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The Infrared Spectra of Liquid Water

Containing Hydrogen and Deuterium.

A. L, Casselman,* University of Cincinnati

Summary
The infrared absorption spectra of HDO and Dy0

were_compared with the spectrum of Hy0 with the view of
1earning the difference between them, if any, sad to deter-
mine which pair of atoﬁs in the molecule is responsible

for each particular bend. By using water of 57 ofo D

content and a second semple of water of 99+ o/o D content,

it is reasonably shown that the bands oceurring at S.Iz/b,
4.%/», 4.%/», and 6.3ﬁ&are due, respectively, to the com-
binations H-H, H-D, D-D, and HE-D. Absorption due to similar
gtoms in a molecule is much greater than that due to dissimilar
atoms, |

Introduction

The spectre distribution of fhe absorption bands
of ordinary liquid weter was determined by Aschkinass(l) in
1895. His investigatiqns toék in the wavelength range from
0.45 to 8,5 and the thickness of the absorber varied from
0.001 em, for the longer wavelength region to 100 cm. for

the shorter wavelength region. THe bands obteained by him

*Laws Fellow in Physics
(1) Ann, 4. Phys., 55, 401, 1894.
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are located at the wavelengths 0.77c, %/», I.2§/L, 1.§/L,
1.9%/A, 3.0%/&, 4.3/L, and 6.0%/L.

' The work previously done on the infrared absorption
of water did not give any direct evidence of the origin of
the bands, but the discovery of Deuterium, the heavy isotope
of hydrogen, by Urey, Brickwedde, and Murphy(a) in 1932,
suggested the possibility that the spectrum of Deuterium oxide
{heavy water) might, by comparison with that of ordinary water,
indicate the mechanism by which the absorption is produced.
With this end in view, the present investigation was made.

The absorption spectra of ordinary water and of two samples
of heavy water have been obtained in the region 1.%/*—%0 7.%#”.
. Apparstus

The Leiss prism spectrometer, used snd described
by Schaffert(z), was used in this investigation of the water
absorption bands., No changes were made except that the D
lines of socdium (5893) were used in the cslibration instead
of the (5461) green line of mercury.

The angle of the rocksalt prism, determined by the
usual method with a Gaussisn eyepiece, was found to be
60° 4T 40". The prism was very clear but conteined several
bubbles.

The two spectrometer slits were set at 0.2 mm, and

were left there throughout the experiments.

(2) Phys., Rev. 39, 164, 1932,
(3) Journ. of Chem, Phys. July, 1933, 507,
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The absorption cells used in this work were con-

structed as shown in Pig, 1. The fremework is of brass.

D

wax 14

~ PLATINUM D%
SEPARATOR Tl
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- o

F/—y /. 7}/6* of cell wsed /n [his invesligalror.
A smsll portion of the heavy vertical piece is machined out
slightly to permit the introduction of water at the top and
to allow the escape of air below. The liquid is introduced
by means of a fine eyedropper. Surface tension between the
clean mice plates csuses the water to spread over the surfaces

very readily.
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Two pieces of mica 1 1/8" x 2 1/2" and sbout 0,005
cm,. thick are separated along the sides by mica strips of
the thickness desired for the absorbing layer. Straight down
the centre, and between the mica plates is inserted a narrow
piece of rolled platinum wire of the desired thickness., The
final thickness of platinum separator used in this work was
about 0,0035 em. The screwholes in the 1/8" plece are
countersunk so that the flathead screws might.be covered with
wax, At the edges where the mica is flush with the metal,
and around the edges of the windows on both sides of the cell,
molten wax is made to run, After the liquid has been intro-
duced, the tep and bettom of the cell are sesled. In this way,
the water could be kept in the cell for several days. If the
mica plates are made much thinner than 0.004 cm, they tend to
crack easily. This occurred several times during runs. Even
though cracking does not take place, the water will dissppear
very quickly. Plates of 0.0055 em. thickness held the water
for as long 88 a week, Less than 0.2 ¢.c. of water was
suffieient to fill the cell. .

To make the presence of the platinum wire separator
effective it is essential that the mica plates tend to form
& double concave cell when the wire separator has not yet
been inserted. After introduecing a heavier wire to press the
two plates apart, the separstor is inserted and the heavier
wire is withdrawn., The cell thickness at the region of the
image of the glower will then be approximately the thickness

of the measured platinum separstor.
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The cell 1s placed in the light path at a point
where the image of the glower from the first reflecting mirror
is smallest., Near it is placed & similarly constructed
"dummy"™ cell, with the same thickness of mica plates snd
separators. These two could then be alternately thrown in
and out of the light path. |

Experimental Data

Readings were taken for every 30 seconds of arec,
corresponding to 0.086/L steps in wavelength near the g/bt
region and 0.04§/Lsteps near the 6/K-region, covering a
wavelength range from about l/u.to 7.8/4. A sufficient number
of sets of reedings were teker to indicate reproducible
results for each of the following cases,

1. {a) Distilled water ({0.008 cm. cell)
(b) Distilled water (0.0035 em. cell)
2. Heavy water of Deuterium content 56+ o/o
(Menufacturer's value) (0.0035 cm. cell)
3. Heavy water of Deuterium content 99+ o/o.(4)

(0.0035 cm., cell)
The Absorption Spectra of Hp0, HDO, and DgO0.

The results of these three experiments are shown

in Fig, 2. The curves for ordinary weter are marked HgO,

(4} Professor Taylor of Princeton Chemistry Department presented
a grem of the heavy water to Dr. Gowdy of the University of
Cincinnati Physices Department, We here wish to express
our thanks to Professor Taylor for the water sample.
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for the 57 o/o sample HDO, (indicating the spproximate

average composition), snd for the high concentration, Dg0.
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Fiy 2. Absorplion bunds obluined for Fhe varions waler samples.
The bends of Hy0 at 1.5M, 2, 3,17, 4.7M, and
6.1/‘/*- were found with the thin cell as expected, but the bands
at 0.’77/4, 1/%, and 1.25/4 were not evident dué to insufficient
thickness of sbsorber. With the thicker cell (ebout 0,008 cm,),

the entire absorption inereased somewhst but particularly diad
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the 4.7 4 band increase, and the 3.17 44 band shifted to
5.34/4. ‘This latter effsct has been discussed by Ellis(5)
but no satisfactory explanstion of it has been suggested,

For the sample containing about half Deuterium,
new banda are shown at about 4.2/* and 6;9f4. Both these
bands are strong. The contour of the band at 6.9/L indicates
an additional band at about 6.76/& not elearly resolved, It
is also to be seen that all the Hp0 bands are present, since
nearly half of the light atoms were hydrogen.

In the Phys. Rev., Feb, 1, 1934, preliminary results
on this investigation were published by me in the "Letters
to the Editor"” columms, The sbsence of the 4,7 M band noted
at that time was evidently due to the thinness of the cell
then used. Subsequent work with a thicker cell has shown
definitely the existence of this band, although it is wesk,

Por the sample containing high Deuterium concentra-
tion there is a very strong band at 4.4, and the 3.17X
band practically disappears. The band &t 6.16 A and the band
at 6.92 ML are reduced in intenmsity (especially the latter),
and appear to be shifted towards each other to the approximate
roints 6.4/1 and 6.86 M respectively. The experimental values
of the wavelength positions of the bandé are given in Table I,

(5) Bliis - Journ., Opt. Soc. of Amer., Jan,, 1924, 1,
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Table I
Bands obtained with cell (Experimental)

Cell '
Substance Thickness (ecm.,f Pos ition of bDandas
: ) 0.008 3.34 M 4,74 6,16 /4
E,0 0.0035 3,17 ;& 4,7/ 6,164
HDO 0.0035 3.17/4. 4.21/4 4.2}‘6.16/4 6.92/L
D0 0.0035 4.4 6444 6,86

Discussion of the Absorption Bands Obtained

The arrangeﬁent of the atoms in the water molecule
is a disputed question. The most generally accepted confligure-
tion is triangular in form, Debye(s)gives arguments from
nelectric moment considerations that the angle made by the lines
Joining the hydrogens to the oxygen is acute. It can be seen
that, in the case of an scute angle, when vibrations take place
between the hydrogens, the vibrations between hydrogen and
oxygen are very little affected, amnd vice versa, the two motions
taking place in nearly normal directions., If the angle were
obtuse these vibrations would have a decided effeet on each other,

It is generally vonsidered that the bands existing
between the individual atoms of a molecule are comparable to
the action of a mechanical weightless spring of éome force

constant, K., Kettering, Shutts, and Andrews(v)have illustrated

(6) Polar Molecules, p. 73.
(7) Poys. Rév., vol, 36, Aug., 1930.
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the agreement of the frequency of mechanical models for
nonpolar molecules with data from Raman Speotra‘. They con-
¢lude that the molecular forces are directed along the lines
associated with the chemical bands snd that, mechanicslly,

they are smalogous to helical springs, Under these conditlioms,

ml )772 i
_ 8
177 + 177,

the reduced mass, should apply. Stating this in terms of
wavelengths, R o= P"7
Since the 3.17/‘* and the 6.16/*4 bands of Hp0 are

then, the relationship, 7)= ﬁ 7/7/‘— where 7=

always strong, let us consider them as the fundamental references,
Table II provides & comparison of observed values with those

computed according to this mechanical model.

Table II

A

Computed., Computed.

Combin- 17 ;/,,7— i base base

ation 797 Observed \=3./7x« Observed A=<./dm
H-H 0'.5 0.707 1 34.1’7/“ 3'.1'7 Pl 6‘.16/“ 6'.16/u
H-D 0.667 0.816 1..155 4..2/4 3‘.6.6/“ 6‘.92/1 7;1/“
D-D 1'.00 1.00 1.414 4,.4/“ 4‘.48/4

The reletionAel 7% chows that the H-D band should
be near 5‘.’7/11. end the D-D band near 4..4/4 '. The D-D band showed
where expected but the H-D hand ocourred at s wavelength grester
than the computed value. This may be explained by the faet that
the HDO used contained nearly 57 o/o D concentration., Hence
we have & gradusl approach towards 4..,4/« as the D concentration

is inecreased,
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Considering the 6.16/4¢ band of Hy0 as a reference,
we find by experiment a new band at 6;9/4 for HDO. From the
relation A o€ 7??—' it should be due to sn H-D combination
and fall near 7.%/*. For D20 this peak nearly disappears,
since there was only asbout one percent of H present in the
absorber,

According to these results, any absorptions due to
O0-H or 0~D combinations are extremely weak, and any vibrations
between similar atoms produce very strong absorption bands,

Comparison of the curves shows that the band at
3;17/£ decreases rapidly in intensity with the reduetiqn in
H content; A new band at 4;gfi appears when D is present snd
moves to 4;4/A at high concentrations of D. The band at 6.1§/1,
like the band at 5;1?/(, decreases in intensity with decrease
in H content. A new band appears at approximstely ?/4 when
D is present but deoreases in intensity when the concentration
of D is high and that of H is low,

These observations indicate that it may reasonably
be assumed that the bands at 3, 17M and at 6 +16 At are due to
the oscillations of am H-E comblnation. Similarly, the band
at 4.4/4 is due to a D-D combination, The behavior of the
bsnd in the neighborhood of 7/4 1ndicates that it is due to

sn B~D combination.
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I wish here to express my sincere thanks to
Dr. R. C, Gowdy, for his suggestions, help, and encourage-
ment during the time this investigation was under way. I
wish also to express ny apprecigtion to other members of
the staff of the Department of Physics for their interest

shown in this work.
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