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I. ABSTRACT OF RESEARCH TO DATE

The general program represents aﬁ“extension and generalization
of an earlier program dealing chiefly with telluric gases. The basic-
instrumentation includes three Perkin-Elmer Model 112 spectrometers
equipped with prisms to cover the range between the visible and{
40. microns, one Perkin-Elmer Model 421 grating instrume;t for the
2~ to 18 microm region, and 2 Perkin-Elmer Model 301 far-infrared
spectrograph for the region 12 to 330 microns; this basic instrumentation
‘was supplied by Kansas State University.

The initial %Fages:of the research were involved with a test
of Burcﬁ's law .of multiplicative transmittance for mixed absorbing

gases when their lines are broadened by H, and He, which are constituents

2
of the atmospﬁeres of the major planets. The resulﬁs, which have
resulted in journal publication, indicate that the multiplicative law
as originally formulg;ed can be applied with confidence.‘

The broadening of individual 1lines in the CO fundamental by

¥
various gases has been investigated. The results indicate that the

ratio of the '

'self-broadening ability" of CO to the "line-broadening
ability" of foreign gases is greater for 1ineg in the band-wings than
for lines near.the band center when the moleculér mass of tge broadener
is less than that of CO. The results have been interpreted in terms

of a phenomenological theory. Stﬁdies of the relative line broadening
gbilities of foreign gases have provided information that camn be used
to. provide optical collision cross sections for individual lines in
the CO fundamental.

Other work has been done on the determination of line strength

S and half-width for individual CO lines as a function of temperature.



The results at reduced temperatures indicate (1) tbat‘line strengths
5 can be satisfactorily predicted by the Herman-Wallis expression but
(2) that at very iow temperafures the line half-widths Y”‘differ
markedly from values calculated by applying the "hard-sphere” approximations
of kinetic theory to values aof BIQmeasured at NPT. This work is being
continued.
Measurements of total hégg_absorptanceu[A(y)di) as a function of
absorber thickness w and total effective pressure Pe have been madé
aé various temperatures T for bands of CO and NZO' This work is
being extended to various other planetary gases.
Attempts have been made to develop a phenomenoclogical theory of
line-broadening that will adequately account for the phenomena we
have observed for the CO fundamental and those reported for more highly
polar gases. This theory has‘been successful in accounting for the
variation of line half-wdith with line number observed in our work‘
on CC and in the studies of HCl-line broadening conducted in other
laboratories. The results have been summarized in a journal
article.
Laboratory measurements of nitric-acid vapor absorptance have
been compared wgth balloon measurements at the University of Denver
in arriving at an estimate of the quantity of nitric acid vapor
present in the earth's atmosphere in the region of the ozone layer.
Funds from university sources have been used fo purchase a partially
completed high resolution spectrograph for use in the region betyeen
2 microns and 5 microns. The instrument has now been completed at
Kansas Btate University. Preliminary tests show that resolution has
been reached nearing 50 percent of tbé Rayleigh limit at amplifier

gains and spectrograph slitwidths that can be employed in routine operation.



The high-resolution spectrograph has been used to measure the line

strengths and self-broadening parameters in the v, fundamental of CO

3 2
at laborat&ry temperature and at a reduced temperature approximating that
of the Martian atmosphere. Similar studies have been made for ‘the lines
in the CO fundamental for self-broadening and for broadening by CO2 under
conditions similar to those encountered on Mars.

The line strengths S and self-broadening parameters Yo of lines

in the v, fundamental of H,0 have been measured and compared with

3 2
earlier values based on earlier S values based on measured band strength
and the Herman-Wallis expression and values of YO calculated on the
basis of the Anderson theory of line broadening. The results of
this study have been incorporated in a doctoral dissertation by
L. D. Tubbs and presented in a subsequent journal article.

In view of the importance of ammonia in condensed states in the
atmospheres of the Jovian planets, we have attempted to determine
the optical constants n and k of liquid ammonia in the infrared.

A paper on the subject has been published as a.&ournalwéfticle;n.
Subsequently, the work on liquid ammonia has been extended to
the very near infrared, the visible, and the near ultraviolet;

these are the regions in which the absorption of solar radiation

would be most important; this work has been published as a scientific

.note in a jourmal. _ Ce L,

il Work has also been done on the optical properties of solid NH

This work has been incorporated in a journal articie.

3"
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In_view of the suggestion that H,S0,droplets_are the major

component of the cloud cover of Venus, we have made extensive studies




of this material at various concentrations in water in the rauge

\-

e

between the near ultraviolet and the far infrared. On the basis

of the results we have prepared a major article with extensive tables
listing the values of n and k for wvarious concentrations. It appears
that the concentration of H2804 in the droplets of the Venus clouds
is greater than 70 percent. This work was followed by a study of

the optical properties of H2504 at a temperature of 250°K, which

approximates the temperature of the Venus clouds; a report of the

250°K study was published in the Journal of the Optical Socity of

America.
Recent work has included studies of ammonium sulphate, a major
aerosol in the earth's stratosphere, and methane and other hydro-

carbons possibly present in the cloud covers of the Jovian planets.
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II, ©PROGRESS DURING THIS REPORT PERIOD

Studies of Particulate Constituents of Planetary Atmospheres

A, Methane in Condensed States

A paper summarizing our work on liquid methane has

been submitted to the Journal of the Optical Society of

America and has been accepted for publication. A pre-
print of the paper is included as an appendix to this
report.

R. . Hydrocarbons

A paper summarizing our work on saturated hydro-

carbons has been submitted to the Journal of Physical

Chemistry. A preprint of this article is included as an
appendix to this report.

C. Ammonium Hydroxide

This material, which has been suggested as an aero-
sol in the Jovian atmosphere, has been studied by re-
flection methods. A paper summarizing our results has

been submitted to the Journal of the Optical Society of

America. A preprint of the article is included as an ap-
pendix to this report.

Cooperation with NASA Research Centers

At the request of Dr. Pearl of Goddard I visited Dr., U. Fink
and Dr. G. éill at the University of Arizona for a critical review
of their recent work on materials suggested as planetary aerosolg.
While in the Southwest I also visited Dr. B. Farmer and his asso-
ciates at the Jet Propulsion Laﬁoratory for é discussion of recent

work.

11



We have delivered a computer program for the use of Dr. John
Pearl at Goddard - along with a set of test éata. Dr. Pearl plans
to use the program in the analysis of the experimental work of Fink
and Sill.

'In November I spent a day in consultation with a group of re-
search workers at Langley Research Center, who are beginng marine

studies and are interested in the infrared properties of water.

ITE. PERSONNEL
Dx. Dudley Wiiliams, Regents' Professor of Physics:
Chief Investigator (WOC) |
Dr. Basil Curnutte, Professor of Physics:
Senior Associate (WOC)
Dr. Larxy Pinkley (Part-Time): Resedarch Associate (Resigned 1 July, 1977)

Dr, Prochy Sethna (Part-Time): Research Associate

Graduate Degrees Granted Undér the Grant:
An-Ti Chai - Ph.D.

Gary M. Hoover - Ph.D.

David Schmieder — M.S.

Lloyd Tubbs - Ph.D,
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IV. PLANS FOR THE WEXT REPORT PERIOD

A. Further consideration will be given to the application of
Van Vleck's Principle to molecules in condensed states.

B. We shall investigate the optical constants of ce;tain poly-
atomic groups that may be present in dgst.in ghe earth's atmo-
sphere.

€. Our work on hydrocarbons has indicated that certain "group in-
tensities” can be associated with atomic groups in polyatomic
molecules. 1In order to pursue this subject we shall investi-

gate the spectral properties of certain classes of molecules,

A
Signed [:‘_Z:)Ha/ Ly 7[’ /] ﬁa 4

Dudley Williams

Appendices:

Preprints of articles on liquid methane, hydrocarbons, and asmonium

hydroxide.
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OPTICAL CONSTANTS OF LIQUID METHANE IN THE INFRARED
Ckk
Lary W. Pinkley, ©P.P. Sethna, and bDudley Williams
Department of Physics, Kansas State University

Manhattan, Kansas 66506

The near-normal incidence spectral reflectance R(v) of liquid methane
at 98 K has been measured in the infrared in the épectral range 6700‘cm_l to
350 cmfl. The resulting values of R(¥) have been subjected to Kramers-Kronig
phase—shift analysis to provide values of the real n(v) and imaginary k{v)
parts of the complex index of refraction H(V) = n(v) + i k(v) in the range
4000 t01400 cmfl. The results of the present study are presented in graphical
form and in tabular form over this range. The stréngths S = Sk(v)dv of the
absorption bands are compared with the corresponding bands in gaseous methane.
Technigﬁes for using the present results to obtain approximate values of the

corresponding optical constants of solid methane are discussed.



Methane in condensed states is believed to be an important component of
the cloud cover of the outer planets of the solar system. If is thus impor-
£ant to.have a knowledge of the optical constants of this material in the
infrared for use in the interpretation of proposed studies of these planets
from space probes as well as for use-in the interpretation of observatisﬁs béing
conducted at ground-based observatories. The present work on liquid methane
was undertaken as a first step in acquiring the needed information. We
selected liquid methane for study because the reflection techniques developed
in ﬁur recent studies1 are more readily applied to liquids than to solids.

In some of these earlier studie52 we have shown that valid estimates of the
optical pfoperties of solids can be obtaiﬁed from the measured fropertiés
of the corresponding liquids; it is therefore to be'hoped that our present

work will also provide approximate values of the optical constants of solid

.methane, which is probably more abundant than liquid methane in planetary
cloud covers.

Méthane is a very interesting material from many points of view. The
methane molecule CH4 is a spherically symmetric molecule that has certain
spéctroscoPic properties that have long been of interest to theorists and
experimentalists alike. The spectrum of gaseous methane is chavacterized by
the following fundamental vibration—rotation bands3: ‘

v,(a,) at 2914 em L, uz(é) at 1526 cm L, v4(£,) at 3020 en Y, and v, (£,)

at 1306 cm *.

There are numerous much weaker overtone and combination bands in the spectrum
of the gas.

The study of the finer details of these bands continues to be a topic

of major interest to spectroscopists; with every improvement in the resolving



power of spectrographs, further information is obtainedél. The intermolecular
forces between methane molecules are vefy.small, as evidenced b} the low
boiling point 109.1K and the low melting point 90.7K for the materialj;

the vapor pressure of methane is high over most of its relatively narxow liguid
range. Even solid methane at its melting point has a vapor pressure of 70

Torr.
EXPERIMENTAL WORK

Cur éxperimental work involved the measurement of spectral reflectance
R{v) of methane at near-normal incidence. The liquid methane was obtained by
the condensation of UHP 99.97 percent gaseous methane (Matheson ) in a
copper c;il immerséd in liquid nitrogen. Samples of the liguid were placed
in a shallow glass beaker suspended inside a Pewar vessel contéining liquid

nitrogen. By adjustment of the height of the beaker above the liquid nitrogen

. surface, we were able to control the temperature of tﬂe liquid methane. The
temperature of the liquid methane was monitored by means of a thermocouple; in
the course of our study, measurements were made for samples at various
temperatiires over most of the liquid.range.- The results we report can be
regarded as typical of liquid methane at a nominal temperature of 98K near
the middle of the liquid range. Samples in the beaker were maintained at

a depth of several centimeters; the level of the free surface of the liquid
mthane was monitored by means of a cathetometer with viewing through an
un-silvered portion of the Dewar walls. Because of sample loss due to the
high vapor pressure of the liquid, it was necessary at frequent intervals to
refill the beaker with liquid methane. Probably as a result of the rapid
evaporation of the liquid methane, we never encountered problems arising

from the condensation of atmospheric water vapor on the cold sample surface.



In determining the radiant flux reflected by the free ;urface of the
methane we were faced with a formidable problem associated with the abéorption
by gaseous methane above the surface of the liquid. This problem was minimized
by the use of a system ;f exhaust pumps used to remove gaseous methane from
the optical path and from the air of the laboratory. One of the intakes
of the exhaust system was placed inside the Dewar vessel close to the surface
of the liquid; others were placed close to the top of the Dewar vessei. The
pumping system with its intakg openings was arranged to remove the unwanted
gaseous methane without producing waves on the surface of the liquid wmethane
sample. The effectiveness of the system in removing methane gas was checked
from time to time by a search for absorption assecciated with the strong
Q-branches of the gas bands in the air just above thé Dewar vessel; an
auxilliary horizontal beam of infrared radiation was used in this monitoring

process.

Tn arriving at values of R(v) for liquid methane, we first measured the
ratio n(v) of the radiant flux reflected from the methane surface to the
radiant flux reflected from a water surface when a water sample was placed
at the ;ample position in the reflectometer. The spectral reflectance R(V)
of methane was then obtained from the relation R(v) = r(v) RW(v), where Rw(v)
is the reflectance of water based on the tables of optical constants of water
given in a paper by Downing and Williamss, which gives a critical summary of
numerous earlier studies of water; in spectral regions where Rw(v) is extremely
small it was necessary to use a calibrated mirror in plaée of water as a
reference. Reflectance R(V) was determined in the gpectral range 6700 cmfl

to 350 em T
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" RESULTS

Figure 1 gives a plot of our values of spectral reflectance R(v) as a
function of frequency expressed in cm_l. The fractional reflectance over the
- entire range 4000 to 400 cmfl is rather low. There are two opservable dis—
persion features: the feature.between 3200 and 2800 cm—l in the figure is
associated with the overlapping fundamental vibration bands vy and v3: the
second 'somevhat sharper‘feature between 1400 and 1200 cm_l is associated with
the overlappinglfundaﬁental bands v, and Vg Over most of the range we

bélieve that the uncertainties in the vaiues of R(v) amount to + 2 pércent

of the plotted values. Incomplete removal of gaseous methane.from the optical
path could produce somewhat larger uncertainties in Fhe vicinity of the

two dispersion features.

In order to oftain values of the optical constants from our measured
values of R{v)} we made use of the values of R{v) over the entire rauge of
measurement 6700 cm_l to 350 cm-l. We first made use of simple ° .
Kramers-Kronig phase shift analysis with linear high frequency and low
frequency extrapolations to obtain values of n{v) and k(v); the resulting
values were then compared with those obtained by subtractive Kramers—Kronig
analysis, which leads to more reliable values of n(v) and k(v) in the

- vieinity of the highest and lowest frequencies in the ramge of actual measure-
ment. We discarded values of the optical constants in the 6700-4000 cm—l
region and in the 400-350 cmﬁl region in order to minimize-the influence of
extrapolations on the values of the optical constants plotted in subsequent
figures,. -

The values 6f n(v) as a function of wave number are plotted in Fig. 2 for

the spectral region between 4000 and 400 cm_l.' The general features of the



curve in Fig. 2 are similar to the features in the reflectance curve in Fig. 1.
The uncertainties in n(v) amount to approximately + 1 ﬁercent of the plotted
values over most of the spectral range; the uncertainties in the vicinity of
the two dispersion features may be somewhat larger in view of the possibly
larger uncertainties in R(v) in these regions.
- The values of k(v), sometimes called the spectral absorption index, are
plotted as a function of wave number in Fig. 3 with one major peak at 3000 cm“l
and a second peak at 1300 cm"l. Although it is difficult to estimate the
uncertainties in k(v) as obtained froﬁ the Kramers-Kronig analysis of reflect-
ance data, we estimate that the uncertainties in the present work amount to
+ 0.001 in spectral regions where k(v) is small and somewhat less in the
vicinity of absorption peaks. Thus, in the range 4050 to 3100 cm,—1 our'values'
of k(v) are not significantly different from zero and have been omitted from
. the plot in Fig. 3. Thé uncertainty ¢k = + 0.001 should be borne in mind
when the low values of k(v) between the major absorption peaks and in the

-1 .
1200-400 c¢m = regions are considered. There is alsc some reason to believe

that the values of k(v) in the low—frequency tail of the absorption band
centered at 3000 cm_l are somewhat high and may be_subject to a correction
8k'(v) of -0.001 in this region. -

In Table 1 we give an abbreviated list of the optical constants of liquid
methane. In the téble we give values of n(v) at widely spaced frequency
‘intervals except in the vicinity of the regions of strong absorption; values
;f n(v) between the listed frequencies can readily be obtained by uging the
curve in Fig. 2 as the basis for making interpolations between the values
tabulated in Table 1. Values of k(v) are stated in the table for frequencies

in the vicinities of ébsorption bands. As indicated in Fig. 3 values of k(y)



in other spectral regions are very small; they are, in fact, so small that they

are negligible in the computation of particle scattering based on the Mie theory.
DISCUSSION OF RESULTS

We wefe interested in comparing the intensities of the overlapping
vy and v, bands at 3000 cm_I and the v, and Vg bands at 1300 cmhl with fhe
intensities of the corresponding bands in the spectrum of methane gas.
Spectroscopists usually compare band intensities by comparing the values of
Jo(v)dv for the bands, where oa(v) ié thé Lamﬁert absorption coefficient and
is related to k(v) by the relation a(v) = 4wv.k(v) with v expressed in cmﬁl.
In a study of gaseous methane Burch and W’illiams6 have reported values of
T fa(w)dv = 320 cﬁ_z for overlapping vy and Vg bands.and 185 cm_2 for the
vy and vy, bands for a pressure of one atmosphere and a température of 273K;
these authors indicate that these values have an uncertainty of + 15 percent
and aré in fair agreement %ith earlier studies, to which reference is made.

The measured values of fk(v)dv obtained in the present study are 4.4 cmml

for the vy and vy band with a peak at vp = 3000_cm_l and 5.7 cm—l for the

-1
Vo and v, band with its peak at vp = 1300 cm ~; these values also have an
estimated uncertainty of approximately 15 percent. Our present results for

Jk(v)dv can be reliably converted to fa(v)dv by the relation fa(v)dv = 4ﬁup!k(v)dv.

The ratios of Jja(v)dv for the Vys v band to fo(v)dv for the Vos V, band are

3
1.73 for the gas and 1.78 for the liquid; in view of the estimated uncertainties,
the agreement is nearly perfect.

A more important comparison involves the absorption per molecule in the
two phases, 3Because k(v) and a{v) are both ﬁroportional to the number Nl of

absorbing molecules per unit volume, we can compare absorption in the gaseous

and liquid samples by comparing values of fa(v)dv/Ni. The résults are listed



in Table 2 in terms of Avogadro's number NA' The ratio of the absorption
Sa{v)dv per molecule in the gas to the absorption per molecule in the liguid

is 1.19 for the Vi v band and 1.22 for the Vos V band. Within the limits

3 - 4

of uncertainty stated for the present study and for the Burch-Williams stuidy,
we can conclude that the integrated absorption per molecule in the two phases
are not significantly different.

This result is in agreement with our earlier results for dthér‘ﬁaterials,
in which we have compared the intensities of corresponéing bands in the solid
and liquid statesz; iﬂ those studies we have shown that Sk(v)dv for a given
band of a molecule or molecular group such as 304—— is directly proportional
to the number density Ny of the absorbers. These results suggest that the
dbsorption spectrum k(v)-vs-v for solid methane can be obtained in good
approximation from the spectrum of lgquid methane and from the known ratio qf
the densities of methane in the two phases. Although the details in the shape
of ; given band may be different, the wvalue of Sfk(v)dv of a givén band in the

s0lid can be expressed as Jk(v)dv for the liquid multiplied by the density

. ratio p(So0lid)/p(Liqudd).

If we agree to ignére differences in characteristic band shapes between
the solid and liquid, we can use subtractive Kramers-Kronig relations along
with a knowledge of nD(v) for the solid at some single frequency to obtain a
plot of n(v)-vs-v for the solid. This plot can be checked in spectral
regions remote from characteristic absorption bands by the use of the Lorentz-
Lorenz relation to obtain n(v) for the solid from the known values of n(v) for
the liquid. These methods can provide tentative approximate values of the
optical constants for solid methane until it is possible to determine these

constants from direct measurements on samples ¢f solid methane.



Fig. 2

. LEGENDS FOR FLIGURES

Spectral reflectance R(v) of ligquid methane at 98 K as a function

-

-1
of wave number cm .,

Refractive index n(v) of liquid methane at 98 K as a function of wave

-1
number cm .

Absorption index k(v) of liquid methane at 98 K as a function of

wave number cm 1,



TABLE 1 Optical Constants of Liguid Methane in the Infrared

Wave Number
,(cm-l)
&00
600

800

1000
1200
1220
1240
1250
1260
1270
1280
1296
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
-..1400

1500

n(v)

1.27
1.27

1,27

1.27

1.28
1.29
1.29
1.29
1.30
1.31
1.32
1.33

1.25

1.18

1.16

1.37

1.19

1.20

1.22

1.23

1.24

1.25

1.25

1.26

k{v)

0.003
0.005

0.007

6.008
0.01
0.02
0.02
.03

0.03

0.04 .

0.06

0.12

0.16

0.11 -

0.06
0.03

0.006

0.002

Wavelength
um
..»25.0
16.7

12,5

10.0
8.33
8.20
8.06
8.00
7.94
7.87
7.81
7.75
7.69
7.63
7.58
7.52
7.46
7.41
7.35
7.30
7.25
7.19
7.14

6.67

. 10



‘Wave Number
(en )

251600
1800
2000
2200
2400
2600
2700
2800
2900
2930

2960
2970
2980
2990
3000
3010
3020
3030
3040
3050
3060
3070
3080

3090

TABLE 1 Continued

n (.v)

1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.26
1.27

1.27

1.27 .

1.27
1.27
1.26
1.24
1.22
1.21
1.21
1.21
1.21
1.22
1.22
1.22

1.22

k(v)

0.005
0.006
0.006
0.005
0.0065
0.007
0.01
0.01
0.02

0.02

" 0.03

0.04
0.05
0.06
0.07
0.06
0.05
0.03
0.03

0.02

_0.01

0.009

0.005"

0.002

Wavelength

Um

6.25
5.56
5.00
4.55
4,17
3.85
© 3,70
3.57
3.45
3.41
3.38
3.37
3.36
3.34
3.33
3.32
3.31
3.30
" 3.29
3.28
3.27
3.26
3.25

3.24

11



Waéé Number
3100
3150
3200
3250
3300
3400
3600
3800
4000

TABLE 1

n)

1.23
1.24
1.24
1,25

1.25

1.25

1.25

1.25

1.25

Continued

k(v)

Wave%engtﬁ
3.23
3;17
3.12
3.08
3.03
2.94
2,78
2.63

2,50

12
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TABLE 2 Comparison of Absorption of Methane in the Gas and Liquid Phases a,b

- Band Gas Liquid . Ratio: Gas to Liquid
- fa(v)dv/Nl Jou(v)dv = 4ﬂvpfk(v)dv/Nl ‘

vis vy,  Te2x lOG/NA 6.04 x ]:OG:INA ' ";:19‘"

Vpr v, belbx 106/1\1A . 73,39 x 1()6/1\1A --.‘-’i.zz"

a) NA represents Avogadro's number.

b) Note that the values of fo(v)dv have an uncertainty of + 15 percent in
both gas and liquid phases.
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Infrared Band Intensities of Saturated Hydrocarbons-
Lary W. Pinkley#®, P. P. Sethna, and Dudley Williams

Department of Physics, Kansas State University

Manhattan, Kansas 66506

On the basis of measured values of gpectral reflectance R(V) at near-
normal incidence, we have used Kramers-Kronig analysis to obtain the
real n(v) and the imaginéry k(v) parts of the complex index of refract-
ion ﬁ(v) = n{v) + ik(v) for methane, ethane,.propane, n-butane,
n-hexane, n—~heptane, and n—deéaﬁé in the liquid state. Our results
indicate fhat, with the exception of methane, the intensity
S = fk(v)dv for the CH valence vibration bands in the spectra of
these liguids is directly proportional to the number of CH groups
per unit volume. Similar relations for the intensity of.the‘bands
due to CH2 and CH3 deformations. have been established._ We point out

that characteristic group intensities like characteristic group

frequencies may prove useful in molecular spectroscopy.



INTRODUCTION

The complete‘description of the spectroscopic properties of any
optical medium is given by the complex index of refraction of the medium:
N(v) = n(v) + ik(v).
Although it has long been recognized thaf any quantitative treatment of
the spectrum of a material requires a knowledge not only_ of its absorption
index k(v) but also of its refractive index n(v), most spectroscopic studies
" in the infrared have been concerned with a mere mapping of the spectrum of
the material with the purpose of determining the frequencies at which character—
istic absorption bands occeur. Some practitioners of this type of frequency

spectroscopy content themselves with the publication of absorption or trans-

mission curves with no numbers at all on the ordinates. Others present their

results with absorptance or absorbance plotted as a function of frequency.

or wave number v but make no sericus attempt to maks corrections for reflec—
tion at the inmer’ and.outer windows of their absorption cells'and ignore the
effects of the nearly inevitable stray radiation imn the vicinity of strong

absorption bands. 1In spite of these semi-quantitative treatments of intens—

ities, frequency spectroscopy in the infrared has provided an important

method ol investigating molecular structures, intermolecular forces, and
chemical reactions.

The present study of hydrocarbons is an example of another type of

in%estigation which might be termed intensity spectroscopy; in which we place
major emphasis on the quantitative determination of the strengths or intens-—
ities 8 = fk(v)dv of absorption bands. As presently practiced, intensity
spectroscopy is usually conduc?ed ét lower spectral resolution than that
employed in conventional frequency spectroscopy; quantitative measurement of
band intensity is thus accomplished with a sacrifice of detailed information

regarding band shapes.



Experimental Methods

In order to determine both n(v) and k(v) from direct experimental measure-—
ments, it is usually necessary to make quantitative reflection measurements
along with quantitative absorption measurements yielding values of the Lambert
absorption coefficient a(v) = 4yk(v)/k = 4mvk(v) with v in wave numbers cmfl.

A second method of determining the refractive and absorption indices is

based on measurements of attenuated total reflectance (ATR). Another method
involves the careful experimental determination of a(v) or of spectral
reflectance R(v) at the free surface of the material and the subsequent use
of Kramers-Kronig analysié to give both n(v) and k(v).

In the present work we employed the free-surface reflection techmique.
The methane, ethane, propane, and butane samples were obtained by condensation
of high-purity gases supplied by the Matheson Company. The temperéturés of
the resulting liquids were controlled by supporting their shallow containers
at adjustable heights above the surface of liquid nitrogen in avDewar vessel;
samplg temperatures were monitored by thermocouples immersed in the liquids.
In order to obtain a satisfactory measure of the surface reflectance of a
volatile liquid it is necessary to remove vapér from the optical path above

the Iiquid surface; we accomplished this by means of a set of exhaust pumps

with' intakes near the liquid surface inside the Dewar and at the top of the
Dewar wvessel. The most serious wvapor problems were encéuntered in the studf
ofumethane, which has a high vapor pressure even at its melting point. The
handling of the liquid hydrocarbons n-hexane and n-heptane, supplied by Fisher,
and n-decane, supplied by Eastman, offered fewer experimental problems; a single

exhaust pump with intake near the liquid surface served to remove vapor from

the optical path.



%3

In the present study we determined spectral free-surface reflectance at
near-normal incidence by megsuring the ratio r(v) = R(v)/Rw(v), where R{v)
is the reflectance of the sample and Rw(v)‘is the reflectance of water. Our
values of R(W) = r(v) - Rw(v), where Rw(v) is based on the tables in the
summary article.by Downiﬁg and Williamé.l The resulting values of R(Vv) were
then employed in the determination of n(v) and k(v) by Kramers-Kronig (K-K)
phase shift analysis by means of computing techniques described recently;2
the resulting values of n(v) and k(v) were further verified by subtractive
Kramers—Kronig relations,3 which serve to minimize errors involving the extra-
polation of R(v) beyond the spectral range actually covered in the laboratory
measurements.

We determined R{V) over the spectral range 6700 cm_l to 350 cmul but
report values of n{v) and k(v) over the more limited range 4000 cmﬂl to
400 cmul. The experimental uncertainties in R(v) amount to + 2 percent of
the values plotted in the figures; the corresponding uncertainties in n(v) are
+ 1 percent. The fractional uncertainties in k(v) are more difficult to state;
they are large in regions where k(v) is small but are fortunately much smaller
in the vicinity of the absorptionjpeaks. We estimate the uncertainties in

S = fk(v)dv as H10 to 15 percent of their tabulated-values,

Results

The values of spectral reflectance R(v) at near-normal incidence are
plotted'as a function of wave mumber in Figs. 1 and 2. In each curve there
are strong dispersion features in the ranges 3200-2800 cm—l and 1600-1200 cmfl.
For every compound except methane greater axcursions of R{v) are noted in the
first of these ranges than in the second. TFor all compounds except methane
there are smaller dispersion features imposed on both of the.major dispersion

features. In the curves for n—heptane and n—decane there are readily cbser-



able dispersion features in the 800-700 cm.—1 region. The spectral reflectance
in the high-frequency region shows a general increase witﬁ increasing chain-
length of the hydrocarbon; for example, at 3600 cm-l R(v)-for n—decane is
nearly twice that'of methane and the corresponding values of R(v) for the
other compoundé have intermediate values.

The values of the'refractive index n(v) are plotted as a function of
wave number in Figs. 3 and 4. The.major features of these curves are strik-
ingly similar to those in the reflectance curves Figs. 1 and 2. We note
that n{v) at 3600 cm—l shows a gradual, nearly monctonic increase from 1.25
for methane to 1.40 for n-decane. For frequencies below 1200 c:m_1 a gradual
decrease of n(v) with decreasing frequency is to be noted for all compounds
except methane; this gradual decrease 1s probably associated with absorption
bands in the far infrarad, a region not covered in the present study.

Figures 5 and 6 give plots of the absorpticn index k(v) as a function of
wave number. In the spectrum of each hydrocarbom there are sirong absorpiion
features in the range 3000 to 2800 cm T and in the range 1600 to 1200 cm"l;
the positions of the major peaks within these ranges vary from compound to
compound. With the exception of methane, all hydrocarboms studied have
absorption bands with observable structure in the two major ranges. HN-heptane

and n~decane have small observable ahsorption hands in the 800~700 cm__1

region. The values of k(v) in the spectral range 2800 to 1600 cmhl are very
small for all hydrocarbons studied; the valueg of k(v) in this region for
n-hexane and n-heptane are spurious but are included in Fig. & as an illustra-
tion of some of the shortcomings of K-K analyses for determining k(v) 4in
regions where k(v) is actually small.

In Table 1 we give a list of the frequencies at which absorption peaks

were observed in the liquid hydrocarboms at the indlcated sample temperatures.



All the major absorption peaks listed are associated, in large part, with
the fundamental vibration bands of the molecules. The peaks in the 3000 to

heqion )
2350 cm 1 correspond to bands in which wvibrations involving CH stretch in

F
CH3 and CH2 groups are Important. The peaks in the 1460-1300 cm-l regiong
are associated with fundamentals in which vibrations involving deformation of
CH3 and CH, groups are important.

The methane spectrum is a special case, in which the band observed at
3000 cmfl is associated with the overiapping vy and vy fundamentals. Although
we are giviﬁg a detailed account of the methane results elsewhere,4 we point
out here that the ratic of the strength § = Sk(v)dv for the 3000 cmfl band

-, bondl ‘ .

to the strength of the 1300 cm 7, is very nearly the same as the ratio of the
measured intensities of these bands in the spectrum of the gas. Within the
limits of uncertainty in experimental measurements, the absolute value of the
corresponding band strengths in the liquid and the gas are the same.

In Table 2 we present the resulis obtained for the styengths of the bands

involving CH stretch and CHZ’ CH, deformation. With the exception cof methane,

3
fof every compound the strengths of bands as§ociated with stretch are-greater
than the strengthsof the bands involving deformation. The strength S = fk(u)dQ

"of a simple absorption band is proportional to the number of absorbers per
unitlvolume. Although the bands invoiving CH stretch are due to the normal
vibrations of entire molecules, we found thaé the strengths of theée bands
are directly proportional to the numb;r density of CH groups in the liquid
rather than to the density of molecules. On the basis of fhe known densities
of the liquids along with known molecular weights and structures we computed
the molar concentration MbH of CH groups in moles per liter. Th Table 2 we
list ratio SCH/MCH = fk(v)dv/McH for each compound; the mean value of this

quantity for all compounds other than methane is 0.107 cm—ll(molelliter) and

the mean deviation from the mean is 0.007 cm—lﬂ@ole/liter).



In the case of the bands involving deformation, the corresponding absorp-

tion involves both CH, and CH3 groups; in view of the large uncertainties in

2

our values of fk(v)dv, we decided to disregard the differences in the contri-

butions of CH, and CH, groups to the combined strengths of the overlapping

2 3
bands with peaks in the 1370 to 1460 cm“l region. On the crude assumption
éhat individual CH2 and CH3 groups make equal contribution to the observed
band strengths, the number density of absorbers is equal to the molar concen-
tration MC of carbon atoms in each liquid. In Table 2 we list the values of
SC/MC = fk(v)dv/MC for the defofma%ion bands. Neglecting mgthane, we obtain
a mean value of 0:066.cm_5%nolelliter) for fk(v)deMC with a mean deviation
from the mean of b.bOQ cmfll(moleYliter).

) We note that the values of fk(v)dv/MCH for the CH-stretch bands and
fk(v)dv/MC for the deformation bandg are much highef for n-hexane than for
the other compounds studied. However, in view éf the estimated uncertainty

of + 15 percent in measured values of Sk(v)dv, the values for these quantities

for n-hexane do not constitute a real anomaly as in the case of methane.

DISCUSSION OF RESULTS

5,6

In earlier studies we have shown that it is possible to obtain char-

s + . . .
acteristic band strengths for NH, and S0, ions in solution that can be used

4 4

in making predictions of the gross features of the spectra of (NH4)ZSO4

and CuSO4'5H20 crystals on the assumﬁtion that the value of Sk(v)dv is

- directly proportional to the number density of absorbers. The results of
the present study indicate that the values of Sk(v)dv for the Cﬁ stretch and
the deformatioﬁ bands in straight-chain hydrocarbons are alsc proportional
to the number density of absorbers. It thus appears possible to .attribute

characteristic absorption strengths or absorption creoss sections to atomic



groups Iin molecules in much the same way that characteristic group frequencies
have been assigned on the basis of earlier work on frequency spectroscopy.

On the basis of the present results it should be possible to make
quantitative predictions regarding the intensities of the bands near 2900 cm-l
and 1400 cmfl'in the spectra of n-pentane, n-octane, n-nonane, and the longer-
chain normal hydrocarbons. We would expect our predictions to be valid

and CH_, groups in the molecules are not subject to

providing the CH, CH2= 3

large perturbations like those encountered in methane, in which the CH2 and

CH3vgroups cannot even be distinguished and in which the jimmediate atomic
: From

environment of ‘the CH groups is markedly different £ex the atomic environment

of CH groups in the other straight-chaln hydrocarbons. Wenote that even the

frequencies of the stretch and deformation bands in methane are somewhat

different from the frequencies of these bands in the other hydrocarbong.

In addition to providing predictions regarding the spectra of materials
not previously investigated, it is possible thaf charactaristic group inten-~
sities can provide important theoretical insights into molecular structure
and into the interactions between molecules and electromagnetic fields.

Group intensities may also prove useful in infrared spectrochemical analysis.

We close by noting that the absorption bands of hydrocarbons are suffi-~

ciently weak to make it possible to use transmission techniques useful in

the intensity spectroscopy of these materials provided suitable variable-

thicﬁness absorptien cells are developed. Careful correctioms for window
reflection, for interference effects, and for'stray radiation should be made.
Strictly linear response of the detector—-amplifier systems is necessary.
Commercially available double-beam techniques should be employed with extreme

caution because of their slightly incomplete heam balance.
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LEGENDS FOR FIGURES

Fig. l‘ Spectral reflectance R(v} at near—normal incidence for methane,
ethane, propane, and n~butane. as a function of wave number cmhl.

Fig. 2 Spectral reflectance R(v) at near-normal incidence for n-hexane,
n-heptane, and n-decane-as a function of wave number cmul.

Fig. 3 Refractive index n{v) as a function of wave number cmhl for methane,
ethane, propane, and n-butane.

Fig. 4 Refractive index n(v) as a function of wave number c:m_1 for n-hexane,
n—heptane, and n—decane.

Fig. 5 Absorption index k(v) as a function of wave number,cmnl for methane,
ethane, propane, and n-butane.

Fig.‘ﬁ Absorption index k(v) as a function of wave number cm_l for
n~hexane, n—heptane, and n-~decane. HNote: k(v) is overestimated

in the 2800-1600 cmfl region for n-hexane and n-heptane.
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TABLE 1

ABSORPTION PEAK POSITIONS IN HYDROCARBONS

Absorption peaks

Liquid Sample CH Stretch CH,, CH Other
Temperature (em™1) De%gimgéion Banéi
°c) o (em ) _ (em )

Methane -175 3000 1300

Ethane -175 2955 1455

2885 1380
Propane ~185 2955 1455
2880 1375
n~Butane ~130 2945 1455
2865 1375
n-Hexane 25 2910 1450
2855 1370

n-Heptane 25 2920 1450 720
: 2860 1370

n-Decane 25 2920 1460 725
' i 2850 1380

10



TABLE 2

INTENSITIES OF BANDS IN LIQUID HYDROCARBONS

Bands Involving CH Stretch

Bands Involving CH2 and
CH, Deformations

3
!
Compound Scg = fk(fidv‘ chlMCH 85 = fk(zidv SG{?e
Temo cm /ﬁmole/liter) cm em ~/(mole/liter)
Methane 4.4 ' *} 0.040 5.7 0.207"
Ethane 12,2 0.107 2.2 0.058
Propane 9.1 0.086 2.8 0.070
n-Butane 11.2 0.108 2.6 0.063
n-Hexane 13.2 0.123 4.1 0.089
n-Heptane 12.3 0.112 2.7 0.057
n~Decane 12.0 0.106 3.1 ] 0.060

mean® = 0.107 + 0.007

a) Excluding methane.

~IT /]

mean” = 0.066 + 0.009
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INFRARED BAND INTENSITIES IN AMMONIUM HYDROXIDE AND AMMONIUM SALTS*
P. P. Sethna, H. D. Downidng, Lary W. Pinkleyf, and Dudley Williams
Department of Physics
Kansas State University

Manhattan, Kansas 66506

ABSTRACT

We have applied Kramers-Kromig analysis to reflection spectra
to determine the optical constants of ammonium hydroxide and of
aqueous solutions of ammonium chloride and bromdide, From considera-
tions of the absorption indices k{v) we conclude that ammonium hy-
droxide consists of a solution of NHB,in water, in which'NH3 mole--
cules are hydrogen—bonded to neighboring water moiecules. The spec-
trum of ammonium hydroxide differs from the spectra: of ammonium salts,
in whiclr bands characteristic of NHZ;iQﬁs are promiment. The exis-
tence of ammonium hydroxide as an aerosol in planetary atmospheres

is briefly discussed.



In view of. the discdvery of small amdunts of water vapor in the: atmo-
sphere of. Jupiter. and the presence of large ammounts of ammondia. in the Jovian.
atmosphere, it has been' .suggested that ammonium hydroxide may:also be: pre-
sent’ ih the Jovian; atmosphere, Althoughhprévibusfa@temptsl to.observe infra-
red -absorption by gaseous ammonium hydroxide im: the laboratory have been
unsuccessful, it seemed-desitable to:make further studies. of ammonium hydrox-
ide solutidns and -to compate théir-infrared,spgct;a with the spectra of
solutions. of ammonium salts..

In the present study we have used: the methods..of reflection. spectro-
scopy?fto'obtain characteristic band: intensdities, in-the spectra- of ammonium-
‘hyd"fox:i:de»and- of ammonium halides in.agdeous solution. The exp‘erinla.ental
work has-involved a carefud measurement of the spectral refIéc;ance R(V) at
near=normal incidence: as a-function of wave number v in the spectral ¥angg
BSBO*gmfl"té*350'cm-I:, O the- basis- ofr the measured values- éf. R(v), we: have
enployed’-Kramers-Kronig phase-shift analysis -to déetermine the real n(v) and
imaginary k(v) parts ©f the complex indék of refraction ﬁ(v)'=rn(v)'+ ik(v)
for the solutions. In the present work we have been-chiefly interested in
the'absorptionjin&éx k(v) and.have used the phase-differehce techniques de-

SCtiBed*earlﬁerB'to‘obtainfdiifefengeszbetween:kév)so for' the solutions.

1
and k(v)w for -water at 27°C.. The use. of the phase-difference technique
enables -us. to determine more precise values for the difference k(v)éol -

k(v)W than: for the -absolute.values of either k(u}soi or k(v)w, We have found4

that in certain-.cases thé‘diffarence‘k(v)solv k(v)w is ditectly proportionagl
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to: the moldr. concentration’ of: theé .solute. -

The: infrared: reflectances spectrum R{V)-~vs~v .of a 4.3M solution-of -
ammon ium 'broui-idev is shown' in-Fig. 1 for the range: 5200 to 400 cm l. Except
for sliéht: frequency shifts, the major dispersion features- in the. 3600~
3200 cm- 1 , the 17—(‘)01'-f].‘600¢ cm:_- 1 ,- and the. 800-400 cm‘_l régiong are similar to
the. corresponding, maj_‘or features ih tpe.réfliéctance spectrum of water.

Superposed on: tliese -major features aré smaller-features in the: 3200-2800- c:m-l

region and: the- L600=14C0: -cm_-l(" regions that are .characterdstic of the: NHZ
fons, Other ammonium: bromide and chloride solutions have. reflection spectra
that are. in general. sdimilar to.the spectrum shown. in Fig.. I.

Qur- work on several ammonium- chloride solut;ion’ss is. summarized in, Fig. 2,
which.shows- a plot of-a quantity [k(®) o1~ ak(v).w],-'/M #s a function of. wave
number: The tem“k'(‘v'}sol is tHe absorption. index- for a solution of molar
_copcentration: My -k(-v)'—w 4s the-absorptiom index; for pure- water and.-a 1is the
ratior of the molar. concenttation. of H'ZO- 4if the solution to. the molar. concen-
tration of HZO' in.pure water.  The plot thus gives:an account of. the influ-~
ence of the- solute om the water bands- and of the.adddtional bands, due -to the
solute.itself, The.large positive-pedak near 3500 \cm"l_ représents a shift: of
the vy and Vy bands' of water tor higher frequency. The large negative ex-
cursiom near 800 cm: L {ollowed by -the‘ rise near 500 cm_l is a result of' the-
shift. of tle l:n'.:brationa{l.- band: vy of water: to lower frequency. Shifts .of
this: Kind have been: observed in our” ear;i.”z':e::‘ studdes. .of alkali. }i&i‘id’e'. solu~-
tions‘._5 The other absorption. peaks can be attributed to absorption by the
NHT: ion, .

The band  with thrnee apparent peaks in the 3000 cmrl region represents

the overlapping v{ and \Jg fundamentals- of the.NH'Z ion-.s' The smail peak -at

1500 u:'.!:n“:L can be attributed to the weak v, fundamentail of N‘HZ but may also
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ifvolve.a slight shift in the v, fundamental of water in this region:. The

2
sharp. absotption band near X500 cmrl‘corrésponds to the‘u4 fundamental of
the NHZ ion;.i

Cur rasu?ts.ﬁon ammonium bromide solutions are.givenrin.bheﬁcornespon-
ding plot in: Fig. 3.. Although the influence of the solute. on' the water bands
is. . different from: tHe: influence .noted for the: ammonium.chléride. solutions,
the: observed band: shifts:are.to-becexpected: on the basis of our: earltier studieé~
of’othertchlérides.andfbromidésﬁ. We note that- there are characterdstic .

NH? bandg‘in Fdig: 3 that can be attributed to’.the known absorptdon- bands of
the-ion:.. These bands aﬁpear in. the same spectral regibns as those in Fig. 2
and have comparable intensities,

In our studies of. ammonium hydroxide soiﬁtions-we,employ;d exhaust
pumps to remove ammoniz gas from-the liglit path in-the region abowé. the free
surface of the solutions. Because-ammonia is continuously evolved ftom the:
solution surface we; were careful to use freshly prepared samples.for only-
brief periods during reflectance measurements in prder;to~minimize eifects
due to. chHanges jmr measured concentration:

In Fig: & we- show the obsefved reflectiom spectrum of a 5-.4M .ammonium-
hydroxide solution. THe major features.in the spectrum~are_remarkébly
similar .to those. of water.. There are,. however., changées in' the shapes-of the
dispersion: feature betWween 3600 ahd 3200 emfl and in\ﬁherQicinity of 17.00-
1600‘cm-1” & small additional dispersdion feature appears- in- the: 1200-1100
cm_I. There are no- apparent effects: due to:ébsorptibnmof'gaSEOQS'ammpnia
in the radiation path. -

Our work on ammonium hydroxide is summarized in Fig. 5, which shows
plots of k(v)sol - ak(v)w for .geveral different concentrations. Three. charac-

teristic absorption: bands with intensities proportional to concentration can



be mnoted: (I} a broad.band in the 3500-=2700 cmrl region,. (2) 2 band with
two branches in the 1800-1500 cm?l region, and (3) a sharp. band near 1100
cm_l. ThHese ammonjum-hydroxide bands differ ir freguency and cortours from
the NHZ bands observed for the ammonium halide solutioms. The most’ obiious.
différenges-ﬁétﬁeen the ammonium-hydroxide- spectrum and’ the spectrum- of the
amﬁonium;haiidé solutions -are.the presence of the shatp.peak at IrOO’cmfI in.

ammonium hydroxide;ané itgs absencer in the ammonium-halide sclution and the-

absence from, the hydrokide- spectrum of the characteristic strcnngH?’

4

. -1 . . - ., , . .
1450 em . In connectiom with Fig: 5 we note that the. absorption maxima at’

band at

.\‘:'41:r:u:iuen.c:ies."ne:l:cn.a»1000"@:11._;L may be due to- shifts im. -the:librational band of

water  but ma;'be‘spu;ious;.§he:inteﬁsity-of these apparent absorptiom bards-
is not proportional to the concentration of the solutuiouns .as are the inten-
sities. of the. characteristi¢ bzands.

Because the characteristic NHZ bands are not present in-the: anmonium
hydioxidg‘épectrum Ge‘coqtlude that'the“cqnceﬁﬁritionhof‘the Nﬁz'ion in am-
moniium hydroxide: is negiigibiyASmall} Considerdtion-of the  characteristic
absorption bands.of ammonium. hydroxide indicates that these bands form a:pat-
tern-that is: similar to. the. pattern. of the bands'ip-gaéeousy; liquid§: and
solid‘ammoniag. In the upper part of Fig: 6 we give arschematic comparisom of |
the spectrum of ammonia: in-its varicdus phases with the obgerved ammonium hydrox-
idé;spgcttqmg:we»ﬁame»attempted?in the. figure to maintain. the measured band- in-
tensitigs:sﬁ fk(v)dﬁﬂandito:degradé~tﬁexobservedfspectrumvof‘the gas- to the low
resolutiom used.in .obtaining the absorptiow spectrum .of. tHe condensed. phases.

When NHB gas- condenses, hydrogen bonds are formed-between-NH33molgcules.

Hydrogen bonding decreases the frequencies of the‘vi and vﬁ bandg involving

the valence vibrafions of the NH units and increases the frequency of v, bands-

2

that invdlve molecular bending vibrations in® which the motiom.of hydrogen



atoms. is- involved.,. This is also the case when water vapor condenses; the

valence vibrations v and.v3 decrease in frequency while the bending fre-

L
quency v, increases; the hydrogen bonds between water molecules are stronger
than the hydrogen-bonds between ammonia-molecules. The observed spectrum

of ammonium hydroxide can.be Iinterpreted in terms of NHB moleculés that are

lydrogen~borded to surrounding water molecules. Because. the hydrogen honds

between NHB.moierles and HQO mdlecules. are stronger than hydtrogen bonds
betweenzNHs,molécuIes, the shifts- of the- frequencies-of NH3 in- aqueous solu-
tion are greater than of ammonda in condensed: phases.

In the lower part of Fig. 6 we list the bands.-due to the NHZ ions. The
frequencies and the inténsities of these bands are markedly different from
the bands attributed to NHg.hydrogen*bondéd,tb~wafer"molecuieSa- This 1s

especially evident in the case.of the v, and v, bands.

2 4

We- have summarized our results on the.intensities of th@-NHé and NH:
bands in Table I, in which wé: list the values of the. quantity f{[k(v)sot -
ak(v)W]/M}dv in cm:l/(MgIelliter) for each band. It is to be-noted that
the characteristic NHB.bands in the ammonium hydroxide solutiodns differfrom
thie bands in the ammonium salts in- characteristic intensity as well as in
frequency. Unless.otherwise noted in the table, the band intensities are
subject to. an uncertainty of approximately +15 percent of the values listed.

Our- study indicates that. ammonium. hydrokxide consists of & solution of
NH3 gas- i water without. spectroscopically appneciable.nnmbers‘of3NHZ ionsy
this conclusion is in agreement with much cheémical evidence. If ammonium
hydroxide -exists as an aerosol in the atmospheres of the outer planets, its
optical constants are nearly tlie same as. those of water exéept for concentra-

L 1600 em T, and. 1100 cm™~. We have

tion dependent differences near 3000 cm
obtained no evidence to indicate that NH4OH exists as-a chemically bonded mole-~

cule; there is no reason t0o expect its presence as a.gas in planetary atmospheres
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TABLE 1. Characteristic Band Intensitiesa

Vis Vg vy vy

Nﬁé Bands in

Ammonium Hydroxide 2.3% 0.24 + 0,06 0,28
Vis Vg Vs vy

NHZ Bands in:

W, C1 2.81 0.19 # 0.07 1,77

NH, Br 2.78 0.31 % 0.07 1.95

, b ’ b
(¥H, ), 50, - - 1.96

®The intensities are given by f{{k(v)sol - k(v)W]/M}dv and are stated in
em™ L/ @ole/Litex).
bShifts in nearby water bands prevent accurate intensity measurcment of

these bands,
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The near-dormal spectral reflectance R(v) of a 4.3M solution

of ammonium bromide in the infrared.

Molar absorption index of ammonium chloride as a solute.

Molar abscorption index of ammandum. bromide as a sclute.

The near-normal spectral reflectance R{(v) of a 5.4M solution of
ammonium hydroxide.

The absorption indices for ammonium hydroxide solutions for
various. concentrationss 1.35M, 2.70M,. 4u05M,‘an& 5.40M,

The upper part of the figure compares the characteristic bands
of ammonium hydroxide with the bands of gaseous, liquid, and
solid NHB' The lower part of the figure gives the bands char-
acterigtic of the-NHZ icon in solutions amd in a-crﬁstal. The
spectrum shown for the crystal NH4CI is taken from E. L. Wagner

and-D. F. Hornig, J. Chem. Phys. 18, 296=304 (1950)..
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