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ABSTRACT. ‘The Raman band of heavy water is found to be similar to that of ordinary
water Doth in diffaseness and extent,  The variations with temperature in the strocture of
this hand are also similar to those of ordinary water.  These changes are attributed to changes
in the relative proportions of Dy, (D;0)y and (I0)y molecules which are assumed to e
in Wiermal equilibvium, By an analysis of {he intensity enrves of the band, the proportions of
the thice polymers at different {emperatures are caleulated. ‘L he resulls are comparcd with
those of water and ihe points of similarity and diflerences explained on the busis of their

other physical propertics.

. INTRODUCTION

Soon after the discovery of heavy water, Wood! studied its Raman spectrim
and found that it gives rise to a broad and diffuse hand with a maximum of inten-
sity having Raman [requency cqual to 2517 em”!. Tater Anavthakrishnan®
reported that in addition to the principal band which actually consists of three
components with frequencies 2363, 2515 and 2662 cm™ ! there are two compara-
tively famter bands at 1110 and 1250 cm™' Bauer and Magat,* however, found
only two components in the principal band at 2389 and 2509 cm™'.  The other
bands reported by them are at 170, 350, 500 and 1207 em™, the one at 1110 found
by Ananthakrishnan not being observed in their spectra. Rank, Larson and
Bordner# studicd the Raman spectrum of Dy0 in the vapour state, which revealed
a comparatively sharp linc at 2666. )n account of the similiarity in the general
features of {he Raman spectra of 1,0 outlined above and those of water exten-
sively investigated by a number of workers, we undertook a study of Dz on
lines similar to the work® of one of us on water in its various phases.  The
results 1eveal not only certain points of 1esemblance in general, but some  interest-
ing differences in. detail which arc described in the succeeding parts of this

communication.


https://core.ac.uk/display/84906481?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

64 [. R. Rao and P. Koteswaram
;, EXPHERIMENTAL TECHNIQUI

Since the D,O available to us was small in gquantity, it was found nccessary
to adopt an arrangement by which wastage of the substance is avoided as far as
possible, particularly during our study at the higher temperatures where loss
due to evaporation may be considerable.  IXence the heavy water was kept in a
tuhe sealed under vacum, This procedmre was necessary for other considerations
also.  ‘I'he sample supplied by Norsk Hydro-Electric Company  when studied
dircetly gave a strong continuous hackground in the Raman spectrum, possibly
due to slight traces of fluoreseent impuarities. Tt was therefore found ncccsham‘
to distil 1t in vacuung, O acconnt of certain convenient {features i the arrange-

/_

ment which may he adopted for investigation of similar substances, the details
of the technigue are brielly oullined in Agure 1.
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FIGURE 1

T'he glass tube A, 2 cm. in diameter, is 15 cm. loug and has a narrow stem at
the top at the end of which is blown a spherical bulb with its surface as clear as
possible.  ‘I'he Dottom of the tube is closed and the side tube indicated in the
diagram is connected to another bulb not shown in the figure. After pouring
the D,0 in this bulb, it is exhausted and scaled. After repeated distillation of
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heavy water into A, the side tube is scaled off at the constriction previously
provided. It is placed vertically in an outer jacket B through which water is
circulated. ‘This is surrounded by a heating coil which is protected [rom the
atimosphere by the glass tube C. A wvertical type of mercury arc is placed s
near as possible to the outermost jacket C. The tube A, containing Licavy water
up to the side tube, is painted black all over lcaving a clear portion at the centre
for the liquid column to be exposed 1o the mercury are light. A small circular
clear space is provided at the top of the bullb to transmit the scattered radiation
which after total reflection thiough the right-angled prism P is concentrated on
to the slit of the spectrograph by the achromatic Iens L. The current through
the coil is so adjusted and the water cirenlated through B so regulated that a
steady  desived  temperature s reached. The temperature of the circulating
water was noted by a thiermometer inte ueed thiough the side tibe and after it
was steady for a1 coneiderable neriod, the spectimm o the seattered radiation was
taken.  The narrow tubea & top of A served the purpose of a diaphragm 1o
cul off parasitic lighit from the sides of the tube. The bottom of A and the
surface of the liquid layer were protected from the direet mercury are linht o
climinate the intense scaitering from them.,

For temperatures lower chan that of the Iaboratory, the tube containing
heavy water is dipped jn a transparent thermos jlask containine cold water,
which is kept at a constant temperature by adding ice and stirring.

3 STRUCLURT OR TIITK DyO AND IO DA LDN

The Ramat speetrum of heavy water reveals a broad diffuse Dan as for
ordinary water, with three clear maxima having Raman {requencies equal to
2304, 2531 and 2674 cm™1. ‘I'he following table contains the frequencies as
given by different authors on this band :—

Tanrg I

Raman {requencies of the DO band

Author. } Raman {requencics of maxima.,
[ U p— e e
Wood — 2517 .
Ananthakrihsnan 2358 2507 2680
Bauer and Magat 2380 2509 —
Authors 2394 2534 2074
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lixcept for slight differences in the frequencies of maxima there is general
agreement as to the existence of at least two components in the band. Wood
used the 25378 line of the mercury arc for exciting the band and might have
measured its wavelength hy a micrometer, which gives only an approximate
valte on account of the diffuseness of the hand.  I'he other two sets of values
for excitation by the 40978 line arc also the result of micrometric measurements.
In a case like this where a spectral line is very diffuse it is always desirable to
take a microphotometric eurve for finding the exact position of the maxima,
This is what we have done and the values given by us are the resull of such a
measurement., :

By a study of 1he DyO) band at different temperatures which will be des\
cribed in detail later, we found large variation in the relative intensities of the
three components, the one of lower frequency increasing in intensity with

. . \
diminishing temperature, the highest frequency component at the same time

diminishing in intensity, the central component remaining approximately cous-
tant.  This cxplains the absence of the third frequency in Bauer and Magat’s
results as the temperature of their lahoratory must have been much lower than
that of the tropical lahoratories where Ananthakrishnan and the authors work.
This discrepancy should not therefore he taken as a genuine difference in the
structure of the bands as was the case with water. In the later, there was
controversy for a long time as to whether Raman band of water consists of three
or two components, the continental workers [inding only two clear maxima, while
the workers in Tndia observed a third faint component. In a work of this kind
where variation in the stracture varies coasiderably with temperature, it iy’

T ——

therefore always desirable to make note of the temperature at which the
investigation is carried.

L‘ v | D0
L y
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| om0

FI1Gure 2
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Before giving our results with variation in the structure of e 1,0 bapd
with temperature, a comparative study of the microphotometrie

enrves of this hand
and that for H;0 atthe same temperature, are vive

' nbeJow.  Both the bands
are very broad and diffuse.  While the HoO) hand extends from about 5052 em™!

to 3834 em™!, arange of about 78 wave numbers, that of DO ranges from
2254 to 2784 with a width of 530 wave numbers.  ‘I'his indicates that the  width
of the DgO hand is decidedly smaller than that of L0, Fora comparison of
the two bands, their microphotometric curves are given in figure 2.

While there s a signilicant similarity in the two curves with regard to
diffuseness and structure, there is a fundamental differcoce in - their extent and
relative intensities of the components.  The extent of the DO curve in the
figure is decidedly smaller than that of I10). This disparity in the extent of
the two bands is actually greater than what is recorded in the figure on account
of the lower dispersion of the prism spectrograph in the region where the HyO
band falls. It is also clear from the curves that for heavy water, the compo-
nents (marked with arrows) are better resolved, the first component withAv=
2304 em™! heing of the same imensity as the sccond, whereas for ordinary water,

the first component is not only not well resolved from the second, but is also less
intensc.

4 STRUCTURAIL VARIATION OF THI 10 BAND
WITIH TEMPLERATURL

On account of the close similarity in the naturc of the DyOand Hy0)
bauds, we investigated the structure of the DyO band at 6, 30, 65 and 100°C
on lines similar to the work on HaO hy one of us.® The microphotometric
curves of the Raman band for DO at different temperatures are taken and the
intensities at diflerent points on the hands are caleulated by the usual method.
The results are given in table 1I, in which the intensities against the  corres-
ponding {requencies arce recorded {or the four different temperatures.

For a clear understanding of the variations in the structure of the hand with
temperature, the results in table Il are graphically represented in figure 3,
with the frequencies along the abscissa and the corresponding intensities along
the ordinate.
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Intensity distribution
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The extent of the band is almost the same for all temperatures, hut the
variations in the distribution of imtensity from  one temperature o another are
very couspicuous.  While the intensity curve for 6°C shows two ¢lear maxima
at 2305 and 2530 with aninflection at 2645 em™!', that for 30°C contains the
maxima and inflection at 2395, 2535 and 2055 c™ ' orespectively. At 00°C there
is only omne clear maximum at 2550 ci’ ' owith a small inficetion at 2095 em™!

while at 100°C again there are two well deined maxima at 2540 and 2090 cm™?
1

with an inflection at 2350 cm

It is cvident from the above observations that the elear maximum of lowest
frequency at about 2395 cm™!
temiperature, the fiequency changes, however, heing negligible and within the

, chanees very rapidly i intensity with inereasing

order of accuracy with whicli they can e determined. This maximum  which
is most intense at 0°C is reduced to almost cyual intensity  with the second ot
30" C diminishing further at o6 C and almost disappearing at 100°C, excepting for
a small inflection in the cuarve for this temperature.

The central maxinumyn, however, persists  with cqual intensity  at all
temperatures.  ‘I'he third maximum which makes 1ts appearance clearly  at 100°C
with a frequency equal to 2090 em ™! is pereeptible, at other temperatures as a
mere inllection, the prominence of this inflection  dipnnishing with falling

temperature.

5. ENTLANATION OF TIIE ATOVI RESULTS.

The close resemblance between the DO and H, O Raman bands, not  only
in their difiuseness and structure, hut also in respect of changes in the distribu-
tion of intensity in the bands with temperature, leads naturally to the conclusion
that the explanation given by one of us” for these phenomena in 1,0 applics
cqually well 1o the case of D,O. “Ihie three components iu the HLO hands  weic
attributed to three polymers of water, H,0, (H,0), and (H,0), and the changes
in the relative intensities of these components were explained as arising ot of
changes in the relative proportions of these polymers with temperature. The
arguments put forward by some authors against this hypothesis were fully dealt
with in another paper.® The hypothesis of the cxistence of polymers in water 15
not a mew one and the explanation of the above phenomena for HLO on  this
hypothesis is so natural that it is cxtended to the case of D0 as well, which s
its isotopic analoguec.

By studying the Raman spectium of D0 vapour, Rank, Larson und Borduer
found a single line at 2666 cm™! similar to the single line in H,O vapour at
3650 cm™1. T'his indicates that in the vapour state heavy water consists entirely of
single molecules. The component in nearly the same position (26g0 cm™') for
this substance in the lignid state at 100°C is therefore attributed to
D,O molecules, the other two components of smaller frequencies in the band
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being assigned to (D,0), and  (D,0)), molecules as in the case of ordinary
water.

The diminution with increasing temperature in the intensity of the 2394 cm™!
componcent, attributed 1o the (DO}, molecules, is explained as due to diminution
in the proportion of these molecules which  with increasing temperature change
to the other polymers. The increasing intensity of the third component

2000 cm™!

with increasing temperature is ascribed to the incrcasing propoition
of the single molecules to which this component is assigned. I'he  approximate
constancy in the intensity of the central component 2534 em™! is taken as an
indication that the proportion of the double moleenles giving rise to  this compq-
nent is ncarly constant.  This is also taken as indicating the comparativel
greater stability of the double molecules.

It would have heen interesting to study the Raman speetrum of  heavy ivc,\
but on account of the difficully in maintaining it in the solid condition at a steady
temperature, the work could not be undertaken.

6. RELATIVE PROTORTIONS OF TIIE POLYMIRS
IN MIEAVY WATER

With a view to determine roughly  the relative proportions of the three
polyniers in heavy water at different temperatures, the iniensity curves of the
heavy water bund are analysed on lines similar to the analysis of the correspond-
ing curves for ordinary water.” ‘I'he curves for 6, 30, 65 and 100°C as analysed
are given m figures 4, 5, 6 and 7 respectively.

In table III are collected the frequencies of the positions of
maxima and extents of the three components of the curves as obtained by the

analysis,
Tavre I11.
Frequencies of maxima and exteut of the DO, (D.O).,
. aud (D,0), Components
- i
{Dg0)) 3 component. (My0)y component, || D,0 component.
Temp. |~ T N T ‘ N -
Position of | Fxtent. Tosition of Iixtent. | Position of Extent.
Max". | . Max", l Max™,
wwwww R N A R —
6°C. 2365 . 2254-2540 ' 2530 2413-2645 2645 2575-2725
[ 1
30°C. ! 2395 | 23702535 | 2535 2430-2645 2640 2535-2765
65°C. | 200 | 22542535 | 2545 2400-2700 2605 25502785
100°C. | 2420 ; 2205-2535 ‘ 2540 2420-2650 2690 2590-2800

v
|
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Considering the ronghness of the analysis, it can be asserted  from  the table
that the maxima and extent of the components are very ncarly constant,

On the supposition that the probability of excitation of the three polymers
is the same und that the contribution to the intensily of the band by the D,0
molecules is the same as that of the (D,0), or D,0),, the relative intensities of
the components are assumed to be proportional to the relative number of the
p;ﬂymerised molecules, as was done for water. This is justifiable hy the fact
that a quantum of light incident upon a group of molecules can excite either the
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internal oscillations of onc of the constituent molecules, or the external oscilla-
tions between  oue molecule, and another of the same group, but cannot excite
the internal oscillations of all the molecules lying in a single group.  Also, the
probability  of three dilfeorent quanta, cxciting  the three different counstituent
molecules in a group at one and  the same time 15 bound 1o be negligibly

small.
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Since the extents of the three compouents arce nearly the sawe, the ratio of
the heights of their peaks, are assumed to give the direct ratio of the three poly-
mers. 'T'he relative proportions of the polymiers as calculated by this  method ae
given in table IV,
1v
Relutive proportions of D,O, (D,0), and (D.0), in heavy water

at different temperatures

TABLE

Relative intensity. ' reentage by

Percentage by
numbers.

weight,

|
|
Temp.
I
|

e | _ - ,
(My0), | (1), E DO (0N ; (D)) I| DO | (D0 ; (1y0),y ; D0
l - ‘ : [ . S
/o0 : 20 165 |7 i 46 . 38 l 16 60 13 v
30°C 1 2074 21 1102 i 30 : 41 20 53 37 10
65°C i 18 2070 ! O [ | 42 jale} 52 50 11
100°C i 10 : 1048 % 12 i 21 ! 48 28 ay ) 14

It is cevident {from the above table that while the percentage of the triple
molecules is ncaly halved and of the single molecules nearly doubled from the
lowest to the higliest temperatuwe, the change in the double molecules is compara-
tively small.  ‘I'hese changes are similar to those in ordinary  water.  For
parison the proportions for ordinary water taken from a previous papert®

us are given in table V.

com-
of one of

Tamy V
Relative proportions of (Ha())s, (HoO)y and I1,0 molecules in water at
different temperatures

l |
: Poreentage by numbers. !
i

Pereentage by weight.

Temp. ———— el T —— s
L0, (11,0))g TI0 (I140)5 (11,0), HyO
l P — - —
- = - .
g°C g 23 58 T R¥ 57 8]
1°C } 22 58°5 19'5 32 48 10
!
38°C 21 50 29 32 42 10
u8°C 13 o1 3() 21 ‘ 58 21
1

7 DISCUSSTON OF RESULTS

The similarity not only in the structure of the bands of Dy and H,0 bhut
also 1 their varintions with temperature leads us to the conclusion that the expla-
nation of onc of us!? for water applics equally well toheavy water. The objections

10
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by Sutherland'? to the existence of triple molecules 1 water were met in another
paper.'*® In a recent communication’# Cross, Burnham and Leighton, agree with
us as Lo the triplet structure of the water band, but “attach little or no signifi-
cance 1o the existence of definite polymolecular structures such as (H,0)y and
(H40) 3" to which we attiibute the two lower frequencies of the water band.
They assume in liquid water “a broken down ice structure” having “diffcrent
coordination types of water molecules,” the two coordinated structure predomina-
ting in the liquid state. We are unable to understund how their coordinated types
of molecules are dilferent from our polymerised or associated types. It is well
known that polymerisation is a result of coordination between molecules and weé
belicve that their coordinated types are the same as our associated molecules,
though they secn to differentiate between them.  Our results with  water agree

with theirs in indicating a predominance of the double type over the others.

We thercfore postulate the existence of single, double and triple molecules
cven in heavy water, the proportions of which change with temperature. Trom a
comparison of tubles IV and V, it is evident that the proportion of triple molecules
at any temperature is greater for heavy water than for the ligliter one. So the
polynierisation appears to be lurger in heavy water. ‘This explains generally its
higher freezing and hoiling points and also its higher temperature of maximum
density. There is another conspicuous featwie in the variations in the» relative
proportions of the polymers with temperature. Tor heavy water the change in the
proportions of the three types of molecules from 6° 1o 30°C and from 65° to 100°C
is much larger than from the intermediate range 30° to 65°C.  This seems to indi-
cate that the equilibrium between the three polymers is more stable at interme-
diate temperatuies than at temperatures nearer the {reezing and boiling  points.
This explains the minimun specific heat of heavy water approximately in  this
range as obtained by Brown, Bornes and Mass.!®  Also the higher degree of
polynierisation in heavy water than in ordinary water  explains its higher
specific heat.
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