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ABSTRACT

An infrared Fourier transform spectrometer has been used with a long
path length multiple traversal cell to study the infrared spectra of
atmospheric gases and several pollutant gases. Solar spectra have also
been obtained between 3 and 20 um wavelength.

The kinetics of the formation and decay of nitrous acid have been
followed by monitoring bands of nitric oxide, nitrogen dioxide, and both
cis- and trans-nitrous acid. Rate constants and the equilibrium con-
stant for the reactions have been derived. A mechanism accounting for
the formation of nitrous acid in the atmosphere is proposed. These rate
data have been used to speculate on the potential importance of nitrous
acid formation in power plant and auto exhaust plumes.

A new technique involving the use of infrared spectroscopy and two cells
of unequal length to study a two-component system in equilibrium is
described.

A six-meter multiple traversal cell in which path lengths of up to 700 m
can be obtained has been constructed. The cell is surrounded with
fluorescent tubes with output in the region from 300 to 400 nm. The
cell irradiance closely simulates the solar irradiance at ground level
in spectral distribution and intensity.
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SECTION I

SUMMARY AND CONCLUSIONS

This study has shown that an infrared Fourier transform spectrometer
(IFTS), when used to observe infrared spectra of gases in long path
length, multiple traversal cells, can detect trace amounts of some gases
at the ppb to ppmm level, This instrumentation can be used to determine
accurate information of the kinetics of chemical reactions involving
concentrations of gas samples similar to those of their atmospheric
abundances.

In addition to adapting an IFTS for use with the multiple traversal cell
and also with a coelostat to observe solar spectra, a 6 m glass-walled
cell, suitable for photochemical studies, has been constructed.

With these systems, spectra of air samples ranging in length from 10 m
to 1 km have been obtained between 40O cm™! and 3500 cm™! together with
solar spectra at several zenith distances. All of these spectra were
obtained at 0.125 cm™* resolution. Most of the lines observed in these
spectra can be identified with transitions of Hz0, O3, CO2, NoO and CHg
in the AFCRL line listing.! A program for collecting high resolution
spectra of the principal bands of pure samples of the permanent atmo-
spheric gases and of known and suspected pollutant gases has been
initiated.

Among the advantages of the IFTS system over the more conventional
grating spectrometers is its ability to acquire high resolution spectral
information over wide spectral intervals in short time intervals. Since
the information is generated in digital form it is suitable for storage
on magnetic tape and for further computer processing. Thus, the spectra
can be ratioed to remove spectral variations in detector sensitivity and
source radiance, and absorption bands of other molecular species can be
removed. The system has been shown to be stable, linear in output, and
to give highly reproducible spectra, essential requirements for quanti-
tative analysis of gas concentrations.

The IFTS system has been used to determine the equilibrium constant of
the reaction

N4 = 2NOo
A value of 0.14 * 0,02 atm was obtained.
The system has also been used to measure the extinction coefficients of
bands of NO, NO-, and cis- and trans-HONO and to make a detailed study

of the kinetics, equilibrium constant, and the temperature dependence
of the thermal reactions.



Ho0 + NO + NO» %}ZHONO (1)

ko
2HONO — Ho0 + NO + NO» (2)

Using infrared spectroscopy, it is possible to observe c¢is-HONO and
trans-HONO separately. We have found that the kinetics of the decay
(second order in nitrous acid) are the same for both isomers. This
result supports the fact that

cis~-HONO = trans-~HONO
proceeds much faster than either reactions in Egs, (1) and (2)

The rate ks in Eq. (2) has been determined to be kz = 1.4 + 0.k x 1073
ppm~'min~! at 23°C. This rate is strongly temperature dependent. A
value of 2.2 = 0,7 x 10-° ppm~2min-* was obtained for rate constant kj.

Based on estimates of the typical concentrations of NO, NOs and H0 in
car exhausts and the effluent from electrical generator stacks when
fossil fuels are consumed, the measured reaction rates, and typical
values for the rate of dilution and cooling of these emissions as they
enter the atmosphere, it is estimated that there is sufficient HONO
present in urban atmospheres during the early morning hours to be an
important source of the OH radical.



SECTION II

BACKGROUND AND INTRODUCTION

The concentrations of gaseous pollutants in the free atmosphere are
typically in the range 107® to 107!2 by volume. Even at these low con-
centrations many pollutants affect the environment and the air quality.
They can also undergo reactions with other atmospheric molecular species
to form new products, Many of these reactions which occur at ground

level are initiated by solar radiation at wavelengths between 300 and
500 nm,

To understand the nature of these reactions and to determine which are
of importance to air pollution, it is necessary to study gaseous systems
which contain the reactants at concentrations which approximate those
found in ambient air and which can be irradiated at levels corresponding
to daytime solar radiant energy levels.

Although many techniques have been proposed for monitoring low levels of
gases in gas samples and some have been useful in particular situations,
infrared spectroscopic studies of long optical paths through the samples
remain among the more specific, sensitive, and accurate methods for the
detection of many molecular species.

The detectivity of infrared spectroscopic techniques increases with the
path length and spectral resolution available. It may be decreased if
there is interference caused by more than one constituent absorbing in
the spectral region of interest.

The instrumentation available for the present study include a stainless

steel multiple traversal absorption cell in which path lengths in excess
of 1 km can be obtained. A glass-walled cell has also been constructed

in which path lengths in excess of 500 m are possible. The cell can be

irradiated to give an irradiance which is similar in spectral distribu-

tion and magnitude to ground level solar radiant energy between 300 and

400 rm.

The length of time required to collect an infrared spectrum typically
increases as the power of the incoming signal decreases, as the spectral
resolution is increased and as the width of the spectral interval sur-
veyed increases. The slow response typical of other types of infrared
systems has been largely overcome by IFTS, which can collect spectral
information over wide spectral regions in relatively short times. The
system in use has obtained a solar spectrum of the region from 2400 to
3500 em™* with a spectral resolution of 0.125 cm™! in less than

2 minutes. This rapid collective speed allows chemical reactions to be
monitored rapidly so that rate constants can be determined.

From a large number of possible reactions which could be studied we
have chosen to investigate the reaction between H>0, NO, and NOp which



leads to the formation of HONO, The presence of this transient species
in the atmosphere has been suggested although it has not so far been
observed, The present investigation has shown that this molecule will
not only be formed in power plant plumes and in car exhausts, but that
it may exist in the ambient atmosphere under suitable conditions,



SECTION IIT

INSTRUMENTATION AND EXPERIMENTAL PROCEDURES

A, INSTRUMENTATION

1. Introduction

One of the objectives of this study was to investigate the application of
infrared Fourier transform spectrometers (IFTS) to air pollution problems.
We have been concerned with the ability of such a spectrometer, used in
conjunction with long path length absorption cells, to identify and
monitor trace gases in the atmosphere and to study reactions among gases
at concentrations in the ppm range by measuring their infrared bands.

The intensities of the infrared bands of most gases are such that, if a
gas is present in ppm quantities in air at atmospheric pressure, path
lengths in the range of 100 m to 1 km are required for accurate measure-
ment.

We have carried out investigations with a 21 m stainless steel cell
already constructed. During the past year a 6 m glass cell suitable for
photochemical studies has been built. The design of these cells and
their adaptation for use with the IFTS are described.

2. Twenty-one Meter Stainless Steel Absorption Cell

Most of the investigations made under this grant employed a 21 m stain-
less steel absorption cell containing a - White multiple traversal optical
arrangement.® With this system useful absorption measurements can be
carried out with path lengths in excess of 1 km.

The cell body is a cylinder, 21 m long, with an internal diameter of
7% cm, made of 6 mm stainless steel, type 304. It is designed for a
pressure range of O to 4 atm and for a temperature range of -60 to
250°C. The temperature control system has not yet been installed.

A diagram of the optical system is shown in Fig. 1. The mirrors, D,

and Do, were cut from LO cm diameter blanks so that they could be placed
side by side inside the cell. Their horizontal width is 33 cm. The
field mirror, Mp, has the shape shown in Fig. 1.

The mounts for the mirrors are made from stainless steel and mechanical
feedthroughs allow mirrors D, and D, to be adjusted from outside the
cell, Thus, the number of traversals and the optical path in the cell
can be altered without disturbing the gas sample. The cell is evacu-
ated with a Kinney high vacuum booster pump, Series KMBD. Pump down
time from atmospheric pressure to a few microns Hg is approximately one
hour, Leakage rates of less than 1 mmHg/day are typically observed,
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Figure 1, Optical arrangement of the 21 m cell, (a) optical
paths; (b) mirror shape



3. Optical System

All of the three mirrors in Fig. 1 have the same radius of curvature
(20.5 m) and are placed a distance apart of 20.5 m. Radiant energy
enters the cell through a window near My and forms an image of the

source in the plane of Mp close to one of its vertical edges. The
energy is reflected by D; back to Mp and from there to Dp. The number

of traversals of the cell made by the radiant energy before it passes
the opposite side of My and leaves the cell is altered by adjusting the

mirrors D; and Do.

Two rows of images of the source are formed on Mp, as shown in Fig. 2,

when the numbers identify successive images. As each image is formed,
the radiant energy makes two additional traversals of the cell. The
maximum number of images in the top row of images

Npay = o (3)
where
D = width of the upper half of Mp (23 am), and
d = width of the entering beam in the plane of Mp.

The total number of images on Mp is then (2Npay + 1), and the corre-

sponding number of traversals of the cell is thax* Thus the maximum
path length

Lpax = 4NpaxR (4)
where R = 20.5 m is the distance between the mirrors.
If 4 = 10 mm, then the maximum path length L ,, is approximately 1.9 km.

If the entering beam has a spectral radiance B, [v = wavenumber (em™)],
forms an image of area A, of the source in the plane of Mp, and com-

pletely fills the mirror D, the spectral radiant power in the frequency
interval v to v + dv leaving the cell is

P,dv = By A weTedv (5)
where
we = s0lid angle subtended by D, at Mg, and
T, = transmission coefficient of the cell.
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Figure 2. Image pattern on the field mirror MF



The solid angle

oy = 2 (6)

where

x>
=]
1]

e 2
s area of D; = Iy, s

rp, = 17 cm, and

2]
]

distance between Mg and D,

20.5 m

Thus we = 2.2 x 10”* sr. The shape of Mp, shown in Fig. 2, is well
suited for use with a grating spectrometer. The narrow entrance and

" exit slits of such instruments are filled by forming an image of a line

source such as a Nernst glower on them. An IFTS typically has a much

larger "throughput" since there are no slits and radiant beams with

circular symmetry are used. Thus, the area A, of the beam, matching an

IFTS, in the plane of Mp is typically given by '

_n?
Ao = nry (7)
where 2ry = 4, the diameter of the beam.

To obtain long path lengths (Eq. (4)) 2rp =~ 10 mm thus, Ag =~ 0.79 cm®
and the product for this cell,

Agwe ~ 1.74 x 10™*cm®sr. (8)

The transmission coefficient T, in Egq. (5) depends on the reflection
coefficient of the mirrors as well as on the absorption and scattering
effects of the windows, aerosols, and gases in the optical path, More
specifically, each traversal of the cell requires a reflection at a
mirror. If the reflection coefficients, r, are the same for each mirror
and the total number of traversals is n, the transmission coefficient
due to the mirror reflectivity alone

n

Tp =T (9)
The mirrors are gold coated and if r = 0.98, a reasonable value for the
infrared, T, ~ 0.20 for n = 80 and an optical path of 1.5 km. The

observed value of T,y for n = 80 is smaller than this and is attrib-

uted to aberrations caused by the mirrors. Excellent spectra of path
lengths of 1 km of air are obtained with the IFTS using this cell.



4. Six-Meter Glass Cell

Although the stainless steel cell allows long absorbing paths to be
obtained, it is not readily adapted for photochemical studies since the
walls are opaque. During the past year, a 6 m multiple traversal cell
has been constructed with glass walls. As shown in Fig. 3, the main
body of the cell consists of four 1.5 m lengths of Corning low expansion
borosilicate glass with an internal diameter of approximately 29 cm.

The ends of these tubes are ground flat and butted against stainless
steel spacers, 25 mm thick, with teflon gaskets. Vacuum tight joints
are made by bolting the glass tubes together by means of flanges on each
side of the joints. Stainless steel end plates E are attached to the
ends of the cell in a similar manner. Windows to allow infrared radi-
ation to enter and leave the cell have been placed in one end plate.

The other end plate has an outlet to the vacuum pump and mechanical feed
throughs to adjust the mirrors.

Tables, 2.8 m long, were constructed from 5 x 5 cm angle iron to support
each pair of tubes. For ease in moving, castors were attached to each
table. When the tube was in its final position the two tables were
rigidly bolted together and the castor wheels were lifted off the floor
by levelling screws attached to the base of each table.

The tubes were mounted on the tables by attaching 2.5 cm diameter steel
rods, which extend horizontally, to spacers S, and Si, as shown in

Fig. 4. These rods pass through holes in vertical blocks of aluminum
mounted on bases with levelling screws which rest on the horizontal
lengths of angle iron forming the table top. These blocks carry the
main weight of the glass tubes. To prevent rotation of tubes about the
rod axis, angle iron cradles were placed about 1 m from the spacers S,
and Si3. Details of these cradles are shown in Fig. 5. The cradles are
also supported on the same angle iron as the spacers and can be adjusted
by levelling screws.

The pairs of tubes on each table were adjusted to be in the same hori-
zontal plane before the entire assembly was bolted together at So.

The system has been evacuated to a pressure of less than 1 Torr and a
leak rate of less than 1 Torr/wk has been measured. With the system
evacuated a strain gauge consisting of a pair of crossed polaroids

was used to investigate the strain in the glass tubes. Although some
strain was observed it is fairly evenly distributed around the tubes.

A gas inlet has been provided in each of the spacers and also in the
endplates, as shown in Fig. 6, to help ensure a uniform distribution of
gases throughout the cell.

The entire length of the cell can be irradiated by banks of fluorescent
lamps. The holders for these lamps are attached to lengths of 2 cm wide
aluminum channel mounted to metal frames surrounding the tube as shown
in Fig. 7. These frames also rest on the horizontal angle iron of the
mounting table.
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Figure 3. Six-meter glass cell construction details, Stainless steel spacers
separate the tube and stainless steel end plates, E, are shown,
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Four banks of lamps have been installed along the length of the tubes

as shown in Fig. 8a. Three of the banks consist of eight 1.8 m long
tubes arranged symmetrically around the glass cell. The individual
banks are overlapped by about 15 cm to improve the uniformity of irradi-
ation. A bank of ten lamps 1.2 m long was placed at one end of the
cell. The two extra lamps were included since the spectral radiance of
these shorter tubes is about 20% lower than that of the 1.8 m tubes.

The electrical wiring diagram is shown in Figs. 8b and c¢. The irradi-
ation of the cell can be varied by switching 2, 4, 6, or 8 lamps in each
bank. Based on the manufacturers literature it is estimated that, with
all the lamps on, the irradiation in the cell is approximately equal to
the solar jrradiance of the lower atmosphere,

The fluorescent lamp assembly is surrounded by an aluminum foil reflec-
tor., The foil is supported by a flexible plastic backing as shown in
Fig. 9.

The lower reflector is held in position by cords attached to the hori-
zontal angle iron of the table top. The upper reflector is held in
position by a 2 x 2 cm aluminum angle iron frame, which also rests on
the horizontal angle iron of the table top. The foil is attached to the
plastic backing by rubber cement.

The fluorescent lamps installed in the system are GE FT2T12/BL/HO and
FLOBL black lights. The spectral radiance of these lamps, as described
by the manufacturer, shows that the greater part of the output lies in
the spectral region from 3000-4000 A. The emissicn of a 1.2 m lamp was
measured with a Turner spectrophotometer and the spectrum obtained is
shown in Fig. l0a. A similar spectrum, obtained after the radiant
energy had passed through the wall of the glass cell is also showvm
together with the estimated relative spectral distribution of solar
radiation® for a solar altitude of 45°. The spectral transmittance of
the glass tube is shown in Fig. 11.

The uniformity of the irradiance inside the cell due to the fluorescent
lamps has been measured with a Hewlett Packard 8330A radiant flux meter.
The measurements indicate uniform irradiance along the length of the
glass cell and variations of less than a factor of three radially from
the cell center to the walls.

It is planned to observe changes in the concentrations of the gases in
the cell by monitoring their infrared absorption bands. The multiple
traversal optical system is a modified White arrangement and has been
described by Hanst.®? Figure 12 shows that the single mirror Mp in

Fig. 1 has been replaced by four rectangular mirrors, My, My, Me, and
Mg, and the pair of mirrors D; and D, have been replaced by four quad-

rant shaped mirrors. After the system has been aligned, an image of the
source is formed in the place of the mirrors M near M,. Rows of images

are formed on Mz, My, M., and My after reflections by the mirrors D,

16
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Figure 10, (a) Spectral distribution of fluorescent lamp output;
(b) Spectral distribution of fluorescent lamp output
after passing through glass walls of cell;
(c) Relative spectral distribution of solar energy
at ground level
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Do, Da, and Ds4. The radiant energy leaves the cell on the opposite side
of M,- In order to form each image on the mirrors M the radiant energy

has to make two traversals of the cell.

The maximum number of images which can be formed on M,

My

Npax = e (10)

where

length of M, (16.5 cm), and

DMb

d

width of entering beam at M.

When used with an IFTS instrument this beam will typically have a
circular cross section of area A where

A= nr? = n(g)2 (11)

Since there are four rows of images, one on each of the mirrors My, My,
Mo, and My, the total number of images is = uNmaxs and since each image
results from two traversals of the cell, the maximum path length

Lyax(meters) = 8 RN .. = bh N
where the distance between the mirrors R = 5.55 m.
Assuming 4 = 10 mm then, from Eq. (9)
16

Npax
and

R

Lpax = 700 m.

It is now possible to calculate the Agwg product for this cell as in
Eq. (7)

Agwg = ﬂ(%)g gg (12)
where
d = 10 mm
Ay = nr?
r ¥~5cm
R=5.5m
Agwg = 2.0 x 107* cw®sr . (13)
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This Agwg product is approximately the same as that for the stainless
steel cell.

5. Fourier Transform Spectrometer
and Transfer Optics

The IFTS available for this study is a Digilab Model FTS 20. It is
capable of achieving 0.125 cm™! resolution. The principle of operation
is based on the Michelson interferometer and is well known. An essen-
tially parallel beam of radiant energy falls on the germanium beam
splitter B-S, shown in Fig. 13. Here part of the beam is reflected to
the fixed mirror M4 and some fraction of the beam reflected by M. is
transmitted through the beam splitter. Part of the incident beam is
also transmitted by the beam splitter to Mg when it is reflected back
to the beam splitter and is then reflected. The emerging beam is a
combination of energy from M4 and Mg. This beam then passes through the
absorption cell to a detector.

In operation, the detector output is sampled as the mirror M5 moves from
a position of zero path difference between the beam splitter and My and
Mg through a maximum distance of 4 em. This output is computer pro-
cessed to provide a spectrum of the source modified by absorption in

the path.

It is well known that the maximum resolution in this spectrum is given
by

1

AV = 59 (1k)
when 4 = distance travelled by Mg from the position of zero retardation.
If d = 4 em, Av = 0.125 em™*. 1In order to achieve this resolution,
which is independent of frequency, the divergence of the beam falling
on the beam splitter (and which consequently reaches the detector) must
be such that

- Y e
R-AV_<_wI (15)

when R is the resolving power of the instrument at frequency v, and wy

is the so0lid angle containing the radiation falling on the beam
splitter.

When a germanium beam splitter is used the maximum practical spectral
frequency which can be observed is ~ LO0OO em™!. Thus, for Av equal to
0.125 cm~t

wr < 1.96 x 107* sr. (16)

I
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According to the manufacturer's specifications, the maximum allowable
diameter of the beam falling on the beam splitter to obtain this resolu-
tion is 1 inch. Thus the cross-sectional area of the beam

AI = ﬂ:r?

3

5.0 cm®
and

Aqwy < 1072 sr cm®
This value is that required to obtain 0.125 em~! resolution at
4000 em™!. Larger values are allowed if measurements are made at lower
wavenumbers or lower resolution. The minimum value of Ajwr is, however,
approximately five times larger than the Aw products of the multiple

traversal cells previously described when they are aligned for the
maximum usable path lengths.

Since the absorption cells are the limiting factors in determining the
power transmitted by the system, the optical transfer systems from the
source through the interferometer to the cells must be designed to make
the actual Aw products for the beams passing through the cells as close
to those which have been calculated. This requires that the optical
systems form: (1) images of the source approximately 10 mm in diameter
at the field mirrors of the cells. If a Nernst glower, with a diameter
of about 1.6 mm and a length of 25 mm is the source, a magnification of
a factor of 6 is required to produce images of this width; (2) the
aperture stop of the interferometer system and the aperture stop of the
absorption cell should be conjugate points. The former is the 1 inch
diameter beam allowed at the beam splitter and the latter are the
mirrors D; in Figs. 1 and 12,

Based on these considerations, the optical transfer system shown in
Fig. 14 has been used with the 21 m cell. This system can also be used
with the 6 m cell with minor modifications since the Aw products are
similar.

Energy from the source N is reflected by the spherical mirror M,

(f, = 15 em) to product an enlarged image N, on the plane mirror Ms.
Since most of the energy from the elongated image of the source cannot
be usefully collected if high resolution is required, all of M, except
a horizontal strip approximately 3 mm wide was covered so that N, was
nearly square. N; is at the focal point of the off axis paraboloid Ma
(f5 = 27 em) so that collimated radiation falls on the interferometer.
After passing through the interferometer the energy is reflected by the
plane mirror Mg to the spherical mirror M, (f; = 60 ecm) which produces
a further enlarged image N- between M-, and M:. An image B, of the beam
splitter is also produced between M, and No. After striking the
spherical mirror Mg (fz = 91 cm) the beam passes through the entrance
window of the absorption cell and forms an image N5, approximately
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10 mm wide, in the plane of the field mirror My (in Fig. 1) and an
image B, of the beam splitter on the mirror D, in Fig. 1.

The beam energing from the exit window of the cell is then collected by
a detector. The two detectors available include a liquid nitrogen
cooled InSb detector for use in the region from 1800 to LOOO cm™* and a
liquid helium-cooled, copper-doped germanium detector whose useful
range is from 300 to 3500 cm™!. Both detectors have sensitive elements
approximately 1 mm x 1 mm and can accept radiant energy over a solid
angle of about one steradian.

The optical transfer system from the cell to the InSb detector is shown
in Fig. 15. This system was designed to produce a 1 mm diameter image
N" of the 10 mm diameter image N at M at the detector. The beam from
the absorption cell strikes the spherical mirror M, (fg = 28 cm) and
forms an intermediate image of N at N' and of the mirror D, at D'.
After reflection from the spherical mirror Mo (fio = 15 cm) the beam
strikes a plane mirror (not shown in the diagram) which directs the beam
upwards to the detector at the base of the LN» dewar. It was found
that, when the detector was placed at N", the vibrations of the cell
picked up from the surroundings were magnified by the long optical
lever arm (equal to the entire optical path in the absorption cell) and
caused the image N" to move with an amplitude of 1-2 mm around a fixed
position. These excursions seriously perturbed the signal from the
detector. A considerable improvement in the signal-to-noise ratio was
obtained by placing the detector at D". This image, about 2 mm
diameter, overfills the detector but has much less jitter than N" be-
cause the optical path DMy ~ 22 m is smaller than the optical path in
the cell. Because the detector is now overfilled and is at a conjugate
point to both D and the beam splitter B, it acts as the effective aper-
ture stop of the entire system.

Mg |
N N
) |
> D\/ NWM@
N\l

Figure 15, Optical transfer system from absorption cell to
InSb detector
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The Cu:Ge detector has an associated optical system for use with a
conventional Digilab IFTS spectrometer. It is designed to accept a
collimated beam and condense it to the detector. This instrument has
been placed to receive energy emerging from the cell after reflection
by a plane mirror as shown in Fig. 14. This mirror can be adjusted to
give maximum detector output. At this point an image of the mirror D
is formed on the detector element. As with the InSb detector, the
element is overfilled and acts as the aperture stop of the system.

When this detector was received the vacuum in the dewar was poor. The
system was modified so that the vacuum chamber is continuously pumped

with a cryopump line. After transferring liquid helium to the 0.7511

capacity dewar the detector stays cold for 8-10 hours.

6. Coelostat

A coelostat consisting of two plane, 25 cm diameter mirrors is mounted
on the roof of the laboratory. One mirror rotates at a constant angular
speed about an axis lying in the plane of the mirror and parallel to the
earth's polar axis. This mirror reflects solar energy to the second
mirror which directs the beam into the laboratory. This instrument has
been used with the interferometer to obtain solar spectra.

The solid angle subtended by the sun at the earth, w, = 6.8 x 1073 sr,

is smaller than the minimum solid angle required to fill the interfer-
ometer, we pon = 1.96 x 10”% sr. Although a higher energy throughput

through the interferometer could be achieved by using a mirror tele-
scope, the spectral radiance of the sun is so great that the improvement
in signal-to-noise ratio gained by its use is not significant, and
excellent spectra are obtained by directing the beam from the coelostat
directly onto the interferometer. The angular diameter of the sun,

aj = 9.4 x 1072 rad, requires a 10 cm focal length mirror to condense

the energy onto a 1 x 1 mn® detector.

7. Gas Handling System

The gas handling system shown in Fig. 16 was constructed to inject pre-
measured amounts of gas into the 21 m stainless steel absorption cell,
This gas handling system was made entirely of glass and stainless steel
and was fitted with teflon stopcocks. Samples of up to five gases can
be stored in this system at one time.

Before the system is used, the entire volume is evacuated by a Sargent-
Velsh duo-seal pump, Model 1405 H. Ultimate vacuum in the gas handling
system is about 10 pmHg. After pumping, the stopcock to the pump is
closed and a sample gas is expanded into the glassware. One of the five
storage bulbs is opened and the pressure of the sample gas is measured
on Wallace-Tiernan gauges which are isolated from the sample gas by =2
guartz spiral gauge. One Wallace-Tiernan gauge has a range of

0-20 Torr, the second gauge covers the range 0-50 Torr, and the third
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gauge covers the range 0-800 Torr. These gauges were calibrated against
a mercury manometer. It is estimated that pressures above 100 mm can

be measured to a precision of better than * 0.1% and an absolute
accuracy of + 0.2% standard deviation.

When the desired amount of gas has been injected into the gas handling
system, the stopcock to the storage bulb is closed, and the excess
sample gas is pumped out of the glassware by the pump. The gas is
exhausted out of the laboratory through a ventilator. Nitrogen is
flushed through the glassware to remove any residual sample gas, and
the glassware is again evacuated.

The entire filling process is repeated if it is necessary to measure

out another gas. The gas handling system has five gas storage bulbs.
Each storage bulb is approximately 1 ¢ in volume. The volumes of these
cells were obtained from the observed pressure changes when a gas sample
contained in a known calibrated volume was successively expanded into
the gas lines and then into each storage bulb. A series of independent
measurements of the individual volumes gave a reproducibility of

+ 0,3% (standard deviation). When the gas handling system is connected
to the 21 m stainless steel cell, which has a volume of 9.53 x 10° g,
the pressure of sample gas in the cell can be computed from the pressure
of sample gas in the 1 ¢ bulb. Assuming the ideal gas law

P]_ V]_ = PoVs
- p, J2
P = Po

PL = 5353 x 165

Pressure and volume in cell and bulb are designated respectively by
subscripts 1 and 2. Thus, there is a reduction in pressure by a factor
~ 10* when the gas is expanded into the cell. If a storage bulb is
filled to one atmosphere with a sample gas, the concentration of gas in
the cell will be ~ 100 ppm when the gas is expanded into the cell.

Because of the large difference in volumes between the cell and the
bulb it can be assumed that a complete transfer of gas in its sample
bulb to the cell occurs provided the cell is initially evacuated so
that P> << P, . To ensure complete injection, the sample system is first
filled with nitrogen to an atmosphere and then opened to the cell and
flushed with nitrogen. The procedure is repeated four to six times to
transfer the gas sample into the cell. The concentrations of gases
introduced into the absorption are obtained from measurements of the
volumes of the storage bulbs, the volume of the cell and sample pres-
sure measurement. It is estimated that the maximum error of the amount
of gas transferred to the cell is on the order of % 2%. The actual
amount of gas in the absorbing path depends on the degree of mixing in
the cell and adsorption/desorption effects of the walls.
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B. EXPERIMENTAL PROCEDURES

1. Spectroscopic Studies of Chemical Reactions

In order to follow chemical kinetics of reactions, an accurate knowledge
of the concentrations of reactants and products as functions of time are
?equired. Not infrequently, direct measures of these quantities are
impossible and they .can only be inferred from other related properties.
In this work, absorbance measurements of selected transitions of various
molecules are employed to relate to their corresponding concentrations
according to the Beer-Lambert law:

a = ect (17)
where
a = absorbance
¢ = absorption coefficient
¢ = concentration (see Appendix C) and

path length.

In the regime where the above relationship holds, monitoring the absor-
bance of an infrared band of the molecule of which ¢ and ¢ are known
gives the corresponding concentration of that compound. Although
integrated band absorbance data were not measured in this study, never-
theless, the monitoring of peak absorbances of selected transitions at
constant spectral resolution can give an unambiguous measure of the
concentrations.

The spectrometer system employed is a single beam instrument and, in
order to obtain the absorbance of a sample of a given compound, a back-
ground spectrum of the detector profile and the evacuated cell must
first be recorded to be ratioed against the sample spectrum taken at a
later time. An illustration of the ratioing process is shown in

Fig. 17. The top spectrum is a single beam spectrum of the detector
profile and an evacuated cell; the middle one is a single beam spectrum
obtained of a sample mixture of NO- and N:O4 in the same cell. The
profile of the background makes it difficult to determine accurately the
concentration of the gases. In addition, absorbance caused by atmo-
spheric COo and Hx0 also appears in the spectrum which overlaps the
NOz-N-0O4 absorption bands. The bottom spectrum corresponds to a ratioed
spectrum of the sample spectrum against that of the background. The
unwanted CO, and HpO absorptions are almost completely ratioed out and

a well-defined baseline is obtained which makes the determination of
absorbance unambiguous.

Since the optical system is not purged, atmospheric COz and H>0 absor-
bance may overlap infrared bands of other compounds of interest.
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Although there are many bands of NO, NO-, and HNO» in the mid-infrared
region, they are not all used for concentration monitoring purposes
because they are either interfered by CO- and H>0 or by mutual inter-
ference. The bands that are monitored to obtain concentration informa-
tion are for NOs, the v, band, Q-branch transition at 823 em™'; for NO,

the fundamental band Q-branch transition at 1876 em~!; for cis-HONO; the
ve band Q-branch transition at 853 ecm™!, and for trans-HONO, the v band
Q-branch transition at 1264 cm™!. All absorbance measurements were made

at a total pressure of 700 mm.

2. Calibration of NO and NO» Gases and HONO

To apply the concept discussed in Section B.l a number of correlation
curves of absorbance and concentration was generated. Both NO and NO,
gases are stable at room temperature and their concentration can be
easily measured. However, the HNO, molecules are rather unstable and
correlation curves cannot be generated directly. The method used to
determine the HNO-> concentration will be described later.

a. Calibration of NO and NO»

The calibration of NO and NO, gases has been carried out in three cells
of 7.5 cm, 39.5 cm and 21 m path lengths, respectively. Known pressures
(mmHg ) of NO (99, Matheson Co.) were measured and injected into these
cells., High purity nitrogen gas was used to bring the total pressure
to 700 mmHg. Then the spectrum of the sample gas was taken and ratioed
against the proper background spectrum of the cell filled with high-
purity nitrogen to a total pressure of 700 mm. A series of spectra
taken at room temperature (23 * 1°C) with varied path length concentra-
tions products allowed the absorbance (a) vs. path concentration (P-2)
plot shown in Fig. 18 to be obtained. The band used is the fundamental
rotation vibration band of NO which has an isolated andeistinct
Q-branch absorption at 1876 cm™t. '

Because NO> is always in dynamic equilibrium with NO4, the total
pressure of NO, measured corresponds to the sum of the partial pressures
of NO5 and NxO.. NOso (+N2O4) with a purity of 99.5% was obtained from
Matheson Co. and before using, it was trapped with a LN, cold trap and
pumped to remove volatile residual impurities such as NO, NxO3, N2O,
etc. The equilibrium constant for the reaction:

N204 = 2N02
is defined by
(Pyo,)?
- PT - PNOg

where

PWOZ = partial pressure of NO>

P -
T = Pyo, * Pyoo,-
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Hence

2
Pnos * KPno, - PK =0

and by solving this quadratic equation, partial pressures of NOp and
N-O. can be determined according to

Pyo, = (-1 + V1 + Lpg/K)K/2
(2Pp + K) - VKZ + UKPr (18)
PNo04 = 2

By using the reported equilibrium constant at room temperature for the
NO> - NpO4 system,® and the above equations, partial pressures of NO-
and N-O4 were determined. Once the NO, partial pressure is known and
the absorbance determined, the calibration curve for NO; is generated
essentially the same way as that for NO gas. A correlation curve for
the NO2 Q-branch transition at 823 em™! at room temperature (23 + 1°C)
is shown in Fig. 19. From these curves, the absorption coefficients for
NO at 1876 cm™! and NO, at 823 em~! are found to be 0.513 +0.006 mm™~‘m~?
and 0.0807 * 0.0012 mm~*m~!, respectively, from least square fits of the
data. These results are for a spectral estimation of 0.5 cm™?t.

b. Calibration of HNO-

Because HNO> 1s unstable at room temperature, it was not possible to
generate known amounts of this gas. However, absorption coefficients
of both cis- and trans-HNO, can be obtained by either comparing the
decrease of HNO, absorbance to the formation of total NOy (NO and NOz)
in the study of HNO, decay and formation reactions, or comparing the
equilibrium absorbances and concentrations of this system with those
expected from the equilibrium constant quoted in the literature. Based
on the results of the HONO study reported in Section IV.C, absorption
extinction coefficients for the cis-HONO Q-branch at 853 cm™* and the
trans-HONO Q-branch at 1264 cm”? are found to be 9.36 + 0.94 mm™*m~! and
5.20 * 0.52 mm 'm~!, respectively for a spectral resolution of 0.5 cm™?!.

3. Preparation of Nitrous Acid

Nitrous acid (HONO) was produced by reacting sodium nitrite with dilute
sulfuric acid at room temperature. Three methods were attempted:

(i) A dilute HoSO; solution was added to a dilute solution of NaNOs;
(ii) A dilute solution of H»SO4 was added to NaNO, solids, and (iiis A
dilute NaNO, solution was added to a dilute HySO4 solution. It was
found that the first two methods, besides generating HNO-, also generate
rather large amounts of NO and NO,. The second method gave a slightly
better yield of HONO than the first. The third method gave the highest
HNO5> to NOy(NO + NOs) ratio and was used in our study. Cooling of the
apparatus for the preparation of HNO> gave no significant improvement in
yield of HNO>. The apparatus used is shown in Fig. 20.
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L. Study of HNO> Decay

Before injection of HNOs into the reaction cell, a known amount of
water was evaporated into the evacuated cell and the cell was then
filled to a pressure of 400-500 mm with high-purity nitrogen. The
3-neck flask in Fig. 20 was first flushed and filled with nitrogen. In
the process of producing HNOp, the passage to the concentrated NaOH
trap is blocked off and that to the absorption cell is open. Dilute
NaNO» solution (~ 0.3 M) was added dropwise to the dilute H»SO4 solution
(~ 2.5 M) in the 3-neck flash. The system was flushed with nitrogen to
aid the HNO-> injection into the absorption cell. At the end of the
preparation (or 5 minutes after start of reaction), the passage to the
cell was closed and the remainder of HNO>-NO-NO, was trapped in the
concentrated NaOH solution. Through another valve with a much bigger
opening, high-purity nitrogen gas was injected (in a time of ~ 5-10 min)
into the cell to a final pressure of 700 mm. Spectra, each of which
took 4 minutes to collect and compute were taken at regular time inter-
vals varying from 4 minutes to 10 minutes and they were ratioed against
the background of the evacuated cell recorded before the run of the
experiment to obtain absorbances of NO, NO- and HNO-. Ho0 absorbance
was not monitored because of interference from atmospheric H-0 in the
path external to the cell. All the runs were carried out with a path
length in the cell of 250 m. Temperature inside the cell was recorded
during the run period by a chromel-alumel thermocouple installed inside
the cell.

5. Study of HNO, Formation

A known amount of H-0 was measured and evaporated into the evacuated
cell. This was followed by injection of NO gas before the pressure
inside the cell was brought up to ~ 400-500 mmMg. Then NOo of measured
quantity was injected and the cell pressure was increased to 700 mmHg
filling it with high-purity nitrogen gas. Spectra were then recorded
at regular intervals (~ 10 min) and they were ratioced against a pre-
viously recorded background to obtain absorbance data on NO, NOo and
HNO-. All experiments were carried out with a path length of

490 meters. Temperature inside the cell was recorded at intervals.
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SECTION IV

RESULTS AND DISCUSSION

A. COLLECTION OF GAS SPECTRA

The investigations which have been undertaken during the past year show
the complexity of the spectra of apparently simple gas systems. For
example, spectra of NO», even when well diluted, show evidence of N2O.
bands, spectra of mixtures of NO and NO; show evidence of additional
bands which may be due to NxOs; spectra of long air paths show a complex
structure due to the permanent atmospheric gases H-0, COo, CHa CO, and
N-O. In order to make qualitative analyses of any of these spectra it

is desirable to have spectra of the individual gases which may be present
in a given sample.

The IFTS system available has the ability to collect spectra with

0.125 em™! resolution over the spectral region from 400 to 4000 em™?.
While this resolution is not as high as can be achieved by some instru-
ments, it is nevertheless capable of resolving most of the fine struc-
tures of bands of atmospheric gases at ambient temperature and pressure
since the half width at half height of the absorption coefficients of
lines of most gases is about 0.12 to 0.16 cm™! under these conditions.

One of the advantages of the IFTS over more conventional spectrometers
is its ability to store the observed spectra in digital form on magnetic
tape; these spectra can be recalled and further processed by the com-
puter to produce spectra with a degraded resolution. At the present
time spectra of NO, NOo, NoOs4, Hz0, HNO>, and CO have been obtained for
a limited range of concentrations and spectral regions.

In addition to obtaining spectra of individual gases we have also
initiated a program to collect typical air spectra for a number of
different path lengths. These include paths of approximately 10, 100,
and 1000 m. The 10 m path includes the air in the optical system from
the source to the detector excluding the absorption cell. Four tra-
versals of the absorption cell increases the path to approximately 90 m
and 48 traversals of the cell gives a total path length of about 990 m.
Typical spectra between 700 and 725 cm™! are shown in Fig. 21 for these
paths. Most of the absorption in this spectra region is due to CO-.
Also shown in this figure is a solar spectrum obtained with a solar
altitude of about 40°. The effective path traversed by the solar radi-
ation is equivalent to about 10 km at surface pressure. By making
observations with a solar altitude of less than 5° path lengths equiva-
lent to 50 km at surface pressure have been obtained in some spectral
regions. At the present time, spectra of 10, 100, and 100 m have been
generated for the region from 400 to 2500 cm™! and solar spectra from
400 to 4000 cm~* for high sun. Solar spectra from 2500 to 3500 cm™*
have been obtained for solar altitudes of 2-3°.
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It is planned to continue adding to this collection and to prepare
reports describing the results as appropriate.

B. STUDY OF THE NOz - Nx0O4 SYSTEM

1. Introduction

During the past few years, nitrogen dioxide has become the subject of
an increasing number of studies. This interest stems largely from
attempts to monitor NO, effluents in the troposphere and from attempts
to follow photochemical processes involving NO» in the stratosphere.®

Laboratory studies of pure NO,, are often compromised by the presence
of dinitrogen tetroxide in the sample. This N304 interference can be
eliminated either by heating the sample chamber’s® to dissociate the
NoO4, Or by using extremely low partial pressures of NOp to reduce the
quantity of N-0. to a negligible amount. Both of these techniques
suffer from possible shortcomings. They force the experimenter to
investigate properties of NO> in a temperature or pressure region which
might not be feasible or relevant. For studies of NO, at temperatures
and pressures at which N>O4 is present, it is necessary to know the
equilibrium constant for the association-dissociation reactions

2 N02 = N204.

The work reported here is the result of preliminary steps of an investi-
gation of gas kinetics involving NO> and other gases at room tempera-
ture, using Fourier transform spectroscopy. The concentrations of the
components in a reaction can be monitored by observing their various
infrared absorption bands if the spectral information as a function of
concentration is known for each reactant and product. For our work,

the spectral information which was used to monitor gas concentrations
was the peak absorbance of an infrared band of the gas. Measurement of
peak absorbance provides an adequate technique for determining concen-
tration if all spectra are recorded at the same resolution.

To obtain a meaningful calibration curve of absorbance versus a wide
range of concentration for NO,, it was necessary to record spectra of
known concentrations of NOs> under conditions similar to those of an
actual kinetic experimental run. Elimination of N2O4 from the sample
gas was not feasible. TFor these conditions of temperature and pressure
(296 K and 2 to 600 Torr) it became apparent that NpOs4 would cause
appreciable interference to the calibration of NO-. Thus, it was neces-
sary to know the equilibrium constant for the NOs - N-O4 system.

This work reports our results on the determination of this equilibrium
constant. Our value for the equilibrium constant is in good agreement
with values previously reported, and the emphasis here is on the tech-
nique used to investigate the equilibrium. A method has been developed
using infrared spectroscopy and two absorption cells of different
lengths to study this system at a single temperature. This method is
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significantly different from the method of Vosper® who reported the use
of two absorption cells to study the equilibrium coanstant. This differs
from other methods'© which rely on data taken at higher temperatures

for the evaluation of the equilibrium constant at room temperature.

2. Experimental

The apparatus used to measure the equilibrium constant of the NOs + NoO4
system is shown in Fig. 22. Radiant energy from the Nernst glower is
collimated and passes through the interferometer. The beam exits the
interferometer and passes through one of the two absorption cells. The
radiation is then focused on the Cu:Ge detector.

The output from the detector is called the interferogram and is the
auto-correlation function of the electric field. This interferogram
signal is digitized by the analog-to-digital converter and is stored by
the computer. The computer used is a Nova 1200 mini-computer with 4k
(4096) words of core and 128k words additional data storage on a fixed
head disc. The entire apparatus, including the interferometer, was
built by Digilab Inc.

Once the interferogram has been stored in the computer, it is trans-
formed to produce the spectrum. The usable spectral region is defined
by the response of the Cu:Ge detector which is from about 400 ecm™! to
3500 cm™1.

Both absorption cells were constructed of stainless steel and were
fitted with sodium chloride windows. The lengths of the cells wvere
Ly = 39.5 cm and Ly = 7.5 cm, which gives a ratio L, /L» = 5.27.

The NOo (+ Nx04) (nominal purity, 99.5%) was obtained from Matheson Gas
Company. The gas was expanded into a gas handling system which was con-
nected to the absorption cells and pressure gauges. The gas handling
system was built entirely of glass and stainless steel and is fitted
with teflon stopcocks. A line sketch of this apparatus is shown in
Fig. 20. The gas was first collected in a liquid nitrogen cooled trap
and the volatile gases pumped off. When the cold trap was warmed to
room temperature, the sample gas was expanded into an evacuated storage
bulb. From this storage bulb, the gas was injected into the two sample
cells simultaneously. The pressure of NO, + Nz0O4 was measured on a
calibrated Wallace-Tiernan gauge and a mercury manometer which were
isolated from the reactive gas by a glass spiral gauge. Typical sample
gas pressures ranged from 2 to 600 Torr.

After the absorption cells were filled to the desired pressure of

sample gas, the valves on the cells were closed. The NOs + N304 in the
glass tubing of the gas handling system was pumped out, and the system
was flushed with high purity nitrogen gas. The valves on the absorption
cells were again opened and nitrogen was injected into the cells until
the total pressure in both cells was 740 Torr. The valves on the cells
were finally closed and the two absorption cells were removed from the
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Figure 22, The experimental apparatus, Either of the two absorption
cells can be aligned at the indicated position
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gas handling system, and each cell in turn was positioned in the
optical path.

Single beam spectra were recorded through each cell. All spectra taken
through the 39.5 cm cell were ratioed against a background spectrum
through the same cell., Similarly, all spectra taken through the 7.5 cm
cell were ratioed against a background spectrum recorded through that
cell. These two background spectra were prepared by filling each
absorption cell to 740 Torr with nitrogen and recording a spectrum
through each cell. These background spectra were stored in the computer
and could be recalled when needed. This ratioing procedure gave trans-
mission spectra of NOo + N-O4 from which absorbance data could be
obtained. '

3. Theory
The equilibrium constant for the reactions Nz0s = 2NO2

P2
Nz2O4

where PN02 and PN204 are the partial pressures of the two gases.

Expressing the equilibrium constant in terms of the total sample gas
pressure

P = PNOg + PN204 s (20)

the equilibrium constant can be written

P2
K = — 02 (21)
P Fyo,

The only directly measurable quantity in this expression is the total
gas pressure P. The partial pressure of NO> can be monitored indirectly
by infrared absorption measurements.

When infrared radiation passes through a cell of length L which is
filled with NO, to a partial pressure PNOZ’ the absorbance can be
written

a0, (V) = = I“I‘ﬁgzi;l = o, (V)P L (22)

This equation is referred to as the Beer-Lambert law of absorption of
radiation. Here, aNOz(V) is the spectral absorbance due to the presence

of NOo, INOZ(V)/Io(V) is the spectral transmittance at frequency v, and
ONOZ(V) is the absorption coefficient of NOs.
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The use of the Beer-Lambert law is valid when the absorbance, which is
the negative of the natural logarithm of the spectral transmittance is
proportional to the product of pressure times length. When the product
of pressure times length becomes too large, the resulting absorbance is
no longer linear with this product. For cells of fixed length, there
is an upper limit to the pressure which can be used if the Beer-Lambert
law is to apply.

Using two cells of different lengths, the NO, absorbances at a given
frequency Vo are equal in the two cells when

[}

(ano, (vo) 1 = oo, (vo) (Pyo, )ila

ONOQ(VO)(PNOZ)2L2

where the subscript 1 refers to the first cell and subscript 2 refers
to the second cell. From Eq. (23)

(ayo, (vo))2 (23)

"

(PN02)1L1 = (PNoz)eLa (2k)

When this condition applies, the absorbances in the two cells are equal.
If the slight correction due to pressure is ignored,l! the equilibrium
constant for the two cells can be written,

_ (PNog)f _ (PNoz)S
" P - (Byo, )i P2 - (Poyle

K (25)

where P, and P, are the total pressures of sample gas in cell 1 and
cell 2, respectively. Combining Egs. (24) and (25),

(Pro,h = BE—Fe (26)

where o = Ll/Lg. By substituting this equation into the expression
for X in Eq. (25),

(P (0)® ~ P)%
K= G(Gi(i%(Pg —20Pg7 (@7)

Thus, the value of the equilibrium constant K for the NO, + N0, system
can be determined at a single temperature by measuring the total sample
gas pressures P, and P> in cells of length L and L, which give equal
absorbances.

4. Results
The infrared absorption band of NO- which was chosen to study the
equilibrium constant expressed in Eq. (27) was the v, band near

13.3 pm. Only the abundant isotope 14N'€0, was investigated.’ This
band is partially overlapped by the vy> band of N-0.. Figure 23 shows
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Figure 23. Spectrum of NOp + NpOs from 700 cm=! to 900 cm-*.

See text for experimental details
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a spectrum of this region recorded through the 7.5 cm cell at a nominal
resolution of 0.5 em~!. The pressure of NO, + N2O4 was 12 Torr and the
cell was filled with nitrogen to 74O Torr. The regularly spaced absorp-
tion spikes are due to NO- Q-branch transitions, while the broad central
feature is mostly due to NoO4 and partially due to NO».

All spectra were recorded at 0.5 ecm™! resolution. The absorbances at
several NO, Q-branch center frequencies were chosen as monitors of the
NO> concentration. Although peak absorbance in a spectrum is dependent
on the resolution used to record the spectrum, nevertheless, the peak
absorbance provides an unambiguous measure of concentration if all
spectra are recorded at the same resolution.

From the recorded spectra, the absorbances of the NO, Q-branches near
791 em~!, 807 cm™!, and 823 cm~! were measured. Plots of the absor-
bances as a function of sample gas pressure in both cells were made. -
Figure 24 shows absorbance plots for the 79l ecm™? Q-branch obtained by
using the 7.5 cm cell and the 39.5 cm cell., Using these plots and
similar plots for the other Q-branch absorbances, a pair of pressures,
P, and P>, can be determined for any chosen absorbance on a particular
Q-branch. Prom these pressures, values of the equilibrium constant
were calculated using Eq. (27). A region of linear dependence of
absorbance on pressure is not apparent in these plots because the inde-
pendent variable is the total sample gas pressure, not the NO, partial
pressure. The absorbance values used to calculate the equilibrium con-
stant were chosen to be sufficiently small to assure that we were well
within the pressure limits defined by the validity of the Beer-Lambert
law for both cells.

Table 1 shows the results of these calculations for the three NO,
Q-branches which were studied. The average of the calculated equilib-
rium constants is 0.140 atm at 296 K + 1 K and is in good agreement
with values reported previously.

5. Conclusions

The results in Table 1 show that the two cell technique provides a
reasonable method for the determination of the equilibrium constant for
the NO> + NoO04 system. Using the average value of the equilibrium con-
stant determined by this technique, the partial pressure of NOp can be
evaluated for all data points on Fig. 23. Plotting the absorbance
versus PNOZ'L for both cells shows a linear dependence of absorbance

on the product PNOZ'L as shown in Fig. 25. This linear dependence
extends to about 0.3 on the absorbance scale for all Q-branch absorp-
tions which indicates that the data were recorded within the limits of
the validity of the Beer-Lambert law.

The major source of experimental error comes from inaccuracies in
measuring the pressures P, and P». Differentiating Eq. (27) gives
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Table 1.

Data for Determination of the Equilibrium

Constant for the NO> - N304 System

Q-Branch P P K
(em™) Absorbance (mmHg ) (mmHg ) (mmHg )
791 0.05 1.00 5.47 111.5
791 0.10 2.10 12.00 102.2
791 0.15 3.15 18.65 102.7
807 0.05 1.22 6.75 102.0
807 0.10 2.50. 14 ko 109.9
807 0.15. 3.72 22.40 10k.8 .
823 0.05 1.h44 8.00 110.6
823 0.10 2.70 15.70 106.2
823 0.15 3.94 23.90 103.6

105.68

(0.140 + 0.020 atm)
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Figure 25. Plot of absorbance of 791 em-t Q-branch of NO5 as a
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39.5 cm cell
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& K P 4Py XK P> dPs
K - o, XK P, | 3P K Pa (28)
where dK/K, dP, /Py, and dP>/P> represent fractional errors in K, Py,
and P», respectively. Using Ej. (27), it is found that
XK Py oloc - 1)P, P>
- 2 2
3% K (B - ob)(Bio” - Fa) (292)
and
X P- o(c - 1)P, P>
5B K - (Fs - 0B )(Fio® - T2 (290)
For the pressures measured in this experiment and o = 5.27, these
expressions are approximately equal to 10. Thus
K- 10 |0 2 (30)

K P P>

Our error in measuring the pressure was estimated to be about 1%.
Summing the squares of these errors and taking the square root yields

a theoretical error of about 15%. Thus, by this technique, we estimate
the value of the equilibrium constant for the reactions Nz04= 2NO> at
room temperature to be 0.14 * 0.02 atm.

This result is to be compared with the results of Verhock and Daniels®
who found K = 0.1426 atm at room temperature using a nonspectroscopic
technique which assumed the validity of the ideal gas law. Dunn, Wark,
and Agnew!® used an infrared spectroscopic technique to find

K = 0.130 atm at room temperature. Harris and Churney® used ultraviolet
spectroscopy to study the equilibrium constant at several temperatures.
They found K = 0.1624 atm at 299.71 K, which was the closest tempera-
ture to our 296 K study.

C. STUDY OF THE KINETICS AND THE MECHANISM OF THE
REACTIONS IN THE GASEOUS SYSTEMS, HONO, NO, NOo, Hz0

1. Introduction

Many of the general aspects of the mechanism of photochemical smog
formation are reasonably well understood today.'! The chemical trans-
formation of the atmospheric mixture of hydrocarbons, carbon monoxide,
and the oxides of nitrogen to the notorious blend of irritants present
in photochemical smog, ozone, peroxyacylnitrates, acids, aldehydes, and
the other oxidation products of the hydrocarbons, is believed to occur
by way of a series of chain reactions which involve various active free
radical species as chain carriers. In theory, one of the most important
of the active species is the HO-radical. The nitrous acid molecule is
one of several potential primary sources of this radical. Nitrous acid
may build up in the atmosphere through the occurrence of reactions 1
and 2:
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k

MO + NOs + Hs0 — 2HONO (1)
ko

2HONO =5 NO + NO, + Ho0 (2)

In turn the photolysis of nitrous acid in sunlight may generate
HO-radicals:

HONO + hv(A < 4000 A) — HO + NO (31)

It is believed that the HO-radical reacts readily with the hydrocarbons
(RH), aldehydes (RCHO), carbon monoxide (CO), and other species, to
initiate the sequence of reactions which result in the oxidation of NO
to NO- and the ultimate generation of ozone. The HO-radical reaction
with each of these types of compounds in the atmosphere leads to the
formation of alkyl peroxy (ROz), acyl peroxy (RC00-) and/or hydroperoxy
(HOo) radicals:

HO + RH — Hz0 + R (32)

R + 0z - RO (33)

HO + RCHO — H20 + RCO (34)
RCO + 0z — RCOO2 (35)

HO + CO— H + COp (36)

H + Oz (+M) » HOz (+M) (37)

These peroxy radicals are thought to oxidize NO to NO, and, subsequently
regenerate additional HO-radicals:

RO2 + NO — RO + NO» (38)
RO + Oz — HOp» + R'0O (39)
(e.g., CH0 + Op — HOn + CH20)
RCOOz + NO — RCO» + NOo (40)
RCO> — R + CO» (L1)
H-0 + NO — HO + NO» (k2)

Thus, a single primary HO-radical may initiate a sequence of reactions
involving many cycles which may result in the oxidation of several
molecules of hydrocarbon, CO, and NO. The oxidation of NO to NOp is a
particularly significant event in that it controls the ozone level
through the following reactions:
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NOs + hv(A < 4300 &) — 0(3P) + NO (43)
O0(3P) + 05 (+M) = 03 (+M) (4y)
Oz + NO — Os + NO» (’-}5)

The rates of reactions L43-U45 are sufficiently fast in a sunlight
irradiated atmosphere that a photostationary state of Oz develops which
is determ$ned largely by the [NO>]/[NO] ratio and the solar irradiance
in the ultraviolet region effective for reaction 43. Thus, it can be
seen that the primary rate of generation of the HO-radical in a polluted
atmosphere is an important key to the concentration of ozone, the rate
of the generation of the other manifestations of photochemical smog,

and the severity of the smog episode.

There has been much speculation on the nature of the primary sources of
the HO-radical in the sunlight-irradiated, polluted atmosphere, and it
is not clear even today to what extent reactions 1, 2, and 31 generate
HO. Although Calvert and McQuigg:® concluded from smog simulation
studies that the nitrous acid molecule is a major primary source of HO
through nitrous acid photolysis in sunlight, in their reaction mechanism
the major source of HONO was the reaction of HOp with NOs:

HO» + NO» — HONO + O (46)

Although the reactions 1 and 2 may in theory also control the nitrous
acid levels in the atmosphere, their importance in the atmosphere is
uncertain. The existing kinetic information on these reactions appar-
ently does not apply to the homogeneous reactions. In the first de-
tailed study of the NO-NO--H-O-HONO system, Wayne and Yost'® followed
NO, disappearance in a mixture rich in NO and HO. The rates were
reasonably fast. Leighton'? derived from these data k, = 4.3 x 1076
ppm‘Qmin'l, assuming that the kinetics of the reaction followed those
of the elementary reaction 1. However, in the subsequent study by
Graham and Tyler,!> much smaller values for k; were observed:

k; = (1.2 £ 0.6) x 1072 ppm~®min~!. As in the Wayne and Yost results,
the kinetics at high water concentration did not follow the order with
respect to the reactants predicted by the elementary step 1. The large
difference between the rate constants observed in the two studies was
attributed to the large difference in surface-to-volume ratio of the
reaction vessels used (factor of L4O). Hence, the observed reaction was
thought to be controlled entirely by heterogeneous wall reactions.
Recently Engfand and Corcoran'® have invoked the occurrence of
reactions 1 and 2 to rationalize their observed kinetic effects of water
vapor on the rate of oxidation of NO. to 10z in the NO, NOz, Oz, H20
system. They concluded from very indirect evidence that reaction 1 did
occur homogeneously at temperatures of 40°C and above with -

k; = 1.5 x 107 ppm~®min~?t.

Reaction 2 has not been observed in kinetic studies, but if the homo-
geneous reaction 1 is slow, as the present evidence suggests, then one
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expects the reverse reaction 2 to be slow as well, since the ratio of
the two rate constants is equal to the equilibrium constant for re-
action 1. Indeed qualitative evidence for the slowness of reaction 2
has been suggested in the studies of Asquith and Tyler,!” Nash,!® and
Cos and co-workers.!® They have observed that HONO vapor is seemingly
quite stable at concentrations well above its equilibrium level.

All present evidence suggests that the rate constants for the homoge-
neous reactions 1 and 2 are small, and there is some question as to
whether these reactions occur measurably at all in the gas phase.
Demerjian, Kerr, and Calverti'® also came to this conclusion in their
review of the mechanism of photochemical smog formation. However, they
noted that if HONO was present in an auto exhaust polluted atmosphere

of typical composition at a concentration near those for equilibrium
with the NO, NOo, and Ho0 present in the early morning hours, the pre-
dicted rate of conversion of NO to NOz would be enhanced by a factor of
two over that expected in the absence of HONO. Then it is clearly
important to evaluate the rate constants for the homogeneous reactions 1
and 2 in order to define the initial rates of smog formation. Since the
heterogeneity of the system was evident in previous studies of the
Ho0-NO-NO5-HONO system, existing data can give no information as to the
desired homogeneous rate constants.

In all of the previous kinetic studies of the nitrous acid system no
direct measurement of nitrous acid itself was made. Previous workers
depended upon either the determination of changes in visible light
absorption due to the reactant NO, alone, or on chemiluminescence de-
tection of NO and NOyx coupled with the selective chemical removal of
HONO vapors. Obviously, rate information based on the direct measure-~
ment of HONO vapor is necessary to test the hypotheses formulated from
the indirect experiments and to derive meaningful values of k; and ks.
This has been possible in the work described here in which an infrared
Fourier transform spectroscopic analysis of the NO, NO>, H-O, HONO
system allowed essentially continuous monitoring of all the reactants
and products. The relatively large reaction vessel employed in this
work ensured a low surface-to-volume ratio and the minimization of wall
effects. The cell size and the pressure of added nitrogen gas

(700 Torr) favored the homogeneous reaction paths for reactants. The
miltiple pass White optical system allowed path lengths from 82 m to
1.5 km and measurements of very low reactant and product concentrations
in the ppm range of major interest in the atmospheric reactions. We
believe that this work provides the first direct measurement of the rate
constants of the homogeneous reactions 1 and 2. In terms of these re-
sults reasonable speculation is made about the potential role of these
reactions in the atmosphere.
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2. Experimental Methods and Techniques

a. Reaction vessel and the associated optical system

The reactions between NO, NO-, HpO, HONO mixtures were studied in a
large stainless steel (Type 304) tank, 21 m in length and 76 cm in
internal diameter. It could be evacuated using its associated Kinney
high vacuum booster pump (KMBD) to a pressure of a few microns in about
one hour when starting at atmospheric pressure within the cell. The
cell housed a White optical system composed of three mirrors (20.5 m
radius of curvature) with a base path length of 20.5 m. Two of the
mirrors could be adjusted through external controls to allow alignment
and variation in the number of optical traversals employed. Path
lengths from 82 m up to 1.5 km could be employed. A Digilab FTS 20
system, a Nernst glower, and associated transfer optics provided the
infrared beam which entered and exited the cell through NaCl windows.
The exit beam was collected by a detector. In this study a liquid
helium cooled, copper-doped germanium detector was employed; its useful
range extended from 300 to 3500 cm™?.

b. Gas handling system

The gas handling system was constructed from bulbs and tubing made of
glass and stainless steel, and all stopcocks were made of Teflon. The
introduction of measured quantities of the standard reactant gases, NO
and NO,, was accomplished by filling calibrated 1 £ bulbs to some
measured pressure and expanding these into the tank. About a 10% to 1
dilution of reactant concentrations occurred on expansion. Pressures
were measured on one of three calibrated Wallace and Tiernan gauges
(0-20, 0-50, 0-800 Torr) appropriate for the measurement. The gauges
were isolated from the sample by a quartz spiral gauge which was used
as a null instrument.

c. Calibration of reactant gas absorptance data

Although there are several infrared absorption bands characteristic of
NO, NOo, and the isomers of HONO in the mid-infrared region, all of
them could not be employed for concentration monitoring purposes since
some are either overlapping those of atmospheric CO> and H-0 or they
mutually interfere. These interferences were reduced by obtaining all
spectra with a spectral resolution of 0.5 ecm™!. Those unambiguous
absorption peaks which were employed in this work are: NOo, vp band,
Q-branch transition at 823 em™t; WO, fundamental Q-branch at 1876 cm™%;
cis-HONO, v4 band, Q-branch transition at 853 cm™!; trans-HONO, vs band,
Q:Eranch transition at 1264 cm~!. All absorbances were measured after
adjusting the total pressure of the gaseous mixture to 700 Torr with
added nitrogen gas. The single beam spectrometric system employed
required that a background spectrum of the detector profile and the cell
filled with high purity nitrogen (700 Torr) be recorded first and then
ratioed against the sample spectrum. Through the use of this procedure
the unwanted interferences from the absorption due to atmospheric water
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vapor and CO- were minimized. Calibration was carried out in three
cells of varied path length, 7.5 cm, 39.5 cm, and 20.5 m, respectively.
In the case of the reactant nitric oxide (Matheson Co., 99% NO), a
measured pressure of the gas was introduced into one of the three cells,
and then the mixture was pressurized to 700 Torr with high purity nitro-
gen. The absorbance at the distinctive Q-branch of NO at 1876 cm™! was
then measured. Plots of absorbance versus path length-concentration
product were linear over the wide range of concentrations investigated
here. The calibration procedure with nitrogen dioxide gas was neces-
sarily more complicated because of the dynamic equilibrium, 2NOs = NzO4.
The NO5-N5O4 sample (Matheson Co., 99.5% NyOoy) was purified further
before use by condensation at liquid N temperature and degassed to re-
move any volatile impurities (NO, N0, N, Os, etc.). The degassed
sample was then allowed to expand into the desired cell for calibration
and the pressure of the NO5-N-0O4 mixture was measured. The correspond-
ing partial pressure of the NO> gas was then calculated using the known
equilibrium constant for the temperature employed (23°C), Again the mix-
ture was pressurized to 700 Torr with added high purity nitrogen gas.
The absorbance of the NO, was measured at the characteristic Q-branch
transition at 823 cm-!,

The calibration of nitrous acid vapor spectra is complicated because
pure samples of HONO vapor cannot be prepared at some desired pressure
since it is relatively unstable at concentrations above those corre-
sponding to its rather low equilibrium pressure in NO, NO», H-0 mix-
tures. Thus, measurements were made on equilibrium mixtures at 23°C to
establish our HONO calibrations. We have calculated the extinction
coefficient of the HONO isomers using the known ecuilibrium ratio of
[trans-HONO ]/[cis-HONO] = 2.29, and K; = 1.51 x 107° ppm™! at 25°C
(Ieast squares fit of published data),23:%0:21 together with measured
absorbances .of trans- and cis-HONO, NO, and NO> in mixtures of known
pressure of water vapor. The extinction coefficients

(e = [6n(15/1)]/p1) which we have determined and employed in this study
(spectral resolution of 0.5 em™*, temp., 23°C) are as follows:

NO (1876 ecm™'), ¢ = 0.513 % 0.006 Torr 'm™'; NO> (823 cam™?),

0.0807 # 0.0012 Torr~'m~1; cis-HONO (853 em™!), 9.36 * 0.94% Torr~'m™%;
trans-HONO (1264 em™!), 5.20 * 0.52 Torr~'m™%.

In kinetic studies of the HONO decomposition reaction, samples of
nitrous acid much in excess of the equilibrium pressure were introduced
into the large reaction cell following a procedure modified somewhat
from that used in the studies of Nash'® and Cox and co-workers.l?

Three methods were attempted: (1) dilute H5S04 was added to dilute
NaNO, solution; (2) dilute HoSO4 was added to solid NaNOs; and (3) di-
Jute NaNOs> was added to dilute H»SO4 solution. The third method proved
to be the best for our conditions because it gave the maximum ratio of
[HoNO]/(INO] + [NO2]). The gaseous nitrous acid was produced in the
apparatus shown in Fig. 20. A dilute NaNO, solution (~ 0.3 M) was added
slowly to a dilute H-SO4 solution (~ 2.5 M) by means of the dropping
funnel shown. Nitrogen gas was allowed to flow through the entering
tube which was directed upward at the solution-gas interface. The
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vapors containing HONO were swept into the tubing leading to the cell
by the flow of nitrogen gas. The entire apparatus was flushed with
nitrogen before use. The trap containing concentrated NaOH solution
prevented the entry of air during the preparation and served as a sink
for the excess of reactants after HONO preparation. The passage to the
NaOH trap was closed by the clamp as HONO was prepared and flushed into
the tank.

d. Experimental procedure in absorption

(1) HONO decomposition reaction. Before each run a carefully measured
quantity of liquid water was allowed to evaporate and enter the evacu-
ated reaction cell. The transfer was facilitated through the use of a
nitrogen carrier gas. Water sufficient to provide in the tank

600-4200 ppm in H50 concentration was used so that Hy0O which was formed
in the reactions was always a negligible fraction of the total water
present. Then the cell was filled to a pressure of L00-500 Torr of high
purity nitrogen gas. During a five-minute period the HONO was added by
means of the nitrogen carrier and the apparatus shown in Fig. 20.
Finally the passage to the cell was blocked off, and the remainder of
the HONO-NO-NO, mixture was trapped in the concentrated NaOH solution.
During a 5-10 minute period, a very fast flow of nitrogen gas was used
to mix the gaseous reactants turbulently and to achieve a final pressure
of 700 Torr. Spectra were taken (2 min collection period) at regular
time intervals (4-10 min), stored on magnetic tape, and the absorption
spectra were camputed automatically by ratiocing against the previously
recorded background cell spectrum. In these runs a 246 m path was
normally employed. Typical spectra for several time periods can be

seen in Fig. 26a. The absorption due to the vibrational transitions of
trans-HONO (791 em™') and cis-HONO (853 em™!) are seen to decrease as
the decomposition of HONO occurs, and absorption due to NO, transitions
appear at 823 cm™! and at several other wavelengths between the two

HONO v4 bands. One NO, absorption peak overlaps that of trans-HONO so
that the 791 cm™® band was not used as a quantitative measure of trans-
HONO. The 1264 cm™! absorption band of this isomer showed no such
interference and was used for quantitative trans-HONO estimates.

(2) HONO formation reaction. Water was introduced to the evacuated cell
as before, then NO gas, followed by N, gas to bring the total pressure
to LO0-500 Torr. NO, was then added and the cell pressurized to

700 Torr with a very rapid flow of nitrogen gas. Spectra were recorded
as before, but, in this case, a path of 492 m was employed. Absorbances
of NO, NO5, cis-HONO, and trans-HONO were then calculated from plots of
the ratioced absorption spectra for each measured time period. Typical
absorptance changes in one spectral region can be seen in Fig. 26b. The
spike absorptances due to the NO> Q-branch transitions at 823 cm™! and
several other spectral positions occur as prominant features while
growth of the trans-HONO and cis-HONO bands is observed at the longer
run times. -
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Figure 26, Absorption spectrum of reacting mixture of HONO, NO, NOs, and
i20; note in (a) decreae in the v, bands of trans-HONO (791 cm-1)
and cis-HONO (853 em~') and buildup of NO» transitions as time
progresses in an originally HONO-poor mixture
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3. Experimental Results and Discussion

a. The kinetics of HONO decomposition
in the gas phase

In the present work we have introduced gaseous HONO into the reaction
cell at concentrations well in excess of its equilibrium values and
observed by infrared Fourier transform spectroscopy the kinetics of its
return to equilibrium with NO, NOo, and H-0 vapors presumably through
the occurrence of reactions 1 and 2.

2HONO — NO + NO» + Ho0 (2)
NO + NOz + Hz0 — 2HONO (1)

The data given in Fig. 27 show the time dependence of the absorbance
measured at the maximum in the Q-branch of the trans-HONO vs band at
1264 cm™* and the cis-HONO v4 band at 853 cm~, Note that the two
isomers decay essentially in tandem, and, that the rate is very slow;
for the concentrations employed here, somewhat less than one-half of
the HONO has disappeared in about 200 minutes. The ratio of the two
absorbances (acig/atrans) stays nearly constant although it may increase
very slightly with time. For example, in the data shown in Fig. 27, the
linear least squares fit of the dependence of the absorbance ratio on
time follows the equation, (acis/atrans) = 0.724 * 0.012 + (7.2 = 3.8)

x 1075t(min), through 575 min of the reaction. The absorbance ratios
noted during the reaction appear to be somewhat lower than those
observed for mixtures near equilibrium at room temperature. From 172
different determinations in runs with temperatures from 21.4 to 30.0°C,
the average value of acis/@trans = 0.790 * 0.040; no significant trend
with temperature over this relatively small temperature interval was
obtained. Thus there is some suggestion that in the decomposition
reaction 2 the cis-HONO isomer is depleted more rapidly than the trans-
HONO isomer. However, our data provides no convincing evidence of this;
in fact, one would not expect such an effect in theory since the rela-
tively small barrier to isomerization of the HONO isomers,

8.7 + 1 kcal/mole,®? should allow equilibration of the isomers to occur
very rapidly even if one of the isomers were removed preferentially.
Thus, if the isomerization reaction is in the first order region at

700 Torr and it has a "normal" pre-exponential factor (~ 103 s71),

then 1, ;2 = 1.6 x 1077 s at 23°C.

A clue as to the nature of the kinetics of the decay of nitrous acid
can be obtained fram the plot of 1l/acig and l/atrans versus time data
for the early times in a typical run shown in Fig. 28. Note that the
data follow well a second order decay for both isomers over the time
range employed. The least squares slopes of the lines, (5.03 + 0.0k4)

x 1072 and (3.86  0.08) x 1073 min~! for the cis- and trans-HONO data,
respectively, may be used to derive an estimate of the second order rate
constant for total HONO loss.
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Figure 27. Absorbance versus time plot for the trans-HONO (1264 cm™') and
cis-HONO (853 em™!) in a HONO-NO-NO,-HoO mixture originally
rich in HONO
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Figure 28, Plot of the reciprocal of the absorbance of
trans-HONO (1264 cm™') and cis-HONO (853 cm-~1)
versus time for a HONO-NO-NO>-H,0 mixture
originally rich in HONO
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k. 2
cis R
Ko = < R + ktrans)(l + R)

Here k,j5 and Kipgpg refer to the apparent second order rate constants

observed from the slopes of the cis- and trans-HONO decays, respec-
tively, and R is the equilibrium ratio of trans—HONochis-HONO] = 2.29
(23°C). From this procedure we estimate ko = (1.28 + 0.06) x 10~3
ppn”*min~?t.

As the reaction proceeds to much longer times the rate of nitrous acid
loss decreases until equilibrium levels of HONO, NO», NO, and Hz0 are
achieved. This may be noted in the extended run shown in Fig. 29. The
total nitrous acid concentration is plotted for a run which extended for
over 28 hours. Obviously a nitrous acid forming reaction becomes impor-
tant at long times. It is reasonable to assume this effect to be the
result of the occurrence of reaction 1, the reverse of reaction 2.

NO + NO» + Hs0 — 2HONO (1)
If reactions 1 and 2 are the only reactions involving HONO in our

system, then the simple rate law which should describe HONO decay over
the entire time scale is Eq. (47):

4P
A0 - (Prono)?2k2 - POPNO,PH02 (1)

For the conditions employed in our study there is a large excess of
water vapor present so that Py o remains essentially constant through-
out the run. The integrated form of the rate Eq. (47) for the condi-
tions employed may be given by Eq. (u48).

(Prono)y, = (Prono), - ;let\ﬁ%g(% é_;fié;?) (48)
b - g
where
a = (Pgono) 2k2 - (PH0), (PNOL ), (PNO) o2k
b = - { Mo (Brono)y + (PHz0)0 [(P02)o + (BW0) Jia
¢ = 2kz - (Py0) ki /2
q = bac - b

and Pyoyo refers to the total pressure of nitrous acid present,
Pirans-HONO * Peis-HOono. Subscripts of t and o on the reactant pres-

sures refer to time t and 0, respectively. A test of the fit of the
data of an extended run of 1648 min duration to the form of Eq. (48) is
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Figure 29, Plot of total HONO concentration versus time for an extended run of 1648 min

duration using an initially HONO-rich mixture; initial concentrations, ppm:
HONO, 2,14; NO, 2.37; NO-, 3.53; H20, 4200; temperature, 23°C, Curves shown
have been calculated using relation 48 and the rate constant values indicated

on the figure.



shown in Fig. 29. In attempting to fit the theoretical time dependence
curve to these data and derive rate constant information, we varied the
value of ks chosen for the calculation, but then the choice of k; was
fixed through the known equilibrium constant and its relation to k; and
ko: k; = koK;; Ky corresponds to the equilibrium: NO + NOs + Hx0 =
2HONO. The sensitivity of the fit of the theoretical curve to the
choice of ko may be seen in the figure. For the particular conditions
employed in this run a choice of ko = 1.4 x 1072 ppm™min~!, and hence,
k; = (1.51 x 1078)(1.4 x 107%) = 2.1 x 107° ppm~®min~!, fits well the
data through the Eq. (48) over the entire range of the experiment. This
choice of kp also is in good accord with that derived from the 1l/acis

and l/atrans versus time plots of the initial rate data as outlined

above: ko = (1.3 £ 0.1) x 10”2 ppm~!min~!. Similar kinetic constants
were obtained from other experiments in which the initial pressures of
HONO, NO-, NO, and Ho0O were varied and the data were fitted again as
outlined. The estimates of ks and k; derived from these experiments
are summarized in Table 2. There is reasonably good agreement between
the estimated constants from the different experiments. Note that the
rate constant estimates obtained from runs at 20 Torr and 300 Torr of
added nitrogen gas pressure are, within the experimental error, the same
as those found in the usual experiments which were pressurized to

700 Torr of nitrogen gas. This supports the conclusion that the rate
of HONO disappearance in these runs is controlled by homogeneous reac-
tions and is not influenced significantly by reactions which occur at
the cell wall.

This study provides the first measurements of the HONO decomposition
reaction. The data seem to suggest that HONO decay occurs by the
stoichiometry required by the elementary reaction 2 with a rate con-
stant ko = (1.4 + 0.4) x 1073 ppm~'min~! at 23 £ 1°C. The fit of these
rate data to the decay at long times gives k; = (2.1 + 0.7) x 10°°
pmn~®min~! at 23 + 1°C.

b. The kinetics of the HONO formation
Reaction in the gas phase

Evidence of the kineties which control reaction H-0 + NO + NOs, — 2HONO,
is derived from the dependence of the rate of HONO decay over the long
times during which equilibrium is approached; values of k; were obtained
from the type of kinetic data in the previous section. An attempt was
made to determine k; in more direct experiments in which NO, NO> and

Ho0 were added to the cell and the rate of HONO formation was observed.
This reaction proved to be much more difficult to observe quantitatively
in our apparatus than the study of reaction 2. The difficulty arose
primarily in making up the original NO,, NO, and H-0O dilute mixture in
the cell without allowing the reactants to encounter one another pre-~
maturely at elevated concentrations. In general, we were successful in
preparing mixtures which were only a factor of two or three from the
equilibrium level of HONO, so the data are less useful than we had
hoped. One set of data from an experiment of this type is shown in
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Table 2. Summary of the Rate Constant Estimates® for the Reactions:

NO + NO, + Hz0 — 2HONO (1)
2HONO — NO + NOo + Ho0 (2)
Initial concentrations, ppmb
(Vo] (NO2 ] [H20] [HONO ] Py,, Torr ko, ppm”imin~? Ky, ppm~min~?t
a) 2HONO — NO + NO> + Ho0 Experiments
5.42 7.8L 560 6.73 700 1.6 x 10-S3 2.4 x 10°°
5.65 7.01 1120 6.04 700 1.6 x 10°3 2.4 x 107°
4 .64 5.60 22L0 5.21 700 1.4 x 10°° 2.1 x 10°°
5.18 4.89 2800 3.95 700 0.90 x 10°3 1.4 x 107°
2.37 3.53 4200 2.1k4 700 1.4 x 10-8 2.1 x 10°°
4.23 8.50 190 9.01 300 1.5 x 10-3¢ 2.3 x 10°°¢
1.91 10.7 190 .77 20 2.3 x 10°S€ 3.5 x 10°2¢
b) NO + NO> + Ho0 — 2HONO Experiments
15.8 8.16 1400 0.130 700 0.80 x 10-° 1.2 x 10-°
10.6 9.72 2240 0.141 700 1.4 x 1073 2.1 x 109
Best Estimates: (L.4 + 0.4) x 103 (2.2 + 0.7) x 10-°

aTemperature in all runs, 23 * 1°C.
PThe unit ppm used here is defined as [pressure(Torr)/760] x 10° at 23°C.

Ccalculated assuming there is no pressure dependence in the extinction coefficient of the Q-branch of
the vibrational bands used for concentration estimation; this appears to be a good approximation from
a limited study of the effect of pressure on the absorbance of the species involved here.



Fig. 30. Again an attempt was made to match the concentration versus
time profile for HONO formation using the rate equation given by

Eq. (48). The fits using various values for k;, are shown. In this case
ko, was adjusted so that ko = kl/Kl. The estimated rate constants from
two such runs are given in Table 2, Section B. Although our precision
is low for these experiments, we conclude that the same rate constants
derived in the study of reaction 2 fit the reverse reaction kinetics
reasonably well; the best estimate from all of the data gives

k; = (2.2 £ 0.7) x 107° ppm~®min~'. Reaction 1 has been studied pre-
viously and the results of these studies should be reviewed here in
light of our new findings.

The Graham and Tyler*S kinetic data for reaction 1 were derived from
experiments over a wide range of reactant concentrations:

Pyo = 4.3-200 Torr; Pypo, = 1.7-7.5 Torr; Py,o = 4.7-1k Torr. Although
these results seem to show an enhanced rate of reaction for runs at

PHQO > 9 Torr, which suggests an order for H-0 higher than one, the cal-

culated third order rate constants for the reaction 1 for Puo < 9 Torr

appear to be reasonable constant over the wide range of reactant concen-
trations employed. Indeed it is interesting to observe that the average
value of the third order rate constant k; derived from the Graham and
Tyler data, k; = (1.2 * 0.6) x 10”° ppm~°min~!, is equal, within the
experimental uncertainties of the two very different measurements, to
that observed here: k; = (2.2 + 0.7) x 10°° ppm~®min~2. Since the
surface-to-volume ratio of the reaction vessel in our study was much
lower than that of Graham and Tyler (0.052 cm™! compared to 1 cm™*) and
the concentration ranges of all of the reactants were several orders of
magnitude lower in our work, the degree of agreement observed from the
two very different systems provides strong evidence that the rate con-
stant observed here is indeed that for a homogeneous reaction. Appar-
ently the data of Graham and Tyler also may apply to the homogeneous
system, at least at the lower Ho0 pressures.

¢. Mechanism of the nitrous acid
formation and decay reactions

In most previous work the mechanism of the nitrous acid formation
reaction has been considered to be the following:

NOo + NO = NxOg (49)
Ns03 + HzO — 2HONO (50)

Since the equilibrium 49 is established rather rapidly,>'22*2* the occur-
rence of this mechanism would be consistent with the overall kinetics
of nitrous acid formation observed here and in the work of Graham and
Tyler. The rate of nitrous acid formation would be given by Eq., (51)

dp
- gSNO = 2k22K21 PnoPNoL,PHLO (51)
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Plot of cis-HONO concentration versus time using an initially HGNO-poor
mixture; initial concentrations, ppm: HONO, O,141; NO, 10.6; NOz, 9.72;
H-0, 2240; temperature, 23°C. Curves shown have been calculated using
relation 48 and the rate constant values indicated on the figure.




The value for Ko; is 5.2 x 1077 ppm~! at 25°C.2° Thus in terms of the

mechanism 49, 50 for HONO formation and the present value for Xk,
kKop = 4,2 x 1073 ppm'lmin'l. The transition state for this hypotheti-
cal route of reaction would, in theory, involve a rather complex
transition state:

/ \
NoO5 + Ho0 s N 0 = 2HONO (52)
N H
0" o7

The pre-exponential A-factor for such a highly ordered transition state
required for the hypothetical reaction 52 should be much lower than the
bimolecular collision number. If the activation energy for reaction 50
is near zero (AHogg = 0.6 kcal), then, in a sense, the N0z involvement
could be justified in terms of the present kinetic data. However, if
one considers the reverse reaction 2 and the requirement that the same
transition state be involved as in reaction 1, then the kinetic data
definitely favor an alternative reaction scheme.

A seemingly more realistic mechanism for the reactions 1 and 2 involves
a much simpler transition state:

NO + NOz2 + HoO = 0 = 2HONO (53)

Here the transition state involves formation of only one common H-atom
bond between the reactants. Note the similarity between this reaction
pathway and that proposed for the ternary reaction of NO oxidation and
its reverse bimolecular reaction:®8-2

0
:N
NO + NO + Oz = 0 = 2NOp (54)
¢
N\
0

The entropy of activation for reaction 54 should be very similar to that
for 53 so one might expect very similar pre-exponential factors for the
two reactions. The activation energy of reaction 2 is not known so we
cannot estimate directly the experimental A-factor for this reaction;
Mzgg for the reaction is about -9.5 kcal. The measured rate constant
for the forward reaction 54, kgs = 1.43 x 1077 prm~®min~1,27 is very
nearly equal to that observed for the reaction l; k, = (2.2 * 0.7) x

107° ppm~®min-!. The similarity in transition states of reactions 53
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and 54, and hence pre-exponential factors, coupled with the similarity
in rate constants, leads one to conclude that E; may be near zero as
with Egs. Thus, we may estimate Ep = 9.5 kcal and A = 1.3 x 1074
ppm~'min~!. This value is the approximate magnitude of the pre-
exponential factor for the bimolecular reaction given by the reverse of
reaction 54 which has a very similar transition state; A_ge = 1.0 x 107*
ppm~tmin~! .28

All of the present data seem consistent with the simple mechanism out-

lined in Eq. (54) as a description of reactions 1 and 2. The involve-

ment of N2O3 as an intermediate in the reaction seems unnecessary. The
activation energy assignments made here may be tested with the limited

temperature variation studies described in the following section.

d. Equilibrium studies and the temperature dependence of the
nitrous acid formation and decay reactions

The effect of temperature on the rate of the HONO decay reaction could
not be determined accurately with the large reaction vessel employed in
this work since the tank had no special temperature control other than
the air conditioning system for the laboratory in which it was housed.
This air control system was used in a series of runs designed to de-
termine the equilibrium constant and rates of [HONO] change with tem-
perature. Typical data for one of the mixtures studied is shown in
Fig. 31. The tank contained a mixture of NO, NOp, Ho0, and HONO at
equilibrium. The air conditioner was turned off in the morning hours,
and the temperatures of the room and the tank housed therein were
allowed to rise during the day as the outside temperature climbed. The
infrared spectra of the reactants and the temperature at the center of
the tank were monitored at regular intervals. Note in Fig. 31 that the
nitrous acid pressure versus time plot mirrors the temperature-time
variation within the cell; the nitrous acid is depleted as the tempera-
ture rises and the system attempts to reestablish equilibrium as a shift
away from the exothermic direction of the equilibrium position occurs:
2HONO —» NO + NO> + H0. After the system had reached a desired tempera-
ture, the air conditioner was turned on again, and the temperatures of
the room and the cell were lowered while the monitoring continued. At
about 626 minutes after the start of the experiment shown in Fig. 31,
the rate of change of nitrous acid became equal to zero; at this time

the values of Pyo, Pno,s PHo0» Peis-HONO» and Pirans-Hono correspend to
those for equilibrium at the particular cell temperature recorded for
this time (29.8°C in Fig. 31). From a series of such temperature drift
data in which the d[HONO]/dt = O was caused to occur at a series of
different temperatures, we were able to estimate the equilibrium con-
stant for the NO, NO», Ho0, HONO system at several temperatures. These
data are given in Table 3 and refer to the equilibrium, NO + NO; + HO =
2HONO. The data are reasonably consistent with equilibrium data derived
from previous indirect measurements in which only NO, concentrations
were monitored and a mass balance assumption was made. All of the data
are plotted in Fig. 32. A least squares fit of the previous equilibrium
data for the HONO, Hz0, NO, NO, system'?»>0»%l gives the equation,
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Plot of [HONO] and temperature within the reaction cell versus
time for an HONO-NO-NOo-H-0 mixture near equilibrium; typical
data used to determine the equilibrium constant for the reaction,
NO + NOo + Hp0 = 2HONO, and to provide a qualitative test of the
temperature dependence to the rate constants
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Table 3.

Equilibrium Data Derived from the

Temperature Drift Experiments:

NO + NOz + Hz0 s 2HONO

Conditions at d[HONO]/dt = O; concn., ppm®

(1)

Temp., K NO NO2 HONO Hz0 Ky, atm™?
295.3 9.26 14.5 0.539 1323 1.64
295.6 - 9.26 1k.5 0.5h42 1323 1.65
295.6 2.7h4 7.00 0.350 4200 1.52
296.9 14.0 23.3 0.634 915 1.35
297.0 2.57 6.21 0.308 L4225 1.4
297.9 9.30 1k.54 0.470 1335 1.22
299.7 9.49 12.6 0.405 921 1.49
300.1 7.96 14.6 0.406 1301 1.09
303.0 7.48 15.2 0.347 131k 0.806
303.1 9.28 12.7 0.355 931 1.15

8he unit ppm used here is defined as [pressure (Torr)/760] x 10°
the temperature shown for the particular experiments.
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Figure 32, Plot ofl%K(atm'i) versus 1/T for literature data and

present results for the equilibrium, NO + NO, + Ho0=
2HONO; open circles, Ashmore and Tyler®!; square,
average of data of Wayne and Yost!®; triangles,
Waldorf and BabbZ®; closed circles, this work. JANAF
suggested values are shown along with a squares fit
of published data excluding present work,
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mK(atm™') = -15.56 + 0.62 + (4.73 + 0.19) x 103/T; the average of the
data of Wayne and Yost was included only as a single point in this
treatment since the scatter is greatest for this early work.- From this
relation we would estimate AHogg = 9.4 * 0.4 kcal. Our present data
over the very limited temperature range available to us give,
mK(atm™t) = -15.09 + 3.45 + (4.59 *+ 1.03) x 103/T and AHpgg = 9.1 2
2.0 kcal, Within the very limited accuracy of our data which extend
over only a 7.8°C temperature range, the agreement of all the data is
considered to be satisfactory.

The temperature drift data can be used to test, approximately, the
suggested temperature dependence of the rate constants, k; and k. Here
the differential Eq. (47) was employed with not only the reactant con-
centrations but the rate constants themselves being time dependent func-
tions related to the temperature changes with time. For one case,

shown in Fig. 31 by the dotted curve, we have tried to match well the
rate of change of Pygyg at the early times; we have taken )
ko(ppm~2min~1) = 6.7 x 10%e-10(kcal/mole)/RT ity k. - Kik,. The data
appear to be qualitatively consistent with the expectations of rela-
tion 48 and E; = 0, E; = 10 kcal/mole. The temperature drift data are
not good enough to attempt further refinement of values of E; and Es
since the nonuniformity of the cell temperature along its length could
not be avoided completely. However, we may conclude that these data

are consistent with a low activation energy for reaction 1 and

Ex = 10 kcal/mole. These data gives further credence to the alternative
reaction scheme 54 which supports this choice of activation energies
indirectly.

e. Significance of the nitrous acid formation and
decay reactions in the polluted atmosphere

The present rate data for reactions 1 and 2 provide a new basis for the
evaluation of the significance of these reactions in the atmosphere.
Using the present rate data we have estimated the time dependence of
the HONO pressure for various levels of NO,, NO, and H-O which are
typical of those encountered near pollution sources and in ambient air.
The results of these calculations are shown in Table 4. Note that for
very high NOy levels, which correspond to those encountered near power
plant stacks and automotive exhaust pipes, the rate of HONO generation
is very significant. After only 10 seconds of elapsed time the Pyomo

has achieved the 1.7 ppm level for the high NOy case. Obviously dilu-
tion of the reactants occurs as the exhaust gases mix turbulently with
the air, and no attempt has been made here to simulate that process.

The results of Table 4 show that the generation of nitrous acid slows
significantly as the NOy-HoO mixture reaches ambient levels of these
pollutants. Although after only five minutes of contact between reac-
tants in a mixture of NOx-H-0 of composition equivalent to that of power
plant stack emissions, the Pyoyo has reached 7% of its equilibrium
value. However, the NOx-H-O0 mixture at ambient levels has reached only
6% of its equilibrium levels of HONO after 60 hours. The present data
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Table 4. 7Theoretical Development of HONO as a Funclion of Time for Mixtures of NO, NO», and H»0
for Compositions Typical of Stack Gas Fmissions and Ambient Conditions

Initial Concentrations

Relative
NO, 02, Humidity, (NOx)/ Concentration of HONO at time shown, ppm®
ppm pm % (25°C) [NO) 1l s 10 s 30 s 5 min 10 min 1 hr 6 hr 60 hr Equilibrium
500 50 100 0.10 0.057L 0.572 1.70 14.6 22.9 29.1 29.1 29.1 29.1
100 15 100 0.15 0.00345 0.03L45 0.103 1.008 1.95 6.67 7.33 7.33 7.33
50 9 100 0.18 0.00103  0.0103 0.0310 0.306 0.604 2.81 L.06 L .06 4.06
10 2 100 0.20 L.6x10"5 bL.6x10°% 1.Lhx10"% 1.bx10°% 2.7x10°7 _ 0.160 0.677 0.860 0.850
5 1.15 100 0.23 1.3x10™° 1.3x10"* 4.0x10°* L4.0x10-® 7.9x10°2 L.7x10°2  0.243 0.464 0.464
1 0.25 100 0.25 5.8x10°7 5.8x10-% 1.7x10° 1.7x10"* 3.L4x10"% 2.1x10"3 1.2x10"° 0.080 0.0971
0.5 0.125 100 0.25 1.4x10°7 1.4x10™" 4.3x10™ 4.3x10"5 B8.6x107° 5.2x10™%*  3.1x1073 0.026 0.0L85
0.1  0.025 100 0.25 5.8x10°" 5.8x10™™ 1.,7x1077 1.7x1077 3.4x10"® 2.1x10™5 1.2x10°* 1.2x10"® 9.7x1073
0.05 0.0125 100 0.25 1.Lx10"" L.hx10™' b4,3x10"" L.3x10"7 B8.6x10"’ 5.2x10"%  3.1x10"5 3.1x10"* L4.9x10-3
500 50 50 0.10 0.0287 0.285 0.854 7.89 13.7 21.7 21.7 21.7 21.7
100 15 50 0.15 1.7x107® 1.7x10°7 0.051k 0.509 1.00 4,28 5.41 5.41 5.1
50 9 50 0.18 5.2x10™ 5.2x107" 1.5x10"  0.154 0.305 1.59 2.98 2.99 2.99
10 2 50 0.20 2.3x10"% 2.3x10" 6.9x10™" 6.9x10"" 0.0137 0.0810 0.400 0.632 0.632
5 1.15 50 0.23 6.6x10™ 6.6x10™ 2.Cx10™* 2.0x10"2 0.,0039 0.0235 0.131 0.340 0.341
1 0.25 50 0.25 2.9x10°° 2.9x10™"° B8.6x1:0™ B8.6x10"" 1.7x10"" 0.00103 0.0061 0.0L8Y 0.072
0.5 0.125 50 0.25 7.2x1077 7.2x10°° 2.2x10™" 2.1x107° 4.3x10""  2.6x10-* 0.00154 0.01k2 0.0356
0.1  0.025 50 0.25 2.9x107' 2.9x10"* B8.6x10™" 8.6x10"" 1.7x10"" 1.0x10"%  6.2x10™° 6.1x10"* 7.1x10-3
0.05 0.0125 50 0.25 7.2x10°! 7.2x10""' 2.2x10™" 2.2x10~7 U4.3x10°7 2.6x10™® 1.5x10"5 1.5x107¢ 3.6x10723

%The unit rpm used here is defined as

{pressure (Torr)/760] x 10°.



suggest that HONO may be generated at a significant rate during the
early stages of dilution of NOyx-rich exhaust gases, but they also point
to the unimportance of reactions 1 and 2 in forming or removing HONO
when ambient levels of NOy are present.

It is believed that the oxidation of about 25% of the original NO to
NO- in auto exhaust gases occurs during the dilution process by reac-
tion 54, the nearest equivalent to reaction 1 noted. Thus the signifi-
cant occurrence of reaction 1 as power plant and automotive exhaust
gases mix with air seems highly likely. The present data suggest that
HONO vapor will be generated in the evening and the early morning hours
as NOx-rich exhaust gases are pumped into the air. It is reasonable to
assume that HONO pressures in the early morning hours may be a signifi-
cant fraction of the HONO equilibrium pressures expected from the NO,
NOo, H>0 ambient pressures present in the morning hours. Thus it
appears likely that the photolysis of HONO can provide a reasonable
boost to the primary HO-radical reactant which in consort with CO and
hydrocarbons drives the NO to NO- and generates the products of smog.
Once this initial burst of HO-production has begun, the generation of
HONO through the chain transfer reaction 46 will likely be the major
source of this species and will maintain a significant level of HONO as
the smog development occurs.

HO-> + NOs — HONO + O» (46)

In view of this work it is recommended that those atmospheric scientists
concerned with the chemistry within stack plumes, include the reactions
1l and 2 in their considerations and simulations; - appears to be an
important step in the triggering of the chemical changes which occur.
The present theory appears to offer a more reasonable mechanism for
HO-radical generation in power plant plumes than the sunlight photolysis
of ozone:

0a + hv(A < 3100 &) = 0(*D) + 05 (55)
0(ID) + Ho0 — 2HO (56)
Ozone levels must remain quite low until considerable conversions of NO
to NO- have occurred; [03] = 0.02 [NO2]/[NO) ppm for a solar zenith
angle of 40°. At [NO]/[NO] ratios near unity the rates of O('D) and

HO-radical formation from the sequence 55 and 56 will be very much
lower than the HO-radical formation rate from HONO photolysis.
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APPENDIX A

OPTICAL ALIGNMENT PROCEDURES

The initial alignment of the optical system can be made by using a
helium neon laser. The final adjustment involves the proper spacing of
the mirrors and requires a source which gives a divergent beam and pro-
duces extended images. For preliminary adjustments, a flashlight bulb
can be used but the final adjustments require a more precisely located
source, S, e.g., a hole in a piece of cardboard illuminated by a light
source such as a flashlight. It is assumed that such a source is used
in the following discussion.

TWENTY -ONE METER ABSORPTION CELL

The center of curvature of Mp (Fig. 1) is arranged to lie between D,

and D>, on the line between their centers, and in the plane of D, and
D>. This occurs when the light reflected from My produces an image
coincident with the source,S. The center of curvature of D; and Dy are
arranged to lie in the plane of My and on a horizontal line through the
center of My by placing the source at Mp and examining the image formed
in the plane My after reflection by each of D; and Do. The mirror D;

is then rotated about a vertical axis until the first image formed on Mg
is immediately below the cut-out in Mg (see Fig. 2). The number of
images of the cell is controlled by turning D> about a vertical axis.

SIX METER CELL

A similar alignment procedure is used for this cell. When this system
is aligned the centers of curvature of the mirrors My, Mp, M. and My
lie at the center of the mirror system D; the center of curvature of D,
falls on a horizontal line through the center of Mq; the centers of
curvature of Dy and D4 lie between My and M., and the center of curva-
ture of Da lies in M.

TRANSFER SYSTEM FROM THE INTERFEROMETER
TO0 THE ABSORPTION CELL

After the cell has been aligned as described above, light from the
source S is introduced into the exit window of the absorption cell and
an image of the source is produced in the plane of Myp. The mirrors Mg,
M-, and Mg in Fig. 14 are adjusted to reflect light emerging from the
cell into the center of the exit window to the interferometer. The
light is reflected from the beam splitter to the movable mirror Mz in
Fig. 13 and, by adjusting the entire interferometer, the light can be
returned by Mg along the incoming path. This is checked by making the
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images No (in Fig. 14), formed by the forward and returning light,
coincident. When this occurs the light falling on Mg is collimated and
strikes Mg normally.

INTERFEROMETER AND SOURCE OPTICS

The alignment procedure described previously locates the interfer-
ometer with respect to the absorption cell and ensures that radiation
leaving the movable mirror of the interferometer normally will enter the
cell in the correct direction. 1In order to check that the source optics
produces a collimated beam which strikes the movable mirror Mg normally,
it is necessary to remove the beam splitter and adjust Mo and Ms of

Fig. 14 so that the light from this mirror produces an image of the
source concurrent with the image already formed on M,. When this is
accomplished the light from N is collimated and strikes Mg normally.
The beam splitter is replaced and the alignment procedure is re-

checked by adjusting the beam splitter alone. The final adjustment
consists of adjusting the fixed mirror of the interferometer to obtain
the best interferogram.
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APPENDIX B

FOURIER TRANSFORM SPECTROMETER

DESCRIPTION OF OPERATION

Spectral information is obtained from the IFTS by sampling the output
from the infrared detector as the mirror Mg moves from a position near
zero retardation through the chosen distance d. By Eq. (14) this dis-
tance depends on the desired spectral resolution which can be varied
from 0.125 to 16 cm™!. This sampling is controlled by the output from

a second detector which monitors fringes produced by a helium neon laser
source whose output passes through a second interferometer which in-
cludes a mirror mounted to the rear of M. The signal from the infrared
detector is digitized and stored in the memory of the processing system.
By co-adding signals obtained from several scans of Mg the signal-to-
noise ratio can be enhanced. Most of the spectra described in this
report were obtained from 20 scans of Ms.

The data collection is performed under the control of an on-line
minicomputer (Nova 1200) which receives instructions via a teletype
machine. A 128k fixed head disc not only provides temporary data stor-
age but also provides storage for the Fourier transform programs. The
stored interferogram can be transferred to magnetic tape for permanent
storage or processed by means of the computer program to give a spec-
trum. Either all or selected portions of this spectrum can be displayed
on a digital plotter or stored on magnetic tape. Additional interfer-
ograms may then be obtained and processed. Other programs, stored in
the disc memory unit, allow further manipulation of the spectra.

One of the most commonly used programs allows two spectra to be
"ratioed". 1In this program the output signal of one spectrum is divided
by the signal from the second spectrum at each spectral frequency
sampled. Tror example, by ratioing the spectrum of a gas sample in the
absorption cell with a similar spectrum of the evacuated cell a direct
measurement of the gas sample transmittance is obtained with the spec-
tral variations of the detector sensitivity, source emittance, and
optical system transmittance removed.

UNDERSAMPLING TO OBTAIN HIGH RESOLUTION
The interferogram is obtained by sampling the output from the infrared

detector as the mirror M; moves through a distance d. This distance is
determined by the required spectral resolution Av where

av (em™) = 1/2d (em) = 1/x (57)
The infrared detector ocutput is sampled at mirror positions separated

by a distance Ax. This distance is controlled by the reference laser
interferometer and is given by
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AX = MM = m/vL (58)

where vy = 15,800 cm™® and A, = 0.633 pm are the laser wavenumber and
wavelength, respectively, and m is an integer.

The number of sample points in the interferogram

n = x/Ax = vi/mav (59)
Thus, if m = 1 and Av = 0.125 cm™*, n =~ 126,400. This is considerably
larger than the maximum number of points, 32,000, which can be trans-

formed into a spectrum with the IFTS system available.

It is, however, possible to collect interferograms with n < 32,000 from
which spectra with a resolution of 0.125 cm™! can be obtained provided
m > 1. This process, known as undersampling, cannot provide useful
information unless the signal from the infrared detector is limited to
information in the spectral interval

8 = Vpax - Vmin (60)
Upper and lower bounds to the spectral interval sampled are required
since, when an interferogram consisting of information sampled at dis-

crete points is transformed the resulting spectrum is repeated at inter-
vals dv such that

v = 1/2ax (61)
where Ax = sampling interval of the interferogram.
If either 8v or Ax is improperly chosen, information from more than one
spectral region can be superposed in the resulting spectrum obtained

from the interferogram; this effect is known as folding.

From Eqs. (57), (58), and (61) it follows that

_ 28v
= = (62)

and, hence, for the present IFTS system

B _ 15798.0112 (63)
AV

The entire spectral region from O to 8000 cem™! (the high frequency cut-
off of the germanium beam splitter) can be observed provided
Av > 0.5 em™. However, to obtain a spectrum with Av = 0.125 cm™' then

sv < 1974.751k4 cm™? (6k)
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and, since in this case the interferogram must be sampled over the
entire 4 cm range of the mirror travel it follows from Eq. (59) that

m> L .

It is possible to select the spectral region over which high spectral
resolution is obtained and, at the same time, avoid folding by choosing
Vmax and vpin, as defined by Eq. (60), such that

v = h Bv
(65)

=h (Vmax - Vmin)

where h is an integer.

The limiting values of vp., and vpi, depend on the values chosen for

m, h, and Av. A sampling of these limits is given in Table 5 for an
instrument using a helium neon laser to control the sampling interval

Ax and for the case where Av = 0.125 cm™!. The first three columns give
the undersampling parameter m, the sampling interval Ax = mA;, and the
number of points in the interferogram at which data are collected,
respectively. The succeeding columns give the values of vpin and vpax
for different values of h,

It is seen that, m > L4 for n < 32,000.

In order to make use of this instrument capability we have obtained
three optical filters whose characteristics are shown in Table 6.
Although the transmittances of the filters are not completely matched
to the IFTS system it is possible to cover almost the entire spectral
region from 400 to 3800 cm™! by obtaining no more than three interfer-
ograms. The number of interferograms required could be reduced by
increasing the memory capability of the IFTS system to allow the value
of n to exceed 32,000.
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Table 5. IFTS Parameters to Achieve 0.125 cm™! Resolution
Sampling No. of
Undersampling Interval Points Spectral Limits for Various Values of h (cm'{)
Factor m Ax (um) Sampled h = 1 h = 2 h - 3
1 .6329911 126384 7899.0056 15798.0112 -
~7899.0056 15798.0112 23697.0168
2 1.265982 63192 3949.5028 7899.0056
3949.5028 7899.0056 11848.5084
3 1.898973 42128 2633.0019 5266 .0037
2633.0019 5266.0037 7899.0056
4 2.531964 31596 1974 .7514L 5949.5028
1974 .7514 3949.5028 502L 2542
5 3.164955 25277 1579.8011 3159.6022
1579.8011 3159.6022 4739.4034
6 3.797946 21064 1316.5009 2633.0019
1316.5009 2633.0019 3949.5028
7 4.430937 18055 1128.4294 2256.8587
1128.4294L 2256.8587 3385.2881
8 5.063929 15798 987.3757 1974, 7514
987.3757 1974 . 7514 2962.1271

Too many points on

collection for m < 4 for processing by the present IFTS system.
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Table 6.

Characteristics of Optical Pilters and Spectral Limits to Achieve 0.125 cm™! Resolution

Interferometer Param ters

Filter Transmittance Undersampling Allowable Spectral Usable Spectral
Limits (em™?!) Parameter Limits (em™1) Region (em™?!)
Ymin Ymax n h Vmin Vmax Ymin Vmax Detector
0 1400 5 1 0 1579.8011 < Loo 1400 Cu:Ge
(< Loo)
1150 2600 5 2 1579.8011  3159.6022 ~ 2000 ~ 2600 Cu:Ge InSb
6 2 1316.5009 2633.0019 ~ 1500 ~ 2600 Cu:Ge InSb
7 2 1128.4294  2256.8587 ~ 1150 ~ 1800 Cu:Ge
2200 k150 L 2 1974.7514  3949.5028 ~ 2200 ~ 3800 Cu:Ge InSb




APPENDIX C
UNITS FOR MEASURING GAS CONCENTRATIONS
In this work concentrations are typically reported in ppm by volume at
a total gas pressure of 760 mmHg. Thus, the partial pressure P, exerted
by a gas at a concentration of g ppm
P (mmHg) = 7.6 x 10™*g mmHg.

If the optical path length is L (cm) the total amount of gas in the
path

w =g L ppm-cm
Another commonly used unit to measure the amount of gas in the absorbing
path is the atmosphere-cm (atm-cm). If the gas at partial pressure P
(mmHg) and path length L (cm) were brought to atmospheric pressure the
amount of gas present is
u = P-L/760 atm-cm .
The amount of gas u is dependent on the temperature of the cell T (K).

It is customary to reduce this value to uy, at S.T.P. by assuming the
gas behaves as a perfect gas

ug = EL%ZQ atm-cn (S.T.P.)

The number of molecules/N per cm® area of the optical beam traversing
a cell containing uy, atm-cm

NZ"-LU.O
where L = Loschmidts' number (2.687 x 101° atm™‘cm~%).

The relations between these units are shown in Table 7.
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Table 7. Relations Between Units for Amount of Absorbing Gas in a Given Path Length
gL u Ug N
ppm-cm atm-cm (atm-cm)STP mol /cm?
1 ppm-cm 1 106 1078 T/273 9.84 x 10° T
1 atm-cm 10° 1 T/273 9.84 x 10 T
(atm-cm)STP 273 x 10%/T 273/T 1 2.687 x 101°
mol/cm? 1.02 x 1071 1.02 x 10717 3.722 x 10790
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