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Abstract

A procedure has been developed for represent-
ing an infrared absorption peak by a general
mathematical form, not restricted to Gaussian or
Lorentzian shape. A computer program using
this procedure will be deseribed for obtaining
the individnal components from an infrared band
congsisting of two overlapping peaks. The method
is also applicable to other overlapping peaked
curves, such as are obtained in chromatography,
countercurrent distribution, x-ray diffraction, and
other branches of spectroscopy.

Introduetion

HERE IS MORE INFORMATION in the typieal infrared
Tabsorption band than can be expressed by merely
its center frequency, its peak absorbance, and its
width at half height. The increasing use of higher-
resolution instruments on liquid and solid samples
reveals that many typical infrared peaks contain un-
derlying substructure consisting of overlapping com-
ponents. The substructure of a composite band can
often reveal subtle molecular effects if the informa-
tion in the band can be sorted out.

Previous computational methods for resolving over-
lapping peaks have assumed special curve shapes,
usually Gaussian or Lorentzian (1), or have required
special-purpose instruments (2). We have developed
a procedure for separating two overlapping peaks
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with a general shape funetion, suitable for a small
general-purpose computer. The computer program is
designed to operate on data from a limited region
of spectrum containing primarily two overlapping
peaks. In favorable cases, the computation can be
extended to accommodate a third peak if it is small
compared with the other two.

Shape of Component Peak

Several papers have attempted to deseribe an in-
frared absorption peak by a mathematical function.
An excellent review of the factors involved has been
written by Seshadri and Jones (3). Theoretical con-
siderations have led many to adopt Gaussian or
Lorentzian shapes, but neither of these adequately
fitted the curves we obtained in some of our work
(4). After preliminary computational experiments
with peaks that appeared single to the eye, we have
chosen the following mathematical representation for
a general infrared peak:

(a) The function is to be symmetrical about the
band center, i.e., a function of x2, where z is
the wavenumber displacement from the band
center.

(b)

The reciprocal of the absorbance is a poly-
nomial in z (=z2).

(¢} The polynomial must have no maxima, min-
ima, nor inflection points when expressed as
a function of z.
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These requirements are met by the funection
1
A=
n

. 2 biZi

i=o
where z= (v —v,)?

v = wavenumber

vo = wavenumber at band center
A =absorbance of one component

The Lorentzian function is a special case of this
when the polynomial is of first degree. The Gaussian
funetion is a special case when the polynomial is an
exponential function of z.

Basic Iterative Procedure

The computer programm is an iterative procedure
in which a theoretical approximation to one of the
two peaks is subtracted from the experimental ab-
sorbance curve to get the input data for the next
curve-fitting step. In the eurve-fitting step, the band
center is found by fitting a parabola to a narrow
range of points near the maximum. A polynomial
is then fitted to the reciprocal of absorbance as a
function of square of wavenumber displacement from
the band center. R(z) =1/A(v) The polynomial fit-
ting is a least-squares procedure subject to the con-
straint that the polynomial coefficients must be in-
terrelated in such a way that the polynomial has
no maxima, minima, nor infleetion points within the
wavenumber range of the experimental data. A com-
puter program for this type of smooth curve fitting
will be published elsewhere. The smoothness con-
straint is essential to the iteration method of sub-
dividing overlapping peaks. Without the constraint,
the iterative process rapidly goes out of control with
certain types of infrared data.

The result of each iteration is a theoretical func-
tion representing one of the component peaks. This
is used as input information in the next iteration
for determining the next approximation to the other
component peak.

In many infrared spectrophotometers, the noise is
roughly independent of transmittance, which means
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Fie. 1. TFirst iterations in subdividing infrared curve of

l-octadecanol. Dashed curve: Experimental. Solid curves:
First approximation to component peaks. See text for details.
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that the uncertainty on the absorbance scale is not
independent of the absorbance. Taking reeciprocal of
the absorbance introduces still further variation in
the uncertainty. Theory shows (5) that the change
of variable R = 1/A = —1/log T requires a weighting
factor proporticnal to T2A%. This weighting function
is used in the computer program.

Starting the Iterations

To begin the iterations, a portion of the composite
curve is selected that, by visual inspection, seems to
be dominated by the stronger component with a min-
imum of interference from the other component. The
first iteration uses only this limited region for its
curve fitting. The second iteration also uses a limited
region where the weaker component is as strong as
possible relative to the stronger component, although
the contribution by the strong component need mnot
be small since its first theoretical approximation is
now available for subtraction. Both limited regions
are under human control, are selected by visual in-
spection, and are entered with the input data cards.
After the first iterations, the computer gradually en-
larges the limited regions until the entire set of ex-
perimental points is finally used in each iteration.

Figure 1 shows an example of the starting pro-
cedure. The dashed line is the infrared eurve for
l-octadecanol in dilute solution in carbon tetrachlo-
ride in the hydroxyl stretching region (4). By visual
inspection, the wavenumber range between @ and b
1s chosen for parabolic fitting to locate the band cen-
ter of the strong peak. The region from the high
wavenumber end of the curve to point b is chosen
as the region dominated by the strong component
and is used for reciprocal curve fitting during the
first iteration. The upper solid eurve shows the theo-
retical funetion produced by the first iteration. This
function is subtracted from the dashed curve. On
the difference curve, the region ¢ to d is chosen for
locating the band center, and the region ¢ to the
low wavenumber end chosen for fitting the weaker
peak. The lower solid curve shows the theoretical
funetion produced by the second iteration. The sum
of these two theoretical curves is only a rough first
approximation to the experimental curve. As the
iterations continue, the fit improves. The procedure
converges in 80 iterations to the two theoretical func-
tions shown in Figure 2. The standard error of
estimate for this case is then 0.63 on the percent-
transmittance scale.

Stopping the Iterations

At the end of each iteration, the compnter syn-
thesizes the complete curve from the two theoretical
components and caleulates the sum of squares of
deviations from the experimental data, on the scale
of transmittance. The sum of squares gradually de-
creases as the fit of the theoretical function improves.
When the sum of squares reaches a minimum and
begins to rise again, the computer saves the best
pair of theoretical peaks, performs 20 more iterations,
then stops if the sum of squares has not fallen be-
low its best again.

Asg the computation ends, it prints out a table
showing the theoretical component peaks, the cal-
culated composite, and a comparison with the orig-
inal experimental points.
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Fic. 2. Final result of subdivision of infrared curve of
l-octadecanol. Dashed curve: Experimental. Solid curves:
Component peaks.

Bands with Three Components

Visual inspection of either the original curve or
the final printout from the program sometimes sug-
gests the presence of a third peak along with the
two main components. If this peak is not strong, it
can be included in the resolution by the following
procedure.

The program contains provision for omitting a se-
lected portion of the curve. The data are first com-
puted by the two-peak program with the region of
the third peak excluded. The sum of the two theo-
retical peaks is then subtracted from the absorbance
of the complete experimental curve to get the data
for the third peak. The computer then fits a theo-
retical function to the third peak alone, followed
by a comparison of the experimental curve with a
composite of all three theoretical curves. Visual in-
spection determines whether this process requires fur-
ther iteration.

In principle, a fourth peak might be similarly ob-
tained, provided that it is weak and does not over-
lap the third peak.

Work is in progress on automating the third peak,
but so far the intelligent interaction between man
and machine has been more successful than complete
automation of three peaks.

Figure 3 shows an example of a three-component
curve fitted by this procedure.

Representation of Tails

In principle, no fitted curve should be considered
valid beyond the range of the experimental points.
However, constraints in defining a mathematical func-
tion do establish a trend and set limits on the be-
havior of a curve outside the experimental range.
Polynomial curve fitting gives numerical values for
a limited number of coefficients. For our infrared
peaks, fifth degree polynomials have been adequate.
The routine for eliminating maxima, minima, and
inflection points only applies up to a specified dis-
tance from the band center. Beyond that point the
empirical polynomial may violate the constraints. Tt
is assumed that the true polynomial deseribing the
infrared peak contains higher degrees that are neg-

ligible within the experimental wavenumber range
but become appreciable as z becomes large, in such
a way that the constraints would always be obeyed.
However, the coefficients of these higher degrees are
not determinable from the experimental data. Hence
the empirical polynomial cannot be used beyond the
experimental wavenumber range. A different func-
tion must be used for representing the tails of the
curve.

The constraints imply that the first and second
derivative of the polynomial must never change sign.
The first derivative must always be positive in order
for the absorbance to be peaked. The second deriv-
ative could have either sign. Figure 4 shows the two
types of trend. If the second derivative is positive
in the experimental range, the lowest value it can
take outside the range is zero. If it is negative in-
side the range, the highest it can be outside the range
is zero. Zero is the limiting value in either case,
corresponding to the Lorentzian function. Thus a
straight line can be drawn tangent to the empirical
polynomial at the end of its valid range, to limit
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the possible extrapolated curves, as shown by the
dashed lines in Figure 4. Outside the valid range,
the higher-degree polynomial must always lie above
the Lorentzian straight line if the second derivative
is positive in the experimental range, or it must lie
below the Lorentzian line if the second derivative
is negative in the experimental range. Translated
back to absorbance, the tails of the infrared curve
in the former case must always have lower absorb-
ance than the tangent Lorentzian eurve; the tails in
the latter case must always have higher absorbance
than the tangeut Lorentzian curve.

It is well known that the Lorentzian function ex-
aggerates the tail area of infrared peaks of liquid
and solid systems. Thus, if the second derivative of
the reciprocal polynomial is negative in the experi-
mental range, the curve would be expected to be
neither higher nor lower than the Lorentzian line out-
side the experimental range. For those infrared peaks
whose polynomials have negative second derivatives,
we have therefore chosen to represent the curve out-
side the experimental range by a Lorentzian function
whose reciprocal is tangent to the empirical polyno-
mial at the highest experimental value of 2, the square
of the wavenumber displacement from the band cen-
ter. Only a small number of our component peaks
(4) were in this category,

The majority of our components had reciprocal
polynomials with positive second derivatives, thus
allowing some latitude in choice of funection outside
the experimental range. Of the possibilities, we have
chosen the exponential function, since it contains few
parameters and is certain to have positive first and
second derivatives. The parameters are chosen to
make the exponential function tangent to the em-
pirical polynomial at the maximum z used in setting
the constraints on the empirical polynomial, repre-
sented by the dotted curve in Figure 4. This cor-
responds to a tail of Gaussian shape.
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The tail parts of the theoretical curves are con-
sidered less valid than the central parts of the curves.
However, they are useful in estimating the total area
under an absorbance curve provided that the tail area
is a small fraction of the total. If the tail area is
found to be large, it suggests reexamining the curve,
to see for example whether a baseline correction is
indicated.

Other Applications

Although this program was designed originally for
finding subtle molecular effects in the infrared bands
of single compounds, it can also be used for analytical
applications of mixtures of compounds. Furthermore,
it could be applied to other types of curves having
overlapping peaks, such as ultraviolet spectra, chro-
matographic curves, mags spectra, countercurrent dis-
tribution, ultracentrifugation, electrophoresis, or x-ray
diffraction.

The special curve-shape function used in this pro-
gram is not essential to the iteration procedure. Other
shapes, including unsymmetrical ones, could equally
well be used for the component peaks. All that is
required is a specified mathematical function suitable
for automatic Pprogramming, with or without con-
straints or conditions.
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