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Photoacoustic measurement of absolute overtone cross sections
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Using the photoacoustic effect, integrated absorption cross sections for the 3-0 and 6-0 C-H stretching overtones of ethane
and ethylene were calibrated against the well-known cross sections for the 4-0 and 5-0 overtones of HD. The results of this
calibration pracedure agree well with FT-IR measurements by Quack and co-workers. Thus, these absorption cross sections would
serve well as secondary reference standards in overtone measurements.

1. Introduction

Knowledge of absorption cross sections of over-
tone transitions is important in a number of appli-
cations that range from comparing experimental val-
ues with theoretical predictions of the mechanical and
electronic anharmonicities to determining the con-
centration of species. Overtones are studied readily
using the photoacoustic effect. Photoacoustic spec-
troscopy, however, does not directly yield absolute
absorption cross sections, in contrast to such stan-
dard spectroscopic techniques as dual-beam and
Fourier transform spectroscopy. The only practical
way to measure a cross section with the photo-
acoustic technique is to calibrate it against a tran-
sition with a known cross section in the same fre-
quency range. Few reference molecules are available
in the visible ranges, however, because most con-
ventional techniques lack sufficient sensitivity to
measure the absolute intensity of these weak
transitions.

In this Letter, we present the absolute integrated
absorption cross sections, o, for the 4-0 and 5-0
C-H stretching overtones of ethane and ethylene; o
is defined by
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o= J. alv)v=tdry,
band

where () 1s the Beer’s law absorbance (log base ¢)
at frequency v. These absorption cross sections can
be used as standards for measuring additional ab-
sorption cross sections for transitions in the same
spectral region. We chose these compounds because
they are readily available, behave as ideal gases, and
have fairly narrow but not rotationally resolved
spectroscopic features.

2. Experimental

The laser photoacoustic apparatus is an improved
version of the apparatus previously used in this lab-
oratory {1,2]. The main changes are in the design
and operating conditions of the photoacoustic gas cell
(31

The photoacoustic gas cell is evacuated on a glass
vacuum system pumped by an oil diffusion pump.
The base pressure in this system is approximately
10~* Torr. The gas mixtures for cross section cali-
bration consist of a sample, which is ethylene
(Matheson, 99.5%), ethane (Matheson, 99.0%), or
propane (99.0%); a reference, HD (MSD Isotopes,
>98%); and a buffer gas, xenon (Spectra Gases,
>99.99%). The sample, HD, and xenon are added
to the system in succession, Typical partial pressures
are 1-15 Torr of sample and 100150 Torr of HD.
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Xenon is added to bring the total pressure to 300-
400 Torr. Before the gas cell is sealed, the system is
allowed to equilibrate for 5 min. Pressures are mon-
itored with a Pennwalt 66-200 pressure gauge, the
calibration of which was verified by comparison with
an oil manometer to be accurate to approximately
0.05 Torr. To reduce interference from water ab-
sorption features, a drying agent (calcium hydride or
sodium hydride powder) is kept in a finger of the cell.

The photoacoustic signal, collected by a lock-in
amplifier, is recorded on a computer. The lock-in
phase is set to one of the spectral features. Within a
spectrum we observe no significant difference in
phase between different species. This difference is a
potential problem [4], however, and should be con-
sidered when using this procedure. The photoacous-
tic spectrum is obtained by dividing the photo-
acoustic signal by the relative intracavity laser power.
The band integration is performed on a computer
using a trapezoidal integration routine. Scans are
taken slowly enough to provide approximately 10
data points within the laser bandwidth (slightly larger
than | cm=").

3. Cross section calibration

In a mixture consisting of a reference absorber and

an absorber of unknown cross section (the sample),
the absolute absorption cross sections are related by
D B ()
o,  Ap,
Here the subscripts u and r refer to the sample of un-
known absorption cross section and the reference
sample, respectively, ¢ is the integrated cross sec-
tion, 4 is the integrated area of the recorded band,
v is the band center frequency, and p is the density.
For a nearly ideal gas, p is proportional to the
pressure.

Eq. (1) is based on the fundamental assumption
that the photoacoustic signal is proportional to the
absorption coefficient convolved with the laser line
profile. This assumption is irue only if all the ab-
sorbed energy is rapidly thermalized, however, Vi-
brational overtones ofien satisfy this condition, For
highly vibrationally excited molecules, the fluores-
cence rate is much slower than the rate of thermal-
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ization at typical gas pressures. A significant differ-
ence in the thermalization rate of the reference and
the sample can cause a phase difference in their re-
spective photoacoustic signals.

There are other limitations to consider when
choosing a reference compound. First, the absolute
cross section of the reference must be well known.
Second, the reference absorptions must fall in the vi-
cinity of, but not overlap, the absorption feature of
the sample. Third, the reference band must have
either unresolvable structure or completely resolved
lines to avoid complications from overlapping fea-
tures when the band integration is performed. A
fourth consideration is whether the reference com-
pound behaves as an ideal gas and does not stick to
surfaces. This feature is important in avoiding prob-
lems associated with determining the reference gas
concentration,

HD is one of the few molecules that meets these
criteria. The 4-0 and 5-0 HD absolute overtone cross
sections are known to within 2-3% [5]. HD behaves
as a nearly ideal gas and does not stick to the cell wall.
Within each overtone the single rotational lines are
well spaced. The multiple HD lines provide us with
a number of references within a spectrum. Also, the
sharp rotational features are advantageous if the HD
overtones fall on top of a relatively broad absorption
feature of the sample, because the HD rotational fea-
tures can still be integrated accurately. The linewidth
of HD, however, is less than our laser bandwidth of
~ 1 cm™!. To obtain accurate relative cross sections,
the laser profile must not change significantly as the
laser is scanned over an absorption feature (see Ap-
pendix ). Great care has been taken to ensure this
stability. From the relative intensity of the HD ab-
sorptions it is obvious when the profile of the laser
ling is unstable.

We have calibrated the absolute cross sections of
the 5-0 and 6-0 C-H stretching overtones of ethane
and ethylene and the 5-0 C-H stretching overtone
of propane against the absolute cross sections of HD.
Table 1 lists the measured absolute cross sections.
Quack and co-workers [6] have taken FT-IR spectra
of the 5-0 C-H stretching overtones of ethane and
propane; their values are also shown in table 1 for
comparison, Our measured absolute cross sections
for the same bands are within 8% of theirs. Wong and
Moore [7] have also reported an absolute cross sec-
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Table 1
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Frequencies and absolutc cross scctions of the measured C-H stretching overtones. The crror bars represent 95% confidence limits based

on the statistical scatter in the measurements

Compound C-H stretching Frequency fwhm Cross section (fm?) *

overtone (ecm™Y) (cm~-1) @

photoacoustic FT-IR

ethylene 5-0 14082 10214 2.0410.14 -

6-0 16554 136 £5 0.39£0.04 -
cthane 5-0 13486 140t3 4.08+0.28 3.82

6-0 15821 1303 0.65+0.08 -
propane 5-0 13427 5.2910.20 4.84

2) Taken from ref. [2].

% Note that these absolute cross sections are expressed as the observed cross section divided by the band center frequency; thus they are

proportional to the formal oscillator strength of the transition. | fm?=10"%% cm?,

tion for ethylene. Their value differs from ours by a
factor of approximately 1.4. This difference is prob-
ably caused by the way they calibrated against meth-
ane, which did not properly account for their laser
bandwidth.

Ethane and ethylene were chosen because they ful-
fill all the requirements discussed and exhibit single
absorption features that are broad compared with the
laser bandwidth. Because cthane and ethylene ab-
sorb at different frequencies, the hope is that one can
be used as a standard that does not overlap the fea-
ture of interest. The propane data are an additional
check of our procedure but are not very suitable as
a reference because the features are rather broad.
Typical calibration spectra of ethane and ethylene
are shown in figs. 1 and 2. Note that both of these
compounds have additional weak absorptions in
these spectral regions. Care should be taken to ac-
count for overlap of these fcatures when using ethane
and ethylene as standards.

The absolute cross sections of overtones in the vis-
ible region have also been reported for other mole-
cules. Various problems are associated with using
each of them, however. The most useful of these
molecules is methane [8]. At our resolution, how-
ever, methane exhibits partially resolved rotational
structure, and many of the lines are narrower than
our laser bandwidth. The most readily available
compound is water [9], but it sticks to most surfaces
and thereby obscures the precise partial pressure,
Absolute overtone cross sections in the visible region
have also been reported for acctylene [10], fluoro-
form [11], and HCN [12]. Their absorption cross
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sections are either poorly known or based on ben-
zene. Benzene, which was calibrated against meth-
ane [13], sticks to the cell walls. Thus, for measuring
integrated absorption coefficients of overtones in the
visible region, we recommend use of the absolute
cross sections of ethane and ethylene reported here.
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Appendix

Consider two absorption features with unknown
ling profiles. This Appendix shows that regardless of
the bandwidth of the light source, the observed ratio
of the integrated cross sections is the same. The sole
requirement is that the line profile of the light source
does not change while scanning over any one feature.

We make the following definitions and
assumptions:

(1) The laser light intensity as a function of the
frequency v is described by the function I(»,)
XL(r—wp,), where v, is the frequency at the center
of the laser profile, /(v,) is the integrated intensity,
and L(v— v,) is the normalized laser line profile, i.e.
[2®=L(v—vy) dr=1,
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Fig. 1. Typical photoacoustic spectra of an ethane and HD mix-
ture. The HD rotational lines are labeled. (A) shows the ethane
5-0 C-H stretch and the 4-0 HD overtone for a mixture consist-
ing of 1.8 Torr of ethane, 117 Torrof HD, and 211.8 Torr of Xe.
(B) shows the ethane 6-0 C-H stretch and the 5-0 HD overtone
for a mixture consisting of 8.7 Torr of ethane, 125.2 Torr of HD,
and 229 Torr of Xe. Note the additional weak ethane band in the
region 16300 to 16700 cm~!. The inset shows details of the HD
R-branch bandhead.

(2) The band absorption profile is described by
the function B;(»), where i=1 or 2. We also assume
that [*®B;(v) dv is finite.

The observed band profile as the laser is scanned
is

+o

j B{(v){vy)L(v—1y) dv
=I{v,) j B{v)L{v—v,)dv. (Al)

Dividing eq. (A.1) by the integrated intensity 7(v,),
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Fig. 2. Typical photoacoustic spectra of an ethylene and HD mix-
ture, The HD rotational lines are labeled. (A) shows the ethylene
5-0 C-H stretch and the 4-0 HD overtone for a mixture consist-
ing of 2.3 Torr of ethylene, 109.7 Torr of HD, and 202.7 Torr of
Xe. Note the weak ethylene band below 13300 cm . (B) shows
the ethylene 6-0 C-H stretch and the 5-0 HD overtone for a
mixture consisting of 10.8 Torr of ethylene, 152.8 Torr of HD,
and 263.5 Torr of Xe.

we obtain the intensity-independent profile
[*=B,(v)L(v—v;) dv. The integrated area of the
observed band profile ; is obtained by integrating over
Vo,

+00 +00
A= J‘ J B(v)L(yv—v,) dvdy,. (A.2)

—o0 —oo

Since the convolution [T2B(v)L{(v—1v,) dv con-
verges uniformly to a continuous function, i.e. the
observed profile exists, we may change the order of
integration [ [3]. Hence 4; may also be written as

A= J B;(v) j L(v—wy) dyydr. (A3)
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We can apply the transform v=xand yo=x—ytoeq.
(A.3). The Jacobian of this transform is — 1. So, ad-
justing the limits properly,

A,'=

+o0 + oo

[ B0 [ Loy ayax
T&um;ruww
To Bi(x) dx, (A.4)

where we have used the normalization property of
the laser profile function. Thus,

A, _
A

J*%B (x) dx

[T, dx )

which is the ratio of the integrated areas.
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