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The absorption bands of water in the 1.1-to-1.3-# region have been measured.
From the extinction coefficients, concentrations of water species involving 2,1,
and 0 hydrogen bonds per molecule were calculated. The temperature dependence
of these concentrations yielded a value of 3.7-4.5 kcal for the energy involved
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hydrogen bonds originally present in ice are broken; by 72¢ C the percentage
broken has increased to 61. Further, the results were used in conjunction with
the fli :kering cluster model of Frank and Wen to obtain an upper limit for the
average size of the water polymers of 90 molecules of H,0O at 20° C.
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The absorption bands of water in the 1.1-to-1.3-# region have been measured.
From the extinction coefficients, concentrations of water species involving 2,1,
and 0 hydrogen bonds per molecule were calculated. The temperature dependence
of these concentrations yielded a value of 3.7-4.5 kcal for the energy involved
in breaking one mole of hydrogen bonds in water. On melting, 46 9% of the
hydrogen bonds originally present in ice are broken; by 72¢ C the percentage
broken has increased to 61. Further, the results were used in conjunction with
the flickering cluster model of Frank and Wen to obtain an upper limit for the
average size of the water polymers of 90 molecules of H,O at 200 C.



The infrared absorption bands of water in the 1.1- to 1.3-4 region have been
studied. Variations in intensities of three bands have been used to calculate for
ionic solutions the mole fractions of water molecules in which zero, one, and
two of the hydrogens are involved in hydrogen bonding. The average sizes of
water clusters in HCI, HBr, HNO,, HCIQ,, H,0,, NaOH, KOH, NaNO,, and
NaClO, solutions were calculated. From this and from qualitative evaluations
for other solution systems, it was possible to assign the following effect on
the water structure to the ions :

cations : order-producing : La3+>Mg?t >H+> Ca?t,
order-destroying : K+>Nat>Lit>Cst = Agt;

anions : order-producing : OH—>F-,
order-destroying : ClOy~>I">Br=>NO;~>Cl~>SCN—.

The infrared absorption bands of water in the 1.1- to 1.3-4 region have been
studied. Variations in intensities of three bands have been used to calculate for
ionic solutions the mole fractions of water molecules in which zero, one, and
two of the hydrogens are involved in hydrogen bonding. The average sizes of
water clusters in HCl, HBr, HNO,, HCIO,, H,0, NaOH, KOH, NaNO;,, and
NaClO, solutions were calculated. From this and from qualitative evaluations
for other solution systems, it was possible to assign the following effect on
the water structure to the ions :

cations : order-producing : La%+>Mg2+>H+>Calt,
order-destroying : K+>Nat>Lit>Cst = Agt;
anions : order-producing : OH->F-,

order-destroying : ClO;~>1->Br=>NO,~>Cl~>SCN—.
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Near-Infrared Studies of the Structure of Water. I. Pure Water*
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The absorption bands of water in the 1.1-to-1.3-x region have been measured. From the extinction co-
efficients, concentrations of water species involving 2,1, and 0 hydrogen bonds per molecule were calculated.
The temperature dependence of these concentrations yielded a value of 3.7-4.5 kcal for the energy involved
in breaking one mole of hydrogen bonds in water. On melting, 469 of the hydrogen bonds originally present
in ice are broken; by 72°C the percentage broken has increased to 61. Further, the results were used in
conjunction with the flickering cluster model of Frank and Wen to obtain an upper limit for the average

size of the water polymers of 90 molecules of H:O at 20°C.

INTRODUCTION

HE role of water as “the universal solvent” has

caused it to be the object of many investigations.
Many of the unique properties of water as a liquid were
interpreted over 40 years ago to indicate that water
exists as an associated liquid due to strong intermolecu-
lar attractions. Hydrogen bonding was considered to be
responsible for the greatest part of this intermolecular
attraction.!

In 1933 Bernal and Fowler suggested that water has
a broken-down ice structure which still maintains most
of the hydrogen bonds. Each H,O molecule has a
tetrahedral configuration in which four hydrogen bonds
are involved. As the temperature increases, hydrogen
bonds are broken and the liquid structure becomes
more closely packed. In the 30 vears that have elapsed,
the weight of evidence from studies of water and
aqueous solutions by infrared, Raman, x-ray, dielectric
relaxation, and other techniques have tended to sub-
stantiate the general concepts of Bernal and Fowler,
i.e., the existence of regions of extensive hydrogen
bonding and the gradual decrease in hydrogen bonding
with increasing temperature. Much of the important
work since the introduction of these ideas by Bernal
and Fowler has been reviewed recently by Nemethy
and Sheraga.?

Recently, we became interested in a possible study by
infrared techniques of the species of water in concen-
trated electrolyte solutions. Quite definite effects were
observed for absorption bands in the 1.1-1.3-u region,
which correlated with the general order—disorder effects
of ions postulated by Gurney.?

As our studies continued, it came to our attention
that these absorption bands had been investigated some
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3R. W. Gurney, Ionic Processes in Solution (McGraw-Hill
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time ago by Suhrmann and Breyer.*® Although their
interpretation of their results remains in general quite
acceptable, neither their instrumental resolution nor
the state of the theory of aqueous solutions was suffi-
cient in 1933 to permit full exploitation of the spectral
effects in this wavelength region.

In this paper we describe the resolution into three
bands of the absorption band of water between 1.1-
1.3 u, the spectral assignments and the extinction co-
efficients of each band. The concentration of each of
the three absorbing species is calculated as a function
of water temperature and a model is proposed for
liquid water which involves three species. Using this
model and the concentration of each species a number of
the properties of water are calculated. In the following
paper® the results are presented of a study of the same
absorption bands in ionic solutions.

EXPERIMENTAL

The spectra were recorded using a Cary 14 spectro-
photometer. All measurements were made in fused
silica cells with 1-cm optical pathlength unless stated
otherwise. Temperature control was achieved by equili-
brating the sample cells in a water bath at a fixed
temperature. Experiments were run in which careful
checks were made on the decrease in temperature during
the time the spectra were recorded. In this way, the
listed temperatures are believed to be correct to within
2°C.

ASSIGNMENTS

In Fig. 1 are shown the near-infrared spectra of water
at 21° and 72°C. Figure 2 shows the spectrum of ice at
0°C. It is readily seen from Fig. 1 that at least two
close-lving bands change their relative intensities when
the temperature of the water is varied. The position
of the maxima of two bands can be taken as 1.16 u

4 R. Suhrmann and F. Breyer, Z. Physik. C]xem. B20, 17 (1933).

5R. Suhrmann and F. Breyer, Z. Physik. Chem. B20, 193
(1934).

8G. R. Choppin and K. Buijs, J. Chem. Phys. 39, 2043
(1963) (following paper).
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The infrared absorption bands of water in the 1.1- to 1.3-x region have been studied. Variations in in-
tensities of three bands have been used to calculate for ionic solutions the mole fractions of water molecules
in which zero, one, and two of the hydrogens are involved in hydrogen bonding. The average sizes of water
clusters in HCI, HBr, HNQs, HCIO,, H:0;, NaOH, KOH, NaNQ;, and NaClO; solutions were calculated.
IFrom this and from qualitative evaluations for other solution systems, it was possible to assign the following

effect on the water structure to the ions:

La3*>Mg**>H* > Ca?t,

K+¥>Nat>Lit>Cst=Ag*;

ClOy>1I">Br >NQO; >Cl=>SCN-.

cations: order-producing:
order-destroying:

anions: order-producing: OH™>1I,
order-destroying:

INTRODUCTION

N our first paper! we described the results of a

study of the infrared absorption bands of water in the
region between 1.1 and 1.3 p. The three overlapping
absorption bands observed in this region were asso-
ciated with water molecules which have zero, one, and
two hydrogen bonds formed by the hydrogen atoms.
The mole fractions of these threc species of water
molecules were calculated from the observed absorp-
tion intensities. These same absorption bands have
been measured in a variety of ionic solutions in order
to gain some knowledge about the structure of water in
such solutions.

Bernal and Fowler? as well as Cox and Wolfenden®
interpreted the lower viscosity of some electrolyte
solutions relative to that of pure water in terms of a
decrease in the short-range tetrahedral structure of
liquid water. This short-range structure results from
hydrogen bonding. Suhrmann and Breyer! interpreted
changes in the infrared spectrum of water upon forma-
tion of ionic solutions as due to changes in the degree
of polymerization of the liquid water. Much of the re-
search on lonic solutions between 1933 and 1957 was
reviewed and discussed at a meeting of the Faraday
Society in 1937.% More recent studies have utilized
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Raman,57 nuclear magnetic resonance®® and x-ray
diffraction techniques.’

Frank and Evans,! from an analysis of the solution
entropies of ionic solutes, have suggested a model for
lonic solutions invoelving three concentric zones of water
about each solute particle. In the inner, first zone are
the water molecules which have been oriented by ionic
attraction. These ordered arrangements of water mole-
cules about the ion are spoken of as “frozen icebergs.”
The outermost zone, in which the lonic influence is
simply one of dielectric polarization, has the structurc
of normal water which is due to interaction between
water molecules. Between the inner and the outer
regions is a “thawed” region in which the influences of
the other two regions are mutually canceling to produce
less order than in pure water. The influence of ions in
increasing or decreasing the net amount of ordering in
water depends on the relative sizes of the inner and of
the middle zones. The structural entropies calculated
by Frank and Evans indicated that all the alkali and
halide ions except LiT and F~ have a net structure-
breaking effect. Irank and Wen'? have discussed thesc
concepts in terms of a “fickering cluster” model for the
structure of water. In our first paper' we have shown
that this model is compatible with our observations {or

8 {a) W R. Busing and D, I, Hornig, J. Phys. Chem. 65, 284
(1961). (b) J. W. Schultz and D. F. Hornig, ibid. 65, 2131 (1961).

7 R. E. Weston, Spectrochim. Acta 18, 1257 (1962).
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TasLe II. Molar absorption coefficients and relative concentrations of water species at different concentrations.

Molar absorption coeflicients Relative concentrations
(1073 mole™! liter cm™) of water species
Mole ratio
System (H.0: solute) I 16 Ly 1%y o5 Co Cy C.
H.SO; 1.4:1 2.35 2.55 1.63 ..
5.6:1 6.60 6.35 4.68 0.28 0.28 0.44
17:1 7.22 6.68 4.10 0.30 0.33 0.37
110:1 7.62 7.33 4.09 0.30 0.40 0.30
HCI 3.5:1 4.67 6.26 5.36 0.17 0.25 0.38
4.7:1 5.20 6.38 4.91 0.20 0.27 0.53
8.2:1 6.27 6.86 4.33 0.25 0.34 0.41
22:1 7.24 7.56 4.61 0.27 0.41 0.32
36:1 7.27 7.53 4.51 0.28 0.40 0.32
HBr 1.8:1» 5.98 7.71 5.79 0.20 0.37 0.43
7.9:1 6.23 7.28 4.57 0.20 0.40 0.40
11.1:1 7.12 7.59 4.52 0.27 0.42 0.31
17.3:1 7.02 7.31 4.08 0.29 0.44 0.27
29.8:1 7.06 7.11 3.79 0.30 0.42 0.28
42.3:1 7.16 7.18 3.96 0.30 0.43 0.27
61:1 7.1 7.07 3.85 0.30 0.42 0.28
HNO; 1.9:1= 11.19 6.59 3.70 0.49 0.36 0.15
4:1= 8.55 6.21 2.63 0.41 0.38 0.21
8:1 8.00 6.63 4.02 0.34 0.34 0.32
14:1 7.90 6.86 3.98 0.33 0.34 0.31
26:1 7.89 7.09 3.83 0.33 0.39 0.28
30:1 7.89 7.28 3.89 0.32 0.41 0.27
74:1 7.65 7.27 3.82 0.31 0.40 0.29
HCIO 2.4:1 7.11 7.07 4.01 0.28 0.35 0.37
3.4:1 9.73 6.79 3.82 0.42 0.37 0.21
4.4:1 10.47 6.88 3.51 0.45 0.40 0.15
7:1 10.55 6.48 3.35 0.47 0.36 0.17
9:1 10.30 6.39 3.30 0.46 0.35 0.19
11.6:1 9.96 6.76 3.48 0.43 0.38 0.19
21:1 8.84 6.66 3.62 0.38 0.37 0.23
48:1 8.43 7.13 3.72 0.35 0.40 0.25
75:1 8.35 7.20 3.69 0.34 0.41 0.25
H.0, +.4:1 9.64 7.91 5.14 0.34 0.40 0.26
12:1 8.54 7.78 4.48 0.31 0.49 0.20
NaOH 1.9:1 2.08 1.65 0.93 .. ..
5:1 3.71 3.29 2.14 ..
10:1 6.15 5.80 3.82 0.29 0.28 0.43
15:1 6.95 6.55 4.07 0.31 0.36 0.33
25:1 7.20 6.89 4.04 0.30 0.37 0.33
50:1 7.39 7.04 3.93 0.30 0.39 0.31
NaNO; 51 10.33 8.15 3.38 0.44 0.52 0.04
7.5:1 10.15 7.89 3.11 0.42 0.50 0.08
10:1 9.81 7.66 3.006 0.40 0.48 0.12
15:1 9.44 7.36 3.50 0.39 0.44 0.17
50:1 8.38 7.59 3.98 0.34 0.43 0.23
NaClo, 4.3:1 17.21 5.91 1.79 .
9:1 13.07 6.93 2.60 0.57 0.43 0.00
10.7:1 11.68 6.47 2.49 0.33 0.41 0.06
12:1 11.39 7.04 2.93 0.50 0.43 0.07
22:1 10.16 7.04 3.08 0.45 0.43 0.12
33:1 9.50 7.37 3.37 0.40 0.45 0.15
50:1 8.75 7.17 3.51 0.37 0.41 0.22
75:1 8.44 7.37 3.85 0.35 0.42 0.23
LiCl 12:1 7.88 8.08 3.92 0.30 0.47 0.23

Na(Cl 12:1 8.75 8.35 3.78 0.34 0.52 0.14
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TasiE 11 (Continued)
Molar absorption coefficients Relative concentrations
(1072 mole~! liter 1 cm™?) of water species
Mole ratio

System (H:0: solute) Iy Iy 20 Iy 5 Co C Ce
KCl 12:1 8.82 8.29 3.76 0.34 0.52 0.14
CsCl 12:1 7.72 8.02 3.91 0.29 0.47 0.24
MgCls 12:1 5.78 ) 7.82 5.12 0.20 0.40 0.40
CaCl, 10.4:1» 6.32 7.44 3.45 0.27 0.45 0.28
LaCl; 12:1 5.00 9.30 5.88 0.11 0.49 0.40
LiNO; 12:1» 7.52 6.00 2.24 0.39 0.38 0.23
KNO; 12:1 9.05 7.23 2.92 0.41 0.48 0.11
AgNO; 12:1 7.58 7.14 3.56 0.32 0.44 0.24
Ca(NOs)2 9:1n 7.76 5.50 2.31 0.41 0.33 0.26
Na,5:0;5 15:1» 8.30 9.00 4.86 0.28 0.51 0.21
Nal 12:1 8.90 8.35 3.19 0.36 0.55 0.09
AgClOy 11.7:1» 8.11 4.53 2.00 0.47 0.24 0.29
Kr 12:1 7.51 7.51 4.38 0.29 0.41 0.30
KBr 12:1 9.27 8.67 3.38 0.36 0.5 0.10
K1 12:1 9.61 8.57 3.09 0.38 0.57 0.05
KOH 12:1 7.06 6.57 3.94 0.31 0.36 0.33
KSCN 12:1 9.08 7.60 3.29 0.38 0.47 0.15
K.CrO, 124:1 8.23 7.83 4.25 0.32 0.4 0.2¢4
H,0 pure, 20°C 7.56 7.58 4.17 0.31 0.42 0.27

# For these systems the sum values for Eq. (5) were outside the range 0.158-0.197 and, hience, the calculated concentration values are less reliable.

qualitative asscssment of the results of the absorption
intensities and frequencies in the solutions studied, it
seems logical to make the following assignments:

H H...- X~
M+...0 | M+ 0 ,
AN AN
H H
Co 1
H.--X~
/
]\/I+. . .O
AN
H-..-X~

Ce

As in the case of Cy, interaction of the metal ion and
oxygen causes no apparent change in the HzO frequency
from that of a molecule not bonded to a metal ion. This
can be seen from the constancy of position of the 1.16-u
peak in the solutions. These “free’” molecules are close-
packed, and experience van der Waals interactions, so
they are not in the same state as gaseous HsO molecules.
It is more diffcult experimentally to be certain that the
C, and C, species do not show slight frequency shifts.
Indeed, in some few cases of very concentrated solutions
(e.g., ZnCly in a 2:1 mole ratio) therc seemed to be
shifts. Careful resolution of other solution absorption
curves into three bands provided no evidence of shifts
from the frequencies observed in pure water. Attempts
to resolve the curves into more than three bands be-
tween 1.16 and 1.25 p were unsuccessful.

The question of anion hydration is the subject of some






























