
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