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ABSTRACT.

To arrive at a clear conception of the behaviour of water in solutions
of electrolytes the results of a more thorough and systematic investigation
of the subject than has hitherto been attempted, are described in this
paper. The results obtained may be briefly summed up as follows :

(1) The water band obtained in the Raman spectra of solutions of

electrolytes is sharper than for pure water.
(2) While with aqueous solutions of nitric acid, sulphuric aeid and

godium nitrate the band gets sharper with increasing concentration and
shifts as a whole towards greater frequency, the portion of the intensity
curve on the smaller frequency side becoming less convex, just the opposite
results have been observed with solutions of hydrochloric acid in water.

(8) Whereas there is a progressive shift towards larger frequency in
the water band in solutions of electrolytes at the same concentration as we
pass from lithium chloride to sodium nitrate and from hydrochloric to
sulphurio and nitric acids, these differences tend to vanish when their
water content is equalized.

The probable cause of the results observed—hydration of the ions
of the dissnlved substance or change in the water equilibrium due to
variations in the proportions of monohydrol, dihydrol and trihydrol—is
disoussed in detail and conclusions arrived at.

(4) The cation appears to exert little influence on the behaviour of
the solvent, as can be inferred from the similarity of results obtained
with acids and salts.
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(5) The intensity curves for sodium nitrate are in general much
sharper than those for nitric acid, even when the latter is taken at a much
higher concentration. This result is explained as partly due to the forma-
tion of more complex hydrates and partly due to the superposition of the
NO,OH band at 8420 ecm~! over the band due to water in solutions of
nitric acid.

1. Introduction.

For a proper understanding of the nature of solution it is
necessary to have a clear conception of the behaviour as much
of the solvent as of the solute, when one is in combination with
the other. And, water being the most important and universal
solvent, a detailed study of its nature and constitution in solutions
of different characteristic groups of substances, e.g., strong
electrolytes, weak electrolytes and non-electrolytes, will lead
us a long way in arriving at some clear and definite ideas regard-
ing the nature of solution and the characteristic function that
the solvent plays therein. Tt is therefore proposed to deal in
this communication with the author’s investigations on the
subject with reference to the first characteristic group, viz., the
strong electrolytes.

There are several methods of attack of the problem. In
general, any physical property of the system, e.g., its specific
gravity, electrical conductivity, absorption spectrum or freezing-
point determination of the binary system, solvent and solute, at
different concentrations, will provide with information on the
subject, and these werc the methods employed by the earlier
workers in the field. But in recent years the Raman effect has
been applied with advantage to the investigation of the nature
of solution on account of the simpler and at the same time
more definite information that is provided by a study of the
Raman spectra of solutions. In fact, on account of the very
simnple relations that exist between the intensity of the Raman

lines or bands and the numbers of molecules or ions that give
rise to them, the possibility of arriving by this method at very
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clear ideas on electrolytic dissociation, particularly in concentrated
solutions has been demonstrated by Ramakrishna Rao and
others ; ' and now the author has applied the method to study
the other aspect of the problem, namely, that concerning the
behaviour of the solvent in solution.

2. Earlier Work on the Raman Spectra of Solutions.

‘Whereas, on the one hand, it is definitely established that
electrolytes dissociate into their constituent ions in their aqueous
solutions, there is, on the other hand, evidence to show that an
entirely different process takes place with respect to the solvent.
The water molecules generally combine with the dissociated ions
of the solute to form, what are called, hydrates. Mendeleeff®
was the first to give definite ideas as regards the formation of
hydrates in solution. By plotting specific gravities of solutions
of sulphuric acid and calcium chloride in water against their
respective concentrations he found that the curves exhibited a
number of maxima, which he interpreted as being due to the
formation of hydrates.

Jones and his collaborators arrived at similar conclusions
from their work on the freezing-point measurements with
mixtures of acetic aeid and sulphuric acid, acetic acid and water,
and of acetic acid, water and sulpburic acid. They found that
the total lowering of the {reezing point of the mixture was less
than the sum of the lowerings due to the individual constituents.

! 1. Remakrishos Rao : () Proc. Roy. Acad.. Amsterdam, Vol. 83, No. 6, p. 632 (1930).
" e () Roy. Scc. Proc. A, Vol. 127, p- 279 (1930).
" » (i) Tudisn Journ. Phys., Vol. 8, p. 133 (1933).
. w  (iv) Roy. Soc. Proc., A, Vol. 144, p. 159, (1934).
L. A, Woodward : (i) Physikal. Zeits,, Vol, 32, p. 213, (1931).
" I - w Vol 83, p. 777 (1981).
L. A. Woodward and R. G. Horrer (iii) Roy. Soo. Proo. A., Vol. 144, p. 189
oso. o .
- Bimmons : Soc. Bcient. Fenn., Comm. Phys.—Math. VII, 9. (1988).
3 Ber. d. Ohem. Gessell., Vol. 1, p. 879 (1886).
}  Publication 210 of the Carnegie Institution of Washington (1915).
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This was a phenomenon just opposite to that observed with
electrolytes and must therefore be ascribed to an association of
the molecules of the solvent with the ions of the solute thus
reducing the number of independent molecules which lower the
freezing-point.

Later, during the course of their work on water and solutions
by a study of their Raman spectra, it was found by the earlier
workers that water, unlike other substances which give more or
less sharp lines, gives rise to a broad and diffuse band extending
over 750 cm™ from about 3000 cm™ to 3750 cm™, corresponding
to the infra-red absorption at 2°97 pand resolvable by an analysis
of its intensity curves into three individual components with
maxima of intensities at 3610 cm™ (2°77 p), 3413 cm™ (2'93 p)
and 3195 cm™ (8'13 w).* Notable changes are noticed® in the
distribution of intensity in the band with change of temperature
and with addition of electrolytes to water. Ramakrishna Rao®
found that the changes observed in the intensity and relative
position of the maxima in the band with change of temperature
could be best explained on the hypothesis of the presence in water
of three types of molecules corresponding to H,0, (H,0), and
(H;0),, the relative proportions of which alter with change of
temperature. He found that an increase of temperature results
in the shift of the maximum of the band to the greater frequency
side and is due to a diminution in the proportion of the triple
molecules corresponding to the maximum at 3195 ecm™and a
proportionate increase in the number of the single molecules
corresponding to the maximum at 30610 cm™. He also noted
that the addition of the electrolyte, nitric acid, causes a shift in
the position of the intensity maximum of the band towards the
larger frequency side similar to the effect of a rise of temperature
and interprets it as being due to a change in the proportion of
the three types of molecules. He attributes the development of

¢ T, Romakrishns Rao : Roy. Boc. Proo. A, Vol. 145, p. 489 (1984).
4 “ Roy. Boc. Proc. A, Vol. 180, 489 (1931).
8 loc. cit.
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a second maximum in solutions of nitric acid in water at concen-
trations higher than 762 to the formation of hydrates. A
similar observation was recorded by Mcyer” about the appearance
of a second maximum on the short wave-length side in solutions
of nitric acid at high concentrations, its intensity exceeding that
of the original peak at 14 mols per litre.

Ganesan and Venkateswaran® studied the Raman Spectrum
of concentrated nitric acid in which they obtained two bands
resolved from one another in the position of the usual broad
and diffuse band observed with pure water.

Gerlach ® worked with water and solutions of dissolved salts
and found that water gives rise to a double band ranging over

35+5 K and that addition of nitrates shifts the short wave
band to the violet, while the chlorides tend to blot it out.

Pringsheim and Schlivitch *° on the one hand, and Brunetti
and Ollano " on the other, disagree with the observations of the
earlier workers as regards the changes in the intensity of the
water band with addition of salts. The former, in their work
on water and lithium chloride solution, observe that the relative
changes in intensity of the water band with change of temperature
and with addition of salts noticed by others are spurious. But
it has been demonstrated by the recent work of Ramakrishna
Rao that the changes observed in the intensity distribution of
the water band with rise of temperature are really genuine and
are due to changes in the relative proportions of the single
(H,0), double (H;0); and triple (H3O0); molecules which are
supposed to exist in water.

Hatley and Calliban™ worked with solutions of KCl, NaOH
and KOH in water at various concentrations and observed that

T Phys. Zeit., Vol. 81, p. 6¥9. (1930),

8 1Ind. Jour. P'hys., Vol. 4, p. 236 (1929).

9  Phys. Zeits., Vol. 81, p. 695 (1930).

10 Zg. fiir Phys., Vol. 60, 9-10, p. 581 (1930).
1L Acead. Linoei, Atti., Vol. 13, p. 522 (1930).
¥ Phys, Rev., Vol. 88, p. 909 (1831),
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in all cases the energy appears to shift towards the long wave-
length side and that the top of the curve gets sharper with in-
creasing concentration.

Rafalowski® working with solutions of hydrochloric acid
and nitric acid in water at various concentrations reported that
the water band became less sharp with increasing concentration
in the case of hydrochloric acid while with nitric acid it became
sharper.

Hulubei * claimed to have obtained, besides the double band
at 3233-3443 cm™, ten other bands with wave-number shifts
lying between 6747-10944 cm™ from the original exciting line.
These were found to disappear with addition of salts, which he
interpreted as being connected with association in water.

Silveira ® obtained the Raman spectra of solutions of MgCl,
Mg(ClOy)s, Mg(NOg)y, which gave lines with small frequency
shifts, 1655 and 376 cm™, the former being attributed to the
Mg ion complex with water and the latter to ClO, and NOy ion
complexes with water. In two later communications ' his obser-
vations with other solutions revealed a large number of lines with
small frequency shifts.

Embirikos", in continuation of the work of Gerlach referred
to above, worked with a number of univalent and divalent
chlorides and nitrates and his results, are in agreement with
those of Gerlach. Nitrates are, however, noticed to give rise
to a second band, the distance between the two components
increasing with concentration. The nature of the cation is found
to exert no influence on the structure of the Raman band of
water. The second band with ammonium nitrate solution,
which he wrongly attributed to water, is really due to the NH{
group, as has been shown in a previous communication. *

13 Acad. Polonaise Bei. et Lettres, Bull. 7-10 A, p. 6233 (1981).
4 Qomptes Rendus, Vol. 194, p. 1474 (1932).

18 Comptes Rendus, Vol. 184, p. 1396 (1982).

18 Comptes Rendus, Vol, 105, p. 416 and p. 591 (1083).

17 Phys. Zeits., vol, B8, p. 946 (1089).

s Zg, fir Pll’lik.p Vol, 58, P 17 (1984).
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Cabannes and Riols™ found that the water band was triple
and that the addition of sodium nitrate causes shifts in the inten-
sity of the band to higher frequencies and the disappearance of
the component at 3625 cm™ due to the H,O molecules.

In spite of all this varied amount of work with reference
to the behaviour of water in solutions of electrolytes, especially by
a shift of its Raman band, there has been so far no attempt at
a thorough and systematic investigation of the nature of the
changes noticeable in the structure of the water band and to give
a satisfactory interpretation thereof.

The present work is, therefore, undertaken with the idea of
systematically studying the behaviour and constitution of water
in solutions of some of the typical electrolytes, both acids and
salts, under conditions easily comparable, and to arriveat a
satisfactory understanding of the cause of the variations observed
in the structure of the Raman band of water—namely, whether
the effect is due to the hydration of the ions of the solute by com-
bination with the molecules of the solvent, water, or whether the
effect is similar to that observed with change in temperature,
viz., & mere change in the proportions of different types of
molecules supposed to exist in water.

8. Experimental Procedure.

(a) Ezperimental arrangement : The experimental arrange-
ment employed in these investigations is represented in Fig 1. It
consists of the vertical Wood’s tube W. T. containing the liquid
to be studied, close to which is placed the illuminating mercury
lamp H, and the light scattered by the liquid along W.T.
through the plane quartz window at the bottom of the tube is re-
flected on to the slit of the spectrograph through the condensing
lens L by means of a plane mirror M held at an inclination of
45° to the vertical. The light from the mercury lamp is concen-
trated on the Wood’s tube containing the liquid by means of an

19 Comptes Rendus, Vol. 108, p. 80 (1084),
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Fra. 1.
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elliptical mirror M, made out of a polished sheet of aluminium and
held on the side away from the tube. All extraneous light from
the lamp is cut off by suitable screens. FKurther, the light
from the lamp is filtered through a solution of cobalt chloride,
which transmits the 3650\ group and the 4047\ line of the
mercury arc, but effectively cuts off the 4358\ group and the
4916\ line and its accompanying group of faint lines, so that the
water bands excited by the former two have been obtained, that
due to the 3650\ group being usually the stronger. The filtering
solution is contained in the interspace between the Wood’s tube
and a wider pyrex glass jacket, J, concentric with it and
held in position by rubber bands which close the tube water-
tight at the bottom. On account of the small depth of the filter-
ing liquid it has to be made somewhat concentrated. Although
this arrangement requires rather long exposures, it permits of an
easy removal and replacement of the observation tube (W. T.)
without disturbing any other arrangement, another advantage
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is that a small quantity of filter will suffice and it can be re-filled
when necessary from the top during the course of an exposure
without disturbing either the tube or the lamp. During the
course of exposure the lamp and the tube are cooled by mecans of
a table fan.

Another arrangement, due to Wood,” has also been
employed in some cases. In this, a cylindrical pyrex glass
condenser containing the filtering solution is placed right above
the horizontal Wood’s tube with the liquid under investigation.
In cases where no filter is necessary it is filled with water
and placed in position, and a Hewittic mercury lamp of the
horizontal type is situated above the ecylindrical condenser as
close toit as possible. Two elliptical mirrors, one of them
placed above the mercury lamp and the other placed below
Wood’s tube, serve to reflect back the light from the arc on
the condenser and the Wood’s tube respectively, so that
maximum use is made of the light from the arc. This
arrangement has been found to be very efficient in practice and
permits of comparatively short exposures.

(b) Continuous spectrum and colour filters: As it 1s the
Raman band due to water that is the subject of study in these
investigations, there is no difficulty as regards its proper assign-
ment to its corresponding exciting line. Thus there is no
necessity for using light filters for obtaining perfectly mono-
chromatic light. But a constant source of trouble encountered
during the work on the Raman spectra of solutions is the
presence in the scattered light of a large amount of conti-
nuous spectrum, which gets superposed on the water band, thus
rendering difficult any accurate investigation of the distribution
of intensity along the band.

This continuous spectrum may be attributed to many causes.
Firstly, it is due to the presence of a feeble continuous spectrum
in the light from the mercury arc itself, its intensity increasing

¥ Phys. Rev., Vol. 37, p. 1082 (1981).
27
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with increasing temperature of the arc. Thus it can be reduced to
a minimum by running the arc at a low temperature and hence
at a low intensity and cooling it, at the same time, by means of
a table fan. This, of course, necessarily involves long exposures.
A second source of this continuous spectrum is the presence of
fluorescent impurities in the substance under investiga-
tion. This 1is eliminated by employing throughout Merck’s
or Kahlbaum’s extra pure chemicals manufactured for
analytical purposes and using pure grease-free distilled water
for dissolving the chemicals. In some cases, exposure of
the substance under study to ultraviolet radiation from the lamp
produces photochemical reactions which result in the formation
of foreign substances, which may produce a continuous
spectrum ; but most of the substances studied in the present
investigations do not undergo photochemical decomposition,
and so one cause of the trouble does not arise. Yet another
cause of this continuous spectrum, which seriously handicaps
the work on solutions, is that in the case of a freshly prepared
solution the fluctutions in its density and concentration are
considerable and since the Rayleigh scattering is dependent
on these fluctuations, a freshly prepared solution scatters the
continuous spectrum present in the light from the mercury arc
much more than does a solution kept for a sufficiently long
time, so as to allow it to become perfectly homogeneous and
its fluctuations to appreciably vanish. Hence, in all these
experiments the solutions are allowed to lie over for some
time before their Raman spectra are taken to ensure a perfectly
homogeneous distribution of the molecules of the dissolved sub-
stances in the solution.

Notwithstanding all these precautions, a faint continuous
spectrum still persists in most of the solutions. When it is
appreciable, it becomes necessary to suppress it by the use
of suitable filters. Generally it extends from 4000A° to
5500A°, and its maximum lies between 4500A° and 5000A°,
a region where the water band excited by the 4047, line is
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situated. The best filter to eliminate this continuous back-
ground is a solution of iodine in carbon tetrachloride, bLut, on
account of its volatility, a solution of cobalt chloride is generally
employed in these investigations as it is found to be nearly as
good and to be extremely stable towards the ultraviolet radiation
from the arc.

There is one advantage in the work on the Raman band
of water owing to the fact that it has a very large frequency
shift and as such the Raman lines due %o the anions present
in solution and excited by the same mercury line do not
generally get superposed on the band, as they usually have
small frequency shifts. But, in same cases, the Raman lines
due to the anion, like the NO; and SO; ions, excited by strong
mercury arc lines other than the line used to excite the band
get superposed on the water band and so it becomes imperative
in such cases to eliminate such superposition by effectively
cutting off such lines by means of suitable filters.

(¢) Choice of substances and exciting lines : All the previous
work on the Raman band of water in solutions was qualitauve,
no systematic study being made of ifs changes with special
reference either to the amount of solute or solvent contained
in the solution. In an investigation of the changes in the
structure of the water band under the influence of dissolved
substances it is always desirable to take the different substances
under the same moral concentration, so that the number of
molecules of the solute in a definite volume of the solution
remains the same in all cases. Then it is easier to interpret
the mutual influence of the solute and the solvent in terms
of the number of molecules and the results for different
substances become readily comparable with one another. Further
the second aspect of the problem, wherein a certain volume
of the solution in each case contains the same water
content, thereby making the same number of wmolecules of
the solvent intluence the solute in the ditferent solutions, is
also equally iuteresting and provides additional  valuable
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information on the subject. Both aspects of the problem,
outlined above, have been investigated by the author and the
results given below.

Again, for observations on the influence of ions on the
structure of the Raman water-band, it is necessary to work at as
high a concentration as possible, e.g. of the order of about 12N,
and comparatively few electrolytes dissolve to such a large
estent. Further, the appearance of a large amount of con-
tinuous spectrum at high concentrations in some cases renders
the work with them rather difficult and uncertain, as has
been found, for example, in the case of zinc chloride solution
at 12N concentration. As pointed out before, this is much more
so for the band excited by the 4047 A line of the mercury arc
inasmuch as the maximum of the continuous background
falls in the same region of the spectrum in which the band due
to this line is formed. Also, most of the electrolytes
absorb the wultraviolet thus restricting the work to only
a few exciting lines in the visible region or in the mnear
ultraviolet.

Again, a difficulty in using the 4358 X line as the exciting
line is that the band excited by this falls in a region in which
most photographic plates are not sufficiently sensitive. Hence
the only band which can be studied in most cases is that
excited by the 3650-63 X\ group of lines, and this also happens
to be more intense than that excited by the 4047 A\ line. Also
the dispersion of the Fuess’s spectrograph which is about 16 A°
per m.m. in this region, is larger in the region of this band thus
enabling greater accuracy to be attained in the estimation of
frequencies. But there is one drawback with regard to the
use of this band : whereas the band excited by the 4047 A line
is due to a single exciting line, that excited by the 3650-63 A
group is due to a group of three lines, situated close together
although of unequal intensity, so that in the latter case there
is to some extent a partial superposition of the bands excited
by the individual lines of the group. But from a comparative
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study of the intensity curves of the water band excited by the
4047 X line as well as by the 3650-63 A group in a number of
cases, it has been found that the curves agree with one another
to a close approximation if the value for the frequency
of the exciting line in the case of the 30650-63 A group is
taken to be 27340 cm™, a value very nearly the mean for the
group. Although the band duc to the 4047 A line is to be
preferred on account of its inherent purity, originating as it
does in a single exciting line, it had to be given up for the
reasons mentioned above and the band excited by the
3650-63 N group has been studied almost throughou these
investigations.

To make a study of the variations that take place in the
structure of the water band with addition of other substances it
is necessary to examine its intensity curves rather than the
band itself, as the latter by itself cannot furnish much useful
information. Therefore, the microphotometric curves of the
band in each case are taken and by taking on each plate com-
parison exposures with a calibrated Zeiss step-filter and a
straight filament lamp fed under constant voltage, the density-
log intensity curve is drawn for each plate in the particular
position of the spectrum in which the band is formed, and
from this the intensity curve for each band is calculated, density
at different points along the band being given by its microphoto-
metric curve. One difficulty experienced in obtaining fairly
smooth microphotometric curves of the water band is that on
account of the large grain of the plates used owing to their high
speed—Ilford golden iso-zenith plates, H and D 1400. being
invariably used throughout—the outline of the curve is always
very coarse, and this necessarily involves large errors in esti-
mating the actual shape of the curve. The curves were found
to improve (1) by making the slit of the thermopile of an
optimum width, neither too large nor too narrow, (2) by using
a comparatively short deflection between the zero line taken
with no light falling on the slit of the thermopile and the blank



208 C. S. SIVA RAO.

plate line taken with the light passing through the unexposed
portion of the plate, and (3) finally by adjusting the spectrum
slightly out of focus.

Although it is very necessary that the spectrum should
be adjusted in perfect focus for the measurement of intenstities of
spectral lines, its adjustment a little out of focus in the
present case, where it is a band and not a line that is studied,
does not affect the results very much. This is more so, as it is
only the relative distribution of the intensities along the band
in the several cases that we are concerned with, and not the
absolute values. Further to make the results obtained more
reliable, all the plates with the different spectra are developed
and fixed under identical conditions, as far as practicable, by
using the same strength of the developer and always developing
for the same interval of time at the same mean temperature,
viz., 18°C. Also, the plate is developed sufficiently along (4'5
minutes) to properly bring out the continuous back-ground’ of
the spectrum without any appreciable fogging of the plate.

The intensity values are always corrected for this continuous
background.

4. Resulls,

To begin with, the results for each electrolyte are given.
Fig. 2 represents the intensity curves for the water band
excited by the 3650-63\ group in the Raman spectra of
solutions of nitric acid at four different concentrations, viz.,
4'04N, 586N, 8N and 12N. The curve for pure water
is also given for comparison. The intensity at each
point in the band is marked against the corresponding
frequency shift.  The band being very diffuse, it is not
possible to measure wave-lengths by means of a micro-
meter. Hence to determine the Raman frequencies corres-
ponding to every point in the band, the dispersion curve for the
region of the spectrum betwoen 4047 A and 4353 N morcury lines
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is drawn. The distance of each point on the microphotometric
curve of the band from the 4078 A line is measured and the
corresponding wave-length at this point is determined from the
above dispersion curve. From an examination of the intensity
curves the following results are clear :—

(i) The water band in nitric acid solutions is invariably
sharper than for pure water.

From fig. 2 it follows that with increasing concentration of
the acid,

(ii) the band becomes sharper;
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(i1i) there is a progressive shift in the maximum of the
band as well as in the position of the band as whole towards
larger frequency ;

(iv) the curves become less and less convex on the side
of smaller frequency.

In fig. 3 are given the intensity curves for the water band
in solutions of sulphuric acid at four diffcrent concentrations,
viz., 6'28N, 8N, 9°11N and 12N. Results very similar to those
observed in the case of nitric acid are found with increasing
concentration of sulphuric acid also,
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The intensity curves for hydrochloric acid at two different
concentrations, 8N and 11'7N, are represented in fiz. 4 aiong
with that for water. While the band in solutions of hydrochloric
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acid in water is sharper than for the pure solvent, the positions
of the maxima almost coinciding, as contrasted with nitric and
sulphuric acids, the results obtained with water solutions of
hydrochloric acid with increasing concentration of the acd
content are as follows :

(%) the band gets broader ;
28
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(i7) there is a relative shift in the maximum of the band as
well as in the position of the band as a whole towards the
smaller frequency side.

Fig. 5 represents the intensity curves for the water band
in solutions of sodium nitrate at two different concentrations,
55N and 8N, together with the curve for pure water. While
the curves for sodium nitrate are shifted to the side of greater
frequency shift relative to that for water, in this case again the

Fig. 5.
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same results are obtained with regard to the relative shift and
shape and positions of the bands as are observed in the case of

pitric and sulphuric acids under different concentrations.
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Table T contains the positions of the waximum of the band

at different concentrations of all the above electrolytes.

TaBLE I
Bubstance. Concentration. Position of the maximum.
Hy0 — 3424 cm™!
2, HNO; 404N 3450 .
. 5°86N 3460 ,
= 80 N 347¢ .,
" 120 N 3504 .
8. H;380, 6'28N 5433 .
i 80 N 3436 ,,
v 9'11N 3440
" 12°0 N 3468 "
4. HCI B0 N 3435  ,, (4047 excit)
” 11'T N 8415 .,
B. NaNO; 56 N 3463
" B0 N 3480 .

Thus, while with increasing concentration of the electralvte

in water in the case of nitric acid, sulphuric acid and sodium
nitrate there is a sharpening of the band and a progressive
shift to the larger frequency side, just the contrary resulis of a
broadening of the band with a relative shift to the smaller fre-
quency side have been obtained with increasing concentranon
in the case of hydrochloric acid. Again., the appearance of
convexity, though slight, observed in the shape of the intcnsity
curves at higher dilutions in the case of sulphuric acid, mitrie
acid and sodium nitrate does not scem to be present in the case
of hydrochloric acid. On the contrary. it even appears that
there is a slightly greater concavity on the smaller frequeney side
at the smaller concentration in the case of hydrochlorie acid,
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Thus far a study has been made of the changes in the
structre of the water band at different concentrations only of
cach clectrolyte separately. To determine if there is any rela-
tionship between the bands obtained with the same concentra-
tion of different electrolytes, their Raman spectra are taken as
far as possible under identical conditions of illumination from
the mercury lamp, etc. The work is undertaken to examine the
nature of the dependence of the constitution of water on the
electrolyte dissolved in it.

Fig. 6 gives the intensity curves for the three acids, nitric,
sulphuric and hydrochlorie, at the same concentration, viz., 12N,
and for pure water. One very striking feature that is at once
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noticeable in the curves is the relative shift in the positions of
the maxima to the larger frequency side as we pass from hydro-
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chloric acid to sulphuric and nitric acids, the shift in the case
of nitric acid being the greatest. The sawe relative shift in
the band as a whole is also very conspicuous from the intensity
curves, the shift of the band gradually increasing from hyire-
chloric to sulphuric and nitric acids, being a maximum for
the last.

Fig. 7 gives the intensity curves for the same three acids at
another concentration, viz., 8N. The same results noticed
above with 12N concentration of the acids are observed in ibe
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present case also, although to a less conspicnous degree. Also,
at the smaller concentration the bands are in general less sharp
(except in the case of hydrochloric acid where the opposite result
has been observed) than at the higher concentration, a result
one might naturally expect by reason of the increased proportion
of water.

Having investigated the water band for different electrolytes
at the same concentration and each of them under difierent con-
centrations, further work was found necessary in order to arrive
at a more satisfactory conclusion as to the observed effect of the
dissolved substances on the constitution of water, namely,
whether it is due to an association of the molecules of water
with the ions of the dissolved electrolyte in the form of water of
bydration, or whether it is simply due to a change in the water
equilibrium due to a change in the proportion of the single,
double and triple molecules, an effect similar to that observed
with change of temperature. If the cause of the observed results
is mainly the second, then it is to be expected, when the amount
of water content in the different electrolytes is equalized, that
there would be a close similarity in the intensity curves of the
water band in the different substances. This will also lead us
to infer that the nature of the elcctrolyte has little to do with the
observed phenomenon. Therefore, the above acids were next
studied with the same water content, the same number of mole-
cules of the solvent being influenced by those of the solute in
each case.

Fig. 8 represents the intensity curves for pure water, sul-
phuric acid at 18'63 N concentration, and nitric acid at 12 N
concentration, the last two containing the same water content.
Hydrochloric acid could not be studied with this water content,
as the highest concentration of the acid available, about 12 N,
contains rore water than nitric acid of 12 N concentration.
ThLe above curves are for the Raman water band cxcited by the
4047x line, as, on account of the very high concentration of sul-
phuric acid necessary in this case, some of the Raman lines due
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to the SO, ion and excited by the 4047 A line got superposed
over the band excited by the 3650-63\ group and so this band
could not be used. The shift between the curves for H,SQ, and
HNO; noticed before at the same concentration still remains con-
siderable and the increased similarity between the curves observed
with the same water content at smaller concentrations is

not so
obvious in the present case.

In fig. 9 are given the intensity curves for pure water, and
for nitric, sulphuric and hydrochloric acids, all of them with the
same water content as 12 N concentration of hydrochloric acid.

When the proportion of water content is equalised in the three
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acids a remarkable change is noticed in the relative positions of
their intensity curves. The relative shifts between the curves
tend to vanish, the curves get closer to each other and they
become more and wore similar, except for some m inor differences

which still persist.
Fic.9.
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The same result is also noticed from the
pure water, the

given in fig. 10 for the same three acids and
former being taken with the same water content as 8 N solution

of hydrochloric acid.
Thus, while the three acids, when studied at the same con-

centration, exhibit marked differences in the shape and position
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of the water band in their solutions, when studied with the same
water content these differences tend to disappear and the inten-

sity curves and hence the bands themselves become increasingiy
similar.

Fig. 11 gives the intensity curves for pure water and the
two salts, sodium nitrate and lithium chloride, both of them
being of the same concentration, riz., 8N. Not many salts
dissolve even to such high concentrations as 8 N and above. and
of the few that do so, ammonium salts had 10 be rejevied on
account of the partial overlapping of the NH,~ band *® at about

N gy, fir Physik, Vol. 88, 1-8, p. 127 (193¢)
20
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3220 cn™! over that of water, thus rendering very difficult any
correct estirnation of the intensity distribution in the latter : and
in the case of salts like zinc chloride and lithium nitrate the
presence of the continuous spectrum, in spite of the filter, was
so great that here again no correct estimation of the intensity dis-
tribution in the band could be made. Hence, only these two
salts, NaNO), and LiiCl, have been studied. In thec case of the
salts also the same relative shifts are observed in the positions of
the bands as in the cuse of hydrochloric and nitric acids
in fig. 6. When the quantity of water content in the two salls
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i8 equalized it is found, as can be seen from fig. 12, thit the

curves tend to get closer and become more similar, although the
effect does not seem to be so great as with the acids.

Table 2 gives the positions of the maximum of the water band
in acids and salts at the same concentration and same WwWakr
content.

Finally, in fig. 13 are given, for purposes of mntnal compart-
son, the intensity curves for water and for nitric acid and sadium
nitrate s diflerent concentrations. 1t is at ooy apparent  ihat
the curves for sodium nitrare are, in general, much sharper than
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TaBLE II.
Position of maximum.
At the same water conten
Substance. at 12 N con-| at 8N con-
centration. centration.
a8 11'TN HCI as BNHCI (or LiQl)
1. H0 3424 em™l 3424 ¢m-1 3424 em™1 8424 cm™1
2. HCI 3418 ,, 3125 ,, 3418 ,, 3425 ,,
3. HNO,4 3504 ,, 3474+, 3460 ,, 3450 ,,
4. Hy80, 3468 ,, 3136 ,, 3440 ,, 8433 ,,
5. LiCl — 3427 . - 3427 ,,
8. NﬂNog " 3480 " e 3463 "

Intensity.
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those for nitric acid. In fact, the curves for the 8N nitrate solu-
tion, the maximum concentration under which it has heen
studied, are sharper than even the curve for nitric acid at a much

higher concentration, namely 12 N.

5. Summary of the Results.

The following is a generalized summary of the results ob-
tanied from a study of the intensity curves of the different electro-
lytes under different conditions which permit of an easy compari-
son of the results.

(1) The water band in solutions of electrolytes is invariably

sharper than for pure water.
In the case of nitric and sulphuric acids and sodium

nitrate,

(2) the band gets sharper with increasing concentra-
tion ;

(3) there is a clear shift in position of the maximum as
also of the band as a whole towards the side of greater frequency
with increasing concentration.

(4) there is the appearance of a certain amount of conca-
vity, though slight, in the shape of the curve on the side of
smaller frequency at higher concentrations.

In the case of hydrochloric acid, however,

(5) the band is sharper with SN acid than at 117 N,
although in both cases the band is sharper than for pure
water ;

(6) there is a shift in the band towards the smaller fre-
quency side as the concentration is increased; and

(7) the shorter frequency side of the intensity curve appears
to be less concave at the higher concentration.

(8) In the case of acids, as well as salts, at the same
concentration, there is a progressive relative shift in the posi-
tions of the maximum of the band, as well as in the band as a
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whole, towards the greater frequency side as we pass from
lithium chloride to sodium nitrate and from hydrochloric to
sulphuric and nitric acids, that in the case of nitric acid
being the greatest.

(9) With the same water content, both with acids and salts,
the bands become more and more similar, the differences noticed
in (8) tending to vanish.

(10) The water band in solutions of sodium nitrate is much
sharper than that for nitric acid, even when the latter is taken at
a much higher concentration.

6. Discussion.

These changes in the intensity distribution of the Raman
band of water with addition of electrolytes are similar to those
observed by Ramakrishna Rao™ with change of temperature.
To explain the latter phenomena, Ramakrishna Rao put forward
the bypothesis that the three components in the water band
corresponding to Raman frequencies equal to 8610, 3413 and
3195 cm™ are due respectively to the three types of molecules,
namely (H,O), (H,0), and (H,0);, which are supposcd to be
present in water. The change with temperature in the intensity
distribution of the band is attributed by him to changes in their
relative proportions.

On account of the close similarity between the two sets of
phenomena, viz., changes in the structure of the water band
with temperature on the one hand and with addition of electro-
lytes on the other, the explanation of the latter appears, to alarge
extent, to be most probably the same as for the former. The
predominance of the central component at about 8400 cm™ in
the water band in most electrolytic solutions and the general
weakening of the other two components, compared to the band
for pure water, shows that, on the above hypothesis, the double

R Loc. cit.
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(H;0), molecules in water increase in proportion when an electro-
lyte is added to it, the number of the other two types at the
same time diminishing.

This is at once clear from the greater sharpness of the
curves for the solutions of dissolved electrolytes than that for
pure water as well as from the slightly concave nature of their
intensity curves, as compared with the curve for pure water
which bas a decidedly convex shape, particularly on the side of
greater frequency shift : also the positions of the maxima in all
the cases very nearly correspond to that of the double molecules
in the water band. This indicates that the (H,0), molccules
persist in solutions of electrolytes while the H,O and (H.0),
type molecules are comparatively unstable, particularly at the
higher concentrations of the electrolytes, and as such tend to
gradually disappear, the triple molecules perhaps dissocia-
ting and recombining amongst themselves or with the
single molecules to form the simpler type, (H,0), molecules.
Thus the increased sharpness of the water band in solutions of
electrolytes and the relative shift in the shape and position of
the band to different degrees in the different cases to the side of
greater frequency may be due to a change in the water equi-
librium, consequent upon the partial dissociation and recombina-
tion of the more complex (H,0), molecules amongst themselves
and with the single molecules to form the stabler type of (H.O),
moleculcs.

Bancroft and Gould in a recent paper,® made a simiiar
suggestion as to the possibility of a more satisfactory explanation
of the phenomena, so far ascribed to ionic hydration, on the
basis of a displacement in the water equilibrium between the
monohydrol, dihydrol and trihydrol. This explanation of the
observed effect as due to a change in the proportion of the three
types of water molecules appears, at least in part. o be the
true interpretation when one considers the observed result of an
increasing similarity and blending together of the intensity

8 Jour. Phys. Chem., Vol. 88, 3, p. 197 (1854),
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curves when the water content is equalised in the numerous
cases studied (refer figs. 8 to 12). This interpretation of the
phenomenon is also supported by the conclusion arrived at by
Ramakrishna Rao that the (H,0), molecules are decidedly more
stable in the liquid state of water as is evidenced by their greater
preponderance over the other two types in this state. Addition
of etectrolytes seems to contribute to enhance the instability of
the latter types.

In addition to the possibility of the above effect, there may also
be hydrates formed by the combination of the two unstable types,
(H.0) and (H,0),, with the ions of the electrolyte in solution. That
such an effect takes place in aqueous solutions, as well as with
some non-aqueous solvents, has been inferred from other methods
in which some physical property or other of the binary system,
water and solute, has been investigated. Thus, from a study of
the freezing point curves of nitric acid and water the existence
of at least two hydrates of nitric acid, the monohydrate
HNO4,H,0 and the trihydrate HNO,,3H,0 has been established,
while the possibility of the existence of other hydrates has been
inferred.*  Similarly for hydrochloric acid the presence of the
three hydrates, HCl; 8H,0, HCl, 2H,0 and HCI, H,0 with
Increasing concentration of HCl has been pointed out;® and for
sulphuric acid® of a number of hydrates. H,SO,, 2H,O and
H,SO,, H,0 among others.

Thus, in cases where the hydrates formed have either two
or a multiple of two as the number of molecules of water of
hydration, then the band due to this water of hydration falls
more or less in the same position as that due to the double
molecules and hence contributes to intensify the latter. As
most of the intensity curves for the electrolytic solutions studied

3  Mellor : Comprehensive Treatise on Inorganic and Theoretical Chemisty, Vol. VIII,
p. 663.

E " % 5 Vol. nl
p. 153,
» (1] Vol. X.

p- 861,
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exhibit a sharpening of the band in the region where the
component duc to the (H,0), molecules is found to he present,
it may be that, in many of them, hydrates with an even number
of associated molecules predominate. But in cases where
hydrates with an odd number of molecules are present it may
bappen that the band due to the water of hydration shifts either
to the side of greater or smaller frequency depending on the
number of molecules of hydration, whether single or triple. Thus
the appearance of a slight convexity noticed in the shape of the
intensity curves on the smaller frequency side with increasing
dilution in the case of nitric and sulphuric acids is perhaps due
to the formation of complex hydrates, particularly those with
three associated molecules of water, that is, H,SO,, 3H,0 and
HNO,, 8H;0. This is also supported by the observations of
the earlier workers on the freezing point curves of the acid
water mixtures referred to before.

The effect may be also partly due to an increase in the
proportion of triple molecules that results with increased water
content in the solution. Again, the decreasing sharpness
is observed in the shape of the band with increasing dilution in
the case of sulphuric acid, nitric acid and nitrates, as indicated
in their intensity curves, figs. 2, 8, 5 and the slight shift
noticeable in the curves to the smaller frequency side as dilution
of the acid increases appears to be also due to the same two
causes. Both these effects, namely, the formation of complex
hydrates (particularly those with three molecules of water
of hydration) and the formation of an increased proportion of
triple molecules at higher dilutions, tend to shift the resultant
curve to the smaller frequency side, the region corresponding
to the component of the triple molecules in the band for pure
water.

The anomalous results observed in the case of hydrochloric
acid, véz., an increased broadening of the band at the higher
concentration of the acid, a slight shift in the band to the
smaller frequency side at the larger concentration as compared

30
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with that at the smaller concentration, do not seem
to be easily explicable on the above hypotheses, as it is very
improbable that more complex hydrates, which alone could
shift the band to the short frequency side, could form at greater
concentrations of the acid or with less quantity of water present.
This problem is expected to be cleared by further work, which
is in progress at present.

The greater sharpness in the intensity curves of sodium
nitrate as compared with those of nitric acid, fig. 13, even when
the latter i1s taken at much higher concentrations seems to be
partly due to the formation of more complex hydrates in nitric
acid and partly due to the superposition of the narrow diffuse
band at 3420 cm—! due to NO;OH molecule, found by Kohl-
rausch” to be present in pure nitric acid, over that due to water.
The latter cause also appears to be the real explanation of the
appearance of a second band observed by Ramakrishna Rao®
in nitric acid solutions at concentrations higher than 76%, and
not the formation of hydrates as put forward by him.

Passing on to the curves for the same concentration of the
different electrolytes, figs. 6 and 7, the shift in the position of
the band to the larger frequency side, as we pass from hydro-
chloric to sulphuric and nitric acids indicates the gradual
decrease in the proportion of triple molecules and at the same
time a slight increase in the proportion of single molecules.
These results are, to some extent, in conflict with the hypothesis
of Bancroft and Gould,” who postulate, from their observations
on the Hofmeister series of certain anions, that for equivalent
concentrations the amount of monohydrol is less with nitrate
ion than with chloride ion. If that were the case, the intensity
curve for hydrochloric acid must be shifted more to the larger
frequency side than that of nitric acid, indicating thereby a

¥  Naturwies., Vol. 19, p. 620 (1931).

3 K-y, Boe., Proc,, A, Vol. 130, p. 489 (1931),,
B ue. eit,
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greater preponderance of the single molecules or monohydrol in
hydrochloric acid than in nitric acid, but actually the reverse
is found to be the case. Again, their assumption in the szane
connection that the sulphate ion tends to convert tribydrol and
monohydrol into dibydrol must lead one to expect that the
water band in sulphuric acid would be narrower than in 1he
other cases, thus indicating the comparatively low proportion
of the single and triple molecules, but this again is found to Le
at variance with the experimental results obtained by  the
author.

| hus, the changes in the intensity distribution of the water
band with addition of electrolytes may be not only due to
changes in the relative proportions of the three types of molecules
present in water, but may also arise out of formation of hydrates
by combination of the ions with the water molecules.

The striking similarity of the curves with solutions of the
three acids when the amount of water they contain is equalized,
figs. 9 and 10, leads one to the conclusion that the differences
noticed in the curves for different electrolytes are only due to a
difference in their water content, and when it is the same in all
the cases the mnature of the electrolyte has not much influence
anyway on the constitution of water and in consequence on the
structure of its band. This is quite an unexpected result.

Thus the marked similarity between the several intensity
curves taken with solutions having the same water content. leads
one to expect that the effect of dissolved electrolytes is similar
to that of a change of temperature of water. riz.. a change in
the water equilibrium due to variation in the proportions of the
three types of water molecules. Otberwise the result is not
easily explained unless one makes the highly improbable assump-
tion that at the same water content the amount and nature of
hydrates formed are identical for the several substances.

Though the above curves are very similar. there are small
but yet definite secondary differences between them which cannot
be explained away as arising out of experimental errors, as they
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are much more than the probable differences which may arise
in the estimation of intensities. They therefore remain to be
explained. These differences are to be attributed either to
variations in the water equilibrium to different amounts for the
different electrolytes or to formation of hydrates which may be
different for the different electrolytes. That the latter scause
explains the differences between the curves of sodium nitrate
and lithium chloride (fig. 12), that still persist even when their
water content is equalized, as also the greater sharpness of the
band in sodium nitrate solution than in that of lithium chloride,
can also be inferred from the fact that lithium salts are known to
crystallize with a large amount of water of crystallization while
sodium salts do not; and it is but natural that those salts, which
crystallize with a larger amount of water, also associate with
water molecules to a much greater extent in solution. With
the results thus far available it is difficult to decide more
definitely between the two alternatives set forth above as to the
probable cause of the observed results.

Both, however, seem
to be equally probable and co-existent.

Finally, the cation seems to exert little characteristic
influence on the constitution of water as can be inferred from
the similarity of results obtained with acids and salts.

In conclusion, it is u pleasure to express my best thanks to
Dr. I. Ramakrishna Rao for his very keen interest and helpful
guidance throughout the progress of the work.
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