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Highly-Resolved

Infrared Spectroscopy**

Gion Calzaferri* and Konrad Hiidener

Abstract: Rotational-vibrational spectra found in even excellent textbooks show a wrong
ratio for the H¥CI/H'Cl rotational-vibrational lines. Distortion is a common problem
encountered when spectral resolution is insufficient to measure the true shape of a line.
Unfortunately deconvolution with the apparatus function is not always possible. In this
paper the correlation of the Lorentz linewidth and linestrength in case of a Voigt profile is
studied and some consequences are explained.

The natural linewidth of a (1-0) rota-
tional-vibrational transition of e.g. HCl

* Correspondence: Privatdozent Dr. G. Calzaferri
Institut fiir Anorganische, Analytische und
Physikalische Chemie

Universitit Bern

Freiestrasse 3, CH-3012 Bern

** Acknowledgement: This work is part of grant NF
2.025-0.86 financed by the Swiss National Foundation.

molecules is of the order of 10°% to 1077
cm™'. At a pressure of 133.32 Pa (1 torr) the
lineshape can be described by a Voigt pro-
file. and the linewidth is about 7-107°
cm™'. A resolution better than the line-
width is necessary to measure the true
shape of such a line and that is often not
available. For this reason all rotational-vi-
brational spectra found in even excellent
textbooks show a wrong ratio for the

H*CI/H¥CI rotational-vibrational lines?,
The problem of unresolved narrow
spectral lines was first treated by Laden-
burg and Reiche®. They introduced the
idea of the equivalent width which was
used by Benedict et al.¥ in a careful analy-
sis to determine (1-0) rotational-vibra-
tional oscillator strengths of H*Cl and
HY'Cl. Because of computational problems
at that time it was necessary to apply an
approximation developed by Plass and
Fivel ®,

The strength of a line can be measured
by determining the integrated absorption S
of a line, defined by the relation

S = [ kdv (1)

where k, is the absorption coefficient in
cm™. k, of a gas at a path length /is given in
terms of the transmission T = I,/I°, where
I is the intensity of the light transmitted by
the sample, according to Lambert’s law,

—InT=¢,=k, I )
where ¢, is the extinction. For gases at suf-

ficiently low pressure, the integrated ab-
sorption S is directly proportional to the
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number of absorbing molecules in the op-
tical path;

S=S"pP 3)

P is the pressure of the absorber. The equi-
valent width W is defined by the relation

W= Ojo' (1 —T)dv @

which is the integral of the fractional
energy removed from the incident radia-
tion. The range in equation (4) should be
large enough to include all frequencies at
which (1 — T) is different from zero. If this
range covers a single line and no others,
then we may meaningfully speak of the
equivalent width of that particular line. If
shape and strength of a line are known, its
equivalent width may be calculated from
equations (1)-(4).

Correlation of Linestrength and Linewidth
in Case of a Voigt-Profile

When both the Doppler effect and
Lorentz collision damping contribute to
the linewidth, the expression for the line
absorption coefficient is

o]

k(v,a)=k°—: f

0

exp(— x7%)
—d 5
a’+ (v~ x)* * )
In this expression a is proportional to

the ratio of the Lorentz and the Doppler
linewidths:

a=m- L )

Yp

with y, being by definition a linear function
of the sample pressure, y, = yi- P, and yp
for a given molecule and temperature
depending linearly on the frequency:

/ N, kT
vp= [2-In2- "M v Q)

w is a measure of the spectral offset from
resonance absorption v,:

-V,

Yo

ln2-v

w =

®)

and k,, finally, is proportional to the line-
strength S°:

0. p
ky= /E__..S P )
T P

P, designates the partial pressure of the
absorbing species.

For a given molecule S° and. y{ are the
parameters a priori unknown. By assum-
ing values for these two parameters, the
integral (5) can'be evaluated numerically at
a given frequency and sample pressure.
The corresponding transmission is given
by equation (2) for each value of the ab-
sorption coefficient (5). If all transmission
values for one line are calculated this way
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Fig. 1. Sum of squared residuals contour plot of the P(3) line of H”Cl for a synthetic data
set (above) with synthetic scatter and for an experimental data set (below). The deepest
contour represents y* = 6.7 and the equidistance is 39.

the equivalent width (4) can be determined
by numerical integration.

Since the equivalent width is also an ex-
perimental quantity, its measured and cal-
culated values can be compared, and the
initial guesses for S° and »{ can be opti-
mized by a nonlinear least squares fit. The
advantage of this procedure over methods
developed in pre-computer decades, all
relying on analytical approximations of
equations (4) and (5), is that no assump-
tions on the ratio of the unknown parame-
ters S° and j) have to be made. A most
general treatment of the linestrength deter-

mination appears to be possible within the
domain of the Voigt-profile (5).

In order to study possible correlation
between S° and 37, a set of equivalent width
data for H*Cl was generated using equa-
tions (4) and (5) with §° = 8.18 cm™%atm™',
T=2°C, and =0379 ocm atm™
matching the experimental data set de-
scribed below. White noise of 3.57-107°
cm™' standard deviation was superimposed
to the artificial data set and a least squares
fit was carried out using the simplex algo-
rithm'®, A contour plot of the resulting
sum of squared residuals plane is shown in
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Fig. 2. Rovibrational spectrum of HCI of a natural H**CI/ H?’CI mixture at 10 torr (left) and the magnified P(3) H”Cl and H” Cl lines of the

spectrum (right), resolution 0.074 cm™'.

Table 1. several ways to obtain the information
Line H¥Cl HYCl needed, some of them being described in

s e ST S the literature mentioned and discussed in a

[m™atm™] fom”atm ] [em] fem™atm™] [ematm7] fom7] _ recent article by Pine et al. The aim of this
P()” 8.41 0.163 173107 177 0-932 ;;2' ig:z paper is, however, to point out the correla-
]I:g;” g:?g g'_g% g:gg: 18-3 %Z;g i:égs 2:80: 10-3 tion between linestrengths and linc_awidtt'ls
P(4)® 8.6 0.309 3.71-107 2.63 1.207 25110 present, although not always realized, in
P(3)Y 18.66 0.017 2.38-107° 18.02 0.016 171-10™  highly, not fully resolved infrared spectros-

3 Pure HCI; ® HCI/He mixture; @ o of fitted function.

Fig. 1. This plot reveals significant negative
correlation between the two parameters to
be determined. The topography of the sum
of squared residuals is almost identical to
the one resulting from the fit of experi-
mental data discussed below. Please note
that the minimum has shifted very much
from the starting values.

To compare these results with experi-
ments, we have recorded equivalent width
data of the (1-0) rovibrational transition
of HCl of 0.074 cm™ on a BOMEM
DA3.01 interferometer with a variable
length (1-10 cm) stainless-steel cell and
KBr windows. Pure HCI of natural isoto-
pic composition was measured at the pres-
sures of 2, 5, 10, 15, 20, 25, 30, 35, and 40
torr at 20°C, while HCI/He mixtures of
atmospheric pressure and HCl partial

pressures corresponding to those of the
pure samples were treated in an analogous
way. The least squares fits with 7 degrees of
freedom were performed on an IBM 3083
mainframe computer and required typical
CPU times of 10 to 15 min. As an illustra-
tion, Fig. 2 shows the complete (1-0) rovi-
brational spectrum of a natural H*Cl/
HYCI] mixture as well as the P(3) line of
both isotopes.

Table 1 shows the result of the least
squares fits of the first four lines of the
P-branch of pure HCI and of the P(3) line
of the HCl/He mixtures. The large scatter
in both S° and y} is a direct consequence of
the correlation between these two parame-
ters. From this follows that S° and »{ can-

not be determined independently unless:

further information is available. There are

copy.
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