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As the Nation’s principal conservation agency, the Department

of the Interior has basic responsibilities for water, fish, wildlife,

mineral, land, park,. and recreational resources. Indian Territorial

affairs are other maior concerns of America’s “Department of

Natural Resources?.

The Department works to assure the wisest choice in managing

all our resources so each will. make its full contribution to a better

United States–now and in the future.

FOREWORD

This is one of a continuing series of reports designed to present

accounts of progress in saline water conversion and the economics of

its application. Such data are expected to contribute to the long-range

development of economical processes applicable to low-cost demineraliza-

tion of sea and other saline water.

Except for minor editing, the data herein are as contained in a report

submitted by the contractor. The data and conclusions given in the report

are essentially those of the contractor and are not necessarily endorsed by

the Department of the Interior.
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ABSTRACT

The frequencies characteristic of l&O molecules in hydra-
tion complexes and the associated diffusive kinetics were investi-
gated by neutron scattering to determine (a) the dependence of the
diffusive motions of ion-water.complexes on temperature, on cation,
and on anion, and to study their relationship to glass formation;
(b) the changes in the hydration of ions and the diffusive kinetics
which occur upon mixing in ternary solutions. For concentrated
solutions of a series of lithium saits, of chromium salts, and of
calcium nitrate with decreasing temperature, it has been shown that
relaxation times characteristic of individual primary waters of
hydration increase and exceed interaction time. Hence, only contri-
butions from a classical diffusion of cation-water hydration com-
plexes were observed. The self-diffusion coefficients for such
complexes decreased rapidly with temperature; with both increasing
mass of the cation and the number of waters in its hydration sphere;
and with both increasing mass of the anions and their bonding to the
primary waters which increases both the “effectivemass” and the
“friction coefficient” of the complex. The formation of glasses
upon supercooling of such solutions appears associated with the
restriction of the thermal motions of such complexes a~d the reduc-
tion of free volume. In addition, measurements have shown that in
ternary solutions,upon mixin~ significant changes occur in the
bonding and ordering of water molecules in the hydration spheres of
the component cations; in the associated diffusive kinetics o??the
water molecules; and in the distribution of anions relative to the
cations. The results of these measurements are shown to correlate
with the “structure-making”and “structure-breaking”characteristic
of the ions and are compared with recent theory and with thermo-
dynamic NMR and dielectric measurements for ternary solutions.



I. INTRODUCTION

The results of neutron inelastic scattering (NIS) investi-
gations to date on the influence of ionic solutes on the intermolecu-
lar vibrations and the diffusive kinetics of the solvent molecules in
binary aqueous solution, on the diffusive motions of hydrated ions in
concentratedbinmy solutions, and on ternary solutions have been re-
ported in the literature(l-i ) or in previous annual reports(5,6).
Hence, only a brief review of the results in these three areas is
given below.

1) summary of Previous Results

A. Eina~ Solutions:

Neutron inelastic scattering studies(l-h ) have provided
information on the changes relative to water that occur both in the
intermolecularfrequencies below 900 cm-~ and in the diffusive
kinetics for &O molecules in ionic solutions as functions of
cations, anions, concentration, and temperature. With increasing
concentration,any spectral correspondenceto water in the inelastic
region is rapidly lost, and frequencies characteristic of ion-water
complexes appear and intensi~. !I!hesefrequencies are specific to,
the ions involved and correspond in general to the rocking, twisting
and wagging vibrational modes of water molecules and to the coopera-
tive metal o~gen stretching and bending modes characteristic of the

f=:rc?~;%, Cydl:es @-4,7-1o~l.

For strongly hydrating ions
“”) these frequencies closely approach

those observe~ for the corresponding solid salt hydrates and are in
agrement with reported ion-water frequencies from optical spectros-
cqy(l-~ ). For certain strongly hydrating ions it has been
shown( ‘i’) from infrared results and theory that the primary cation-
water coordination may involve a partial degree of covalenw. Such
a similarity of the orderings and coordination of ion-water
complexes in liquids to those in crystalline hydrates is not un-
expected. Indeed, x-ray diffraction results, for example(ll-li)
on a number of magnesium salt hydrates show the local octahedral
ordering of water molecules about the magnesium ion is a common
characteristic.

In solutions of small and/or multiply charged cations the
inelastic frequencies are primarily determined by the cation and only
secondarily affectedly -1 anions (e.g., Cl- and N~”)( 1,2 ). These
frequencies gradually broaden with increased temperature, reflecting
the thermal disruption of the primaqr ion-water complexes. Ion-water
frequencies also appear in the inelas~ic spectra of solutions of
larger, singly charged ions (e.g., Cs , K+, Na+), but now depend both
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“onthe cation and anion present. In addition, as the prima~ water co-
ordination are in general weaker than those for the small or highly
charged cations, the frequencies initially sharpen with increasing
temperature as a result of solvent coordination being therma13y dis-
rupted more rapidly than the primary ion-water coordination. Similar
behaviors with temperature have been reported in the literature(15-21)
from results of other measurements.

Neutron spectra have also been measure”dand compared for
concentrated solutions of Ia(N03)3 and CrC13 at 1°C for supercooled
viscous “solutionsjust abo~e their respective glass transitions, and
for the solid glasses. Near identities were observed in the inelas-
tic frequencies of ion-water complexes for the solutions at 273°C and
for the supercooled solutions with those in the solid glasses. The
correspondence of solution frequencies to those of solid glass was
more pronounced than to those in the solid hydrates where coupling
of the hydration complexes to the crystalline lattice appears to
broaden frequencies relative to the supercooled liquids and glasses.

In correspondence to the above changes in the inelastic
spectra, changes specific to ionsl to the concentration, and to the
temperature are observed in the widths and the intensities of the
diffusively broadened “quasi-elastic”components 1,2 ). With the
increasing”concentration of small and/or highly charged ions, at a
given scattering angle, the quasi-elastic components are observed to
rapidly narrow and intensi~ relative to water. In contrast, as the
concentration is initially increased for solutions containing large
singly charged anions, -thequasi-elasticmaxima appear to broaden
and decrease in intensity relative to water. At lower temperatures
(typicalJybelow 259C) the angular and temperature dependence for
the observed widths of the quasi-elastic distributions and their
areas were in accord”with the delayed diffusion of individualwater
molecules(22 ). Thus, for solutions containing small or multipJy
charged ions, a decrease in the self-diffusion coefficient, D, and
an increase in the residence time, To, relative to water occurs
(a “positive hydration” behavior). The VSheS of D and To for
positively hydrating ions decrease and increase respectivelywith
increasing concentration and are primarily determined by the cations
and only secondarily influenced by -1 anions. Larger, singly
charged ions at lower temperatures, initially increase D and decrease
To relative to water (a “negative hydration” behavior). The division
of the r“vs. I& curves into “positive and negative hydration” groups,
the specific dependence on.ions within a group, and (within experi-
mental error) the values of self-diffusion constants obtained are in
agreement with the trends and values of self-diffusion coefficients
reported from NMR and other techniques 2 ). As for the inelastic
fr~quencies, the curves of r
cations are only secondarily
contrast, the curves for the

vs. K2 for small or highly charged
affected by -1 anions, while, in
larger singly charged cations are
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strong~ dependent on the anion.

B. Diffusive Motions of Hydrated Ions in Concentrated Solutions
and Their Relationship to Glass Formation:

More recently, the above studies of binary solutions were
extended to concentrated ionic solutions known to form glasses in
order to determine both the different components that contribute
to the diffusive kinetics in ionic solutions, their dependence on
cations, on anions, and on temperature, and relationship to glass
formation. Upon supercooling, aqueous solutions of many multivalent
ions become increasingly viscous and, below a characteristic tempera-
ture (Tg), form solid glasses(23 ). It has been suggested that with
decreasing temperature, “liquid-like”diffusive motions become damped
as T is appoached, and a behavior akin to a harmonic solid is
appr~ached. It has been suggested( 9 ) that the formation of strongly
coordinated, centrosym.metric,cation-water complexes might in part
inhibit the formation of ice and favor glass formation. In addition,
it had been proposed that the formation of a glass at a characteristic
Tg (which is dependent upon the cation, anion and concentration for a
solution) may result from the fact that with decreasing temperature
liquid-like diffusive motions become damped and a behavior akin to a
harmonic solid is approached. Thus, Angell and Sare( 23 ) studied
the dependence of Tg on cation, on anion, and on concentration, and
found that, for a given concentration and anion, the value of Tg in-
creased with cationic charge, while for a given cation the variations
in Tg with anion are large. Indeed, Tg decreases in the progression
acetate > sulfate > nitrate > chloride (approximatelywith the basi-
city of the anion). However, in general, quasi-spherical, singly
charged anions gave rise to lower Tg’sY while those containing asym-
metric anions gave rise to higher T (23 ). It was suggested that
this dependence could be attributedgto the bonding of anions to H&O
molecules in the primary cation hydration sheaths and that the anions
may order their environment, reduce the configurational entropy,
and thus raise T .

g

In NIS investigations,the spectra for solutions, glasses
and solid salt hydrates were measured by neutron inelastic scatter-
ing in order to provide information at a molecular level to comple-
ment the measurements on Tg discussed above. In addition, it might
be expected that any ordering involving the ion-water complexes
could be similar in the glass and in the supercooled liquid, and
any effects arising from the coupling of such complexes to a lattice
(as for the solid salt hydrates) wouldbe absent. Also, in the
supercooled liquid, relaxations broadening would be reduced relative
to temperature above 1°C (wheremost previous measurements on water
and ionic solutions have been made), which should facilitate com-
parisons between the spectra of the supercmled solutions and th~
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glasses.

Initially, neutron,spectra for concentrated solutions LiCl,
LiN~, CrC13, Cr(N~)s and La(N03)3 have been measured and intercom-
pared in the hope of first distinguishing contributions to the dif-
fusive kinetics which involve ions moving together with waters of
hydration and then to relate such motions, if possible, to the mech-
anism of glass formation. These salts were selected for the f.ol.low-
ing reasons:

a) The concentrated CrC13 and Ia(N03)s solutions could be held
in the supercooled state so that spectral comparisons could be made
just above and below the glass transition.

b) Their high volubility allowed concentrationsto be reached
so that the majority of the waters present would be in the primary
or secondary hydration layers of strongly hydrating cations. From
NMR measurements(24-jl ) it would be expected that the exchange times
for water molecules in the prima~ hydration layers of the cations
could exceed the neutron interaction time (e.g., 10-=1 - 10-13 see).
Hence, such motions should not contribute as strongly to the quasi-
elastic components as they do for more dilute concentrations.

c) From 0~7 NMR measurements for chromium( 25 ) and lithium
chloride( 2~5) solutions, evidence has been cited to indicate that
~i+l and Cr cations may undergo diffusionalmotions together with
their primary hydration spheres.

d) In keeping with the observed dependence of the glass transi-
tions 23 ), the restriction of motions of the hydrated cation of
Li+~ would be expected to decrease with-anion in the progression
nitrate > chloride.

Direct evidence has been obtained for the contribution of
diffusive motions other than the activated jumps of individual HPO
molecules to the transport in ionic “solutionsand their fundamental
relationship to the formation ~f glasses upon supercooling. The
studies of concentrated lithium and chromium solutions have shown
that, in addition to jump reorientations of individualwater mole-
cules, motions involving cations moving together with waters of
hydration contribute to the overall diffusion process. At these
high concentrations, departures from a delqyed diffusion behavior
involving individual H20 molecules were observed and the diffusive
kinetics were in accord with the “classical” diffusion involving
heavy masses and low values of D-. For such strongly hydrating
cations, the exchange times for primary H20’s exceed the neutron
interaction time, and so such motions would not contribute to
spectra. The restriction of such diffusive motions of hydrated
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cations upon “supercooling”msy in part appear responsible for the
formation of solid glasses. At temperatures near the T ‘s of the

%solutions, the relaxation times associated with the dif sive motions
of both the individual &O’s and the hydration complexes sre longer
th& the neutron interaction time, and these motions no longer contri-
bute to the spectra. These results have been compared with reported
glass transition temperature measurements. It is suggested that the
formation of a solid glass at low temperatures could be primarily
associated with the restriction of the diffusive motions involving
hydrated cations by “bridging” anions. Thus, higher glass transition
temperatures would be associated with anions of higher basicity.

In summsry, these results show correspondence in the co-
ordination of local orderings of hydrated cations in concentrated
solutions with those of the corresponding glasses and supercooled
viscous solutions. The presence of such lsrge centrosymmetric
complexes may in part be responsible for inhibiting the formation of
hexagonal ice. The increased restriction of their diffusive motions
with decreasing temperature, and with increasing anion basicity may
be responsible for the formation of the glass and for determining
the characteristic glass transition temperatures. ~rtherj these
results also emphasize the complex role of anions at these high con-
centrations.

C. Ternary Solutions:

The type of neutron spectroscopic investigations described
above have extended to studies of terna~ salt solutions. It was the
purpose of these measurements to determine, at a molecular level, the
changes in ion hydration, in solvent structure, and in the diffusive
kinetics of &.O molecules that occur upon mixing in ternary solution
and the extent to which such changes constitute departures from a
simple additive of these properties for the individual component solu-
tions. These results were also compared with reported thermodynamic
and heat of mixing data(32-h4 ). Initial measurements were made for
4.6 mNaCl-4.6m LiCl, 4.6m NaCl- l.Om~C~, 4*6m NaC1- 2.2m
MgS04, 4.6mNaCl- 1.0 m N~S04 and 4.6 m NaCl + 4.6 m CSC1 solutions.

‘Frommeasurements of the thermodynamic of viscosity, and
of “salting-out” it has been argued that in soluti~ns containing more
than one salt the combined structure-makingand -breaking effects of
ions are not additive. ‘Further,both experiment and theory have im-
plied that, upon mtiing, significant changes in the hydration of the
ions present, in the diffusive ki=tics and in the structure of the
solvent, can occur. Thus, Wood et al( ) have studied the heats
of-mixing for aqueous ternary solutions and have concluded that:
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a) The orientations of the water molecules about the ions and
the changes that result upon mixing are tiportant in determining
whether the heat of mixing is endothermic or exothemnic. The heat
of mixing appears to depend upon the detailed hydration structure
and the electrostrictiveproperties of the ion which, in turn, depend
simultaneouslyupon ionic size, charge and concentration.

b) For consideration of the heats of mixing, it was convenient
to divide ions into the “struc~~re-maaing”or “positivelyhydrating”
ions (e.g., Li+, Na+, Mg+2J Ca , Ih , F-) and tp “s~ructqre-
breaking” or “negativelyhydrating” ions (e.g., K , Rb , Cs , Br ,
Wd Cl-). The heat of mixing is endothermicwithin the same group
and exothermic between different groups.,

Recently, based upon his previous theory of the hydration
of ions in solution, Samoilov(4~,k4 ) has proposed a semiquantitative
theory which attempts’toaccount.for observed changes and trends in
ion hydration in mixed salt solutions, and for salting-outphenomena
at a molecular level. While, as yet, this theory is largely quali-
tative, it does appear to correlate with many of the observed depen-
dence of the heats of solution and of mixing upon the changes in the
hydration of individual ions that occur upon mixing, the cation and
anion sizes and charges, concentration, and temperature. Such pre-
dictions of this theory can also be tested directly at a molecular”
level by measurements such as NIS thatprovide information concerning
changes in the bonding and orientation of &O molecules in the hydra.
tion sheaths of ions, and corresponding changes in the diffusive
kinetics and mobility of &O molecules that would occur upon mixing.

Relative to additive composites, both the cation-water
frequencies in the inelastic spectra and the diffusive broadening
of the incident neutron energy distribution show significant and
pronounced changes for the ternary solutions. This behavior empha-
sizes that,upon mixing, significant changes occur in the hydration
coordination of the ions present and in the diffusive mobility of
the individualwater molecules. These tirect observations support
the arguments of Wood et iL(36-41 ) and others who, from thermo-
dynamic data, have proposed that the mutual interactions of ions
in ternary solutions result in significant changes in their primary
hydration lsyer regions.

Ternary solutions( 5 ) of 4.6 m NaCl with a 1.0 mMgC~
and with 4.6 m LiCl (mixturesof two structure-makingsalts) showed
changes in the inelastic frequencies of cation-water hydration
complexes and in the self-diffusion coefficients in keeping with the
occurrence of a net “dehydration”of cations upon mixing. Thus, for
these solutions, frequencies characteristic of Mg-&O, Li-&O, and
Na-&O primary coordination appeared both broadened and reduced in
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intensity relative to either a simple additive composite or the spectra
of the s-inglesalt solutions. Further, the self-diffusion coefficients
for the average &O’s had increased relative to simple additivity, in-
dicating that an additional increase in the diffusive mobility had
occurred on mixing. These results should be considered as follows.

Upon mixing, cation-&O’s in the prhna~ hydration layers
of both cations become weakened and a redistribution from the vicinity
of the+~ore w~~kly hydrating Na~ ion toward the more strongly hydrat-
ing Mg or L1 ions occurs. This, in turn, forces the anions away
from the Li+ and Mg+z ions and toward the sodium ions. Thus, they
serve to enhance the stability of the remaining water molecules around
the sodium. After this, the majorit~=of w’a~~rmolecules would be in
the outer coordination sphe~es of ~ or L1 , and, at best, would be
weakly bound. Thus, the Li or N@ ions may be considered to be sur-
rounded (at larger distances) by loosely bonded layers of mobile waters.
The sodium would be left at best with all or part of its primary hydra-
tion waters surrounded more closely by the anions which stabilize
these remaining waters. As a result, in the spectra, the frequencies
characteristic of the lithium and magnesium primary water coordination
would have de-intensified and broadened as these ions are increasing~
surrounded by waters with looser bonding, and the weak coordination
of the majority of waters around the outer layers of these hydrated
ions would have effectively increased their diffusional mobility rela.
tive to the single salt solutions.

For a 4.6 m CSC1 + 4.6 m NaCl solution at 1°C (mixtures of
“structure-making”and “’structure-breaking”salts), a net “hydration
effect” was observed. Cation-water frequencies are enhanced and a
decrease in the self-diffusion coefficient, relative to s~ple addi.
tivity, occurs. Indeedj the frequencies characteristic of the Cs-&O
coordination appear strongly enhanced in the ternary NaCl + CSC1
solution,relative to the spectrum of an additive composite. Further,
such frequencies for cesium chloride primary coordination in the
ternary solutions show a greater similarity to those observed for a
binary CSC1 solution at higher temperatures than either to those in
the composite spectrum or in a cesium chloride single salt solution
at 1°C. In+these solutions, the Na+ cation is a stronger hydrator
than the Cs . Indeed.,NIS results show that the cesium ion sterically
disrupts ltige numbers of water molecules around it and acts as a
“structure-breaking”ion, increasing the diffusive mobility of such
waters. Thus, a net migration of such waters from around the vicinity
of the Cs ion toward the sodium would be favored. In turn, anions
could be forced toward’the cesium. This would continue until the
weak bonding that a water molecule could find in an outer layer
around the sodium or magnesium ion w’ouldbe about equivalent in strength
to the bonding in the primary layers of the cesium ion further stabi-
lized by the chloride. In these ternary solutions, the hydration of
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the cesium would approach that for a concentrated”cesium.chloridesolu-
tion which would explain the enhancement of the inelastic frequencies
characteristic of cesium-water complexes. Simultaneously,the water
molecules, now in the outer layers of the sodium ion, would be on the
average more strongly bonded than they originallywere in the struc-
ture-broken region surrounding the cesium prior to mixing. The re-.
suit would be as noted, one of a net hydration, and on the average
a stronger bonding of the water molecules which would give rise to
the observed decreases in the “self-diffusioncoefficient relative
to additivity. The effects of strong anions was determined by the
comparisons of the spectra of ternary solutions of NaCl + Na2S04
and MgS04 + NaCl with equivalent solutions having a common (Cl-)
anion. In both the ternary solutions containing S04”2 anions, fre-
quencies characteristic of cation-water coordination do not appear
as strongly broadened upon mixing as in the corresponding ternary
chloride solutions. Thus, frequencies characteristic of Mg-&O
coordination are enhanced relative to the chloride solutions, indi-
cating that the strong sulfate-anionswere able to strengthen the
hydration of the cations. Thusj it appeared that relative to the
dehydration effect observed for MgC12 + NaCl solutions, as discussed
above, the degree of dehydration may have been reduced by the pres.
ence of the S04-2 anions. The observed changes that occur in hydra-
tion and in the associated diffusive kinetics upon mixing solutions
are in agreement with reported results for heats of mixing. Conse-
quen’dy, upon mixing, two “structure-making”or two “structure-bre&-
ing” salts, a net dehydration occurs. In contrast, upon mixing a
“structure-making”and a “structure-breaking”salt, a net hydration
takes place.

2) Description of Recent Investigations

During the 1970-1971 contract
made to extend the above studies of the
of ternary solutions and the effects of
@aced on the following areas:

year, measurements have been
kinetics of hydrated ions and
mtiing. Enphasis has been

a) To complement previous studies and to further investigateboth
the effects of temperature and of anions on the diffusive motions of
hydrated cations in concentrated solutions and their relationship to
glass transitions, measurements were made during this quarter on a
15 m LiCl solution at 15”C, a 7.2 m CD3COOLi solution at 75°C, a
16.2 m LiN~ solution at 25°C, and on a 6.o m Ca(N~)P solution at
25°, 1°, and -20°C. In addition, as will be detailed below, it was
found that the neutron scattering data for the diffusive motions of
hydrated ions and &O’s, in concentrated solutions, as well as the
effects of anion basicity and temperature on such motions, could be
interpreted in terms of an extended jump diffusion model by Larsson
and Bergsted( 45 ).
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b) Trevious studies of ternary solutions primarily involved a
common anion but different combinations of “structure-making”or
“-breaking” cations, However, recent emphasis has been placed upon
the role of anions. Thus, measurements were made on ternary solu-
tions with a single cation but in which Cl- anions were mixed with
a strong %tructure-breaking” anion (1-) or a “structure-making”
anion (S~”2).

c) To further systematically study the effects of mixing solu-
tions of two salts and to allow a comparison of existing theories,
the following measurements were made:

1. For salts with a common anion (Cl-), the effectupon
mixing a solution of a strongly hydrating cation (Mg+Z)were
investigated as a function of +1 cations in the second SOIU.
tion (Li+, Na+, Cs+).

2. To investigate changes that occur upon mixing as
a function of concentration,measurements were made on a
dilute solution of LiCl + NaCl to compare with previous
measurements on a 4.6 m NaCl - 4.6 m LiCl solution.

3. To investigate the dependence of the changes that
occur upon mixing on temperature, measurements were made on
a NaCl + LiCl solution at 50°C to compare with measurements
made at 1°C.

4. For salts with a common cation (MgCl= +MgS04, KC1
+ KI, LiCl + LiI), the effect of mixing different anions was
investigated.

II. EXPERIMENTAL

1) Instrumental

The measurements were made using the beryllium-filtered in-
cident beam and a time-of-flight spectrometer described in detail
pre?riously(1-4 ).. The solutions were prepared from reagent grade
materials and deionized water. The solution samples were 0.42 mm
in average thickness and were contained in an aluminum sample holder,
appropriately shielded so that the neutrons could only be scattered
from the liquid. A thin lsyer of an inert polymer film (2 p in
thickness), plated on the cell and the aluminum windows, af??orded
protection against corrosion without significantly contributing to
background. As detailed previous~(46 ), measurements%ave shown
that the above sample thickness yielded negligible spectral distor-
tions due to
samples were

multiple scattering. For spectra measu~ed below 0°, the
cooled by flowing liquid nitrogen or liquid nitrogen
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boil-off gas through a channel in the sample holder and the temperature
was controlled to ~2”. Care was t%ken to prevent condensation on the
scattering surface of the sample. For spectra tsken at +1°, the sample
was cogled by circulating water fran an ice bath and was shielded to
avoid scattering of neutrons by the coolant. The glass transitions for
the glass forming solutions investigated here were determined by dif-
ferential thermal analysis, and measurements had shown that when these
solutions were held above their glass transitions in the supercooled
state for the periods over which the spectra were measured (t~ically
6 hr), no significant degree of crystallizationhad occurred. In
addition, the high glass transition temperatures allowed the samples
to be cooled to the vicinity of the glass transition directly in the
sample holder at a sufficiently rapid rate so that crystallizationdid
not occur.

2) Analysis of Data

The spectra were corrected for background, for counter effi-
ciency, and for chopper transmission. The background corrections were
made by a channel-by-channel subtraction of the spectra obtained for
the empty ssmple holder, and were found to be predominantly a flat com-
ponent upon which was superimposed a weaker broad distribution, center-
ing at about channel 146. This latter component, which varied with
rotor speed, is ascribed to the 1800 burst. Statisticaluncertainties
were calculated from the total number of background counts and the num-
ber of observed counts per channel. Further, the reproducibilityand
reliability of spectral features were checked by comparisons of spec-
tra remeasured at diffe~ent times with new solutions; comparisons of
data collected from four independent counter banks, electronics, and
memory banks from the time-of-flight analyzer; and a comparison with
background spectra for the empty cell to show that no spectraJ fea-
tures or maxima arose from the ssmple holder or the sluminum window.
The solid curves in Figures to were averaged through the data
points with regard to statistical uncertainties. The half-width at
half-maximum, I’,for the Lorentzian function associated with a dif-
fusively broadened incident energy distributionwas determined in a
manner described in detail previously(l-4 ). Specifically,I“s were
selected by comparing the observed quasi-elastic component with the
measured incident-ener~ distribution which had been further broadened
by a series”of Lorentzian functions of varying half-widths at half-
msxima.
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111. RESULTS AND DISCUSSION

The NIS measurements made during the 1970-1971 year (as out-
lined in Section I) will be discussed below both for the motions of
hydrated ions in concentrated solutions as well as for ternary solu-
tions. For both areas the current results will be considered and dis-
cussed together with previous results of NIS investigationsand re-
sults of other techniques including x-ray diffraction, Raman and
ir!fraredspectroscopy,and NMR and PMR investigations. Thus in the
following, prior to the discussion of the current results, a review
of

1)

pertinent background information and theory will be given.

Motions of Hydrated Ions and l&O Molecules in Concentrated Ionic
Solutions

A. Review of Background Information

a) Cation Hydration Complexes: X-ray diffraction(12,47,h9),
NIS( L6), Raman(8-10 ], and NMR(50-58~~)resultshave shown that in
solutions containing strongly hydrating or multiply charged cations,
“hydration complexes,”which include the cation together with first
and, in certain cases, higher layers of water molecules, have identi-
ties as structural and kinetic entities, Thus, neutron(l-6 ),
infrared( 7 ), and Raman(8-lo ) results hhve reported frequencies
characteristic of the internal vibrational modes of such a complex;
such modes involve metal-o~gen stretching and bending motions and
torsional oscillations of &O molecules which depend on the coordina.
tion, strength and geometries of primary hydration water molecules
about a cation. Further, it has been argued( 8,5o,7 ) that such
coordination may, in a number of cases, involve a partial degree of
covalency resulting from the sharing of electrons between the cation
and the neighboringwaters. From NMR measurements, Fratiello, et
al{ 52,53 ) and Matwiyoff and Taube( 51 ) have argued that Al, Be,
Ba, In, Mg hydrated cations in solution exist as kinetic units and
contribute to diffusive transport. The ordering and the definition
of such units(51,52) improve with decreasing solution temperature
below O“c. Further, it has been argued, that such complexes and
their identities persist even in dilute solutions. Stronger cations
(e.g., In+3 and Mg+2) show no evidence in the presence of weaker -1
anions (e.g., C104-, Cl- and N03-) for replacement of a solvent mole-
cule by an anion in the first coordination sphere. However, these
authors do note on the basis of line widths that ion-pairing of the
solvated cations to anions may occur which could affect the effective
mass of the kinetic unit.

Both the x-ray work of Brady(48 ) on ErC13, Er13 and
solutions and the small angle x-ray scattering studies of Dorosh
Skryshevskii(12 ) on MgC~, CaC~, COC13, NiC12, CuC~, CdC12

12

LiCl
and



solutions indicate that water molecules take up specific geometrical
orientations about the cations in the primary dydration layer, with
the Cl- anions taking up positions outside the prinary layer. Indeed,
in the presence of weaker anions (e.g., Cl-), it appears that “true
hydration” is associated with the cations which specifically orient
the water molecules. Then, in turn, at higher concentrations, such
hydration complexes may pack around the anions. From x-ray studies
of LiCl solutions, Brady( 47 ) concluded that the four water mole-
cules coordinate around the Li+ ion in a tetrahedral coordination.
Similarly, Yagil( 58 ) has argued that the lithium ion ‘canshare
fOur free electron pairs in the first vacant “L” shell and has a
hydration number of four. Woessner(55,56) has also argued for a
tetrahedral coordination of high symmetry on the basis of quadruple
relaxation measurements. Indeed, Woessner and coworkers(55 ) con-
clude that there is bonding between the lithium ion and the prtiary
water molecules, and the lithium oqygen nuclear separation is about
1.74 A. This number is less than the sum of the lithium ion crystal-
lographic radius and the Van der Waal radius of the oxygen atom, but
is larger than the sum of the lithium ion crystallographicradius
and the single bond radius of the oxygen atoms. Brady(47) concluded
that at higher concentrations the hydration sheaths around the
cation are oriented with positive dipole ends pointing out and
the hydrated lithiums then pack around the chloride ions. Indeed,
in like manner, the magnesium ion has been shown to be octahedrally
coordinated both in ionic solutions and in solid salt hydrates.
Thus, in such solid hydrates, even though the crystal symmetry may
vary, the magnesium ion is always surrounded by six water oxygens
having an average Mg-O distance of 2.6 ~. Such behavior has been ob-
served for Mg(N03)2”6&0, MgC~”12&0, MgS04.7&0 and Mgc~”6&0. Of
course, in the presence of stronger anions, small distortions of the
octahedral symmetry ,occur(11 ). More recently, more complete ligand
field calculations by Breitschwerdt(59 ) show that, at least for
transition metal ions, it is possible to treat the cation together
with its first coordination sphere as isolated units in terms of
crystal field theory.

b) Motions of Hydration Complexes and Their Relationship to
Motions of H20 Molecules in Primary Hydration Iayers.

With regard to the cation-water complexes discussed, the
following three general types of motions involving l&O’s can, in
principle, occur: motions of the center of mass of the hydration
complex; the exchange of the primary waters from the hydration
layers; and hindered reorientations of waters bound in the hydra.
tion layers of the cation. Any interpretation of neutron data
should consider these three types of motions as well as the effect
that temperature and different anions have on each.
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Experimental evidence for motions involving cations together
with their waters of hydrations have been reported by Olson et.al(25 )
for chromium, by O’Reilly and Peterson(27 ) by Hertz(60 ) and by
Weiss and Nothnagel(61 ) for lithium, by Matwiyoff and Taube(51 ) for
magnesium, and by Fratiello et al&53) for Al, Be, Ca, In, and Mg
ions. Further, Angell and Sare(23 ) have noted that the fomation of
solid glasses upon the supercooling solutions of multivalent ions may
involve the restrictions of such motions of hydrated cations due both
to decreasing temperature and to anions. In like manner, Hester and
Grossman( 9 ) have noted that the presence of such centrosymmetric
hydration complexes and their enhanced ordering upon supercooling may
favor the formation of glasses. As discussedby Angell et al(23 ),
as the characteristicglass transition of a solution is approached,
the viscosity of solutions typical~ approaches 1013 p and the self.
diffusion coefficients typica12y approach 10-15 cm=/see, and its total
configurational entropy is reduced as the excess free volume (over
that for random packed spheres) approaches zero. Near the glass transi-
tion point, motions of such hydration complexes and, hence, corres-
ponding transport processes in solution w’ouldonly occur through a
cooperative rearrangement of many particles. Further, anions would
bind to protons of &O’s associated with the cation .sheathsso as to
further restrict their motions -. the more basic anions producing
the greater restriction.

When considering the possible motions of such complexes, two
additional types of motions, known to occur experimentally,must also
be considered.. NMR relaxation measurements(293,~)for the exchange
times of the prima~ water molecules on suc~ lqdration com~lexes have
shown that for certain ions (e.g., Al+a, Ga 3, Be+2 and Cr 3, such.
tines exceeded 10-4 sec. with regard to such motions. Zaitseva and
Fisher(62,63) have argued that the exchsnge rate of prtiary water
molecules from a cation in turn influence the diffusive motions of
the cation as follows. When the primary cation-water coordination
become weaker and the exchange rate increases for primary waters,
both the effective mass of the hydration complex and the forces.
restricting its motion (hence, the friction coefficient) decrease and
its diffusive mobility strongly increases.

In addition to the above two.types of relaxation motions,
Connick and W~thrich( 6h ) from 0=7 NMR relaxation measurements have
shown that waters in the primary hydration layer of cations rotate
about the metal-o~gen axes .intimes short compared to the character-
istic times for translations or tumblings of the hydration canplex.
Indeed, in certain cases, they note that such rotational relaxation
of individual &O’s in the hydration sphere of the ion may involve
both prima& and seconda~ waters. The word “reorientation”must be
considered with regard to the time scales of a particular experiment.
Thus, in neutron spectra well defined msxima occur corresponding to a
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strongly hindered oscillation of water molecules in the primary hydra-
tion spheres. This indicates that a water molecule makes many rota-
tional oscillations within the NIS interaction time prior to breaking
a bond and reorienting. Thus, such motions would appear to be strongly
hindered on the time scale of neutron scattering experiments, but
might appear nearly freely reorienting on the longer time scale of NMR
experiments. In this regard, the results of permitivity, dielectric,
and I%IRmeasurements of solutions of alkaline halides by Giese et
al( 65 ) should be noted. In particular, these authors have argued
that in LiCl solutions the,tetrahedral.lycoordinated primary waters
are sufficiently rigidly oriented by the cation so that their dipole
moments are rigid. However, such water molecules still undergo
restricted rotation about their dipole sxes around the MO bond.

In addition to the exchange of individual l&O’s from hydra-
tion layers, such rotational orientations of water molecules in the
hydration layers of cations may also significantly influence the dif-
fusive motion of the center of mass of a hydration complex and affect
both its average effective mass and its coupling to the rest of the
solution. This would be particularly true as a solution were super-
cooled toward the glass transition. Thus, Hester and Grossman( ~ )
from Raman measurements have argued that with decreasing temperature
the centrosymmetric ordering of &O’s about a strong cation becomes
more stabie and the tendency for such anion-cation pairing is reduced.
Moynihan and Fratiello( ) from M measurements on salt hydrate
melts have argued for an increased stabilization of &O in the primary
hydration layer of Ca+2 with decreasing temperature. They note that,
as the temperature is increased, the thermal energy of I&O molecules
in primary hydration layers would cause deviations from the m-inimum
energy &O.ion orientation and decrease the proton deshielding. Thus,
decreasing temperature could increase the,internal bondings of hydra-
tion cmnplexesand, hence, their effective diffusionalmasses by
stabilizing waters about them, reducing the exchange rate of primary
waters,-”reducing direct cation-anion pairing, and restricting
thermally induced reorientation of the prhnary waters which would
increase their time average bonding to other solvent molecules or
toanions. Indeed, the “coupling” of such hydrated cations with
decreasing temperature can strong~ effect both the diffusive motions
of the complex and the glass transition temperature of the solution.

,..

c) Effects of Anions on the Motions Characteristic of Hydrated
cations.

units and ~
considered by
“contact’’”the
thereby order

effects‘ofanion and anion basicity on the motions of
glass transition temperature of solutions have been
Angell and Sare( 23 ). They suggest that anions may
protons associated
their environment,

.,

with cation hydration sheaths and
reduce the total configurational
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entropy and, hencej raiseTg. In general, spherical, singly charged
anions correspond to lower Tg’s, while asymmetric anions or more
strongly basic anions such as an N~-, an S04-2, and an acetate ion,
give rise to high values of T . In accord, Weiss and Nothnagel( 61 ),
from a comparison of self-dif%sion coefficients of l&O’s, and ions
for LiCl and Li2 SiFB-2 argued that the diffusion of the hydrated
Li+’s were more strongly restricted by SiF6- anions than by interac-
tions with Cl-. Thus, with increasing basicity an anion may interact
more strongly with &O’s in primary hydration spheres, restrict their
reorientations, and couple more strongly on a the average to the
hydrated cation. !I!hus,in essence, for observation times short rela-
tive to the exchange tties of the &O’s or the average reorientational
relaxation times of the primary &O’s, the hydrated cation, together
with the anion, may be the effective diffusing unit. However, the
effects of anion interactions on the exchange rates of prima~ water
molecules as well as of their ability to restrict the rotational reorien-
tation of &O in the primary hydration layers must also be considered.
Plane and Taube( 26 ) have shown that anions decrease in their effec-
tiveness in promoting the exchange of primary water molecules from the
Cr(&O)G3+ complex in the sequence N03- > C104- > Cl- > Br-. Thus,
anions may have two effects. With increasing basicity they could en-
hance the exchange of primary water molecules but also increasingly
restrict the reorientation in the prima~ hydration layers, in the
manner discussed above. However,

+3
in the presence of a strongly hydrat-

ing cation such as Cr while different anions have a marked effect on
the exchange rate, in the above sequence the overall change is about a
factor of two. Thus, while such tties are decreased by stronger ions
they may still be long (>10-4 sec for Cr(&Cl]G+3) relative to both the
internal vibrational eriods of the complex and to neutron interaction

Ytimes (typicalJy10-1 . 10-13 see) that increasing anion basicity may
perturb the energy levels of the chromic ion sufficiently so as to
lower the activation energy necessary for water molecules to exchange
from pri.ma~ hydration lqyers.

In like manner, Olson et al( 25 ) noted that anions can
accelerate the exchange rate of primary water molecules either by a
“medium” effect or by the formation of cation-anion complexes which
in turn exchange waters more readily than the isolated hydrated
cation. From NMR studies of rare earth ions and their complexes,
Reuben and Fiat(66,67 ) argued that the formation of a met~ ligand
bond between the lanthanide cation and prima~ &O oxygens may be
partially shielded by outer shells. Thus, N%-, acetate, and sul-
fate ions can form inner sphere complexes and enhance the exchange
rate of primary water molecules more readily than in the case of
ions for which-the primary initial cation-water bonds are stronger.
Thus, for the lanthanide elements an acetate ion can replace more
than one water molecule in a primary layer through bidentate binding
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to the cation and reduce the residence times for the remaining waters.
Such ion-pairing should be regarded as “ namic” or “time-average.”

YThus, as argued from Rsman( 9 ) and NMR(5 ) results, S04-= or N03-
anions may approach cations briefly and disrupt the primary ion-water
by a fluctuating field gradient. Woessner et a165,56), Bryant(68 ),
and Weiss and Nothnagel( 61 ) have argued from NMR measurements that,
with increasing concentration as an anion approaches the hydration
la er about a cation, abrupt changes in the symmetry of H=O’s about
Y

Li ions-occur which alter both the relaxations of the ions and of
the primary &O’s. Thus, Woessner et al note that above concentra-
tions of 4.4 m (correspondingto a first and second hydration layer)
such distortions from symmetry result in the Li+ ions being less
effective in showing the motions of the average waters with increas-
ing concentration than they were below 4.4 m. In contrast, the Li
ion becomes more rapidly restricted in its motions above 4.4 m. If
it is assumed that C1--&O bonds were weaker than &O-&O bonds for
the primary waters, then the approach of the Cl- may have increased
the reorientational freedom of the &O’s but the time average coup-
ling of the hydrated Li+ to the heavy Cl- may have restricted its
motion. A stronger anion such as an S04-2 or an acetate may enhance
the distortion of the hydration complex but may form stronger anion-
&O coordination than the original solvent-solventcoordination
and, hence, increasingly show the motions of the &O’s.

It has been argued(9,69) also that at lower temperatures
such inner sphere anion contacts are increasingly displaced by H20’s
and the probability of ion-pairing is reduced. As the temperature
of a solution is lowered toward the glass transition, anions would
be “repelled” out and the probability of ion-pairingwould be de-
creased. The exchange rate for the primary hydration waters would
be decreased, and thp anions would more effectively bridge the
protons of the prima~ hydration waters, and thus both restrict
their rotational motions and restrict the diffusion of the
hydrated cations. In this regard, Reuben and Fiat(66,67)havenoted
there may in essence exist two types of water molecules with regard
to rotational freedom in the hydration layers of the lanthanides:
a water molecule which is hydrogen-bonded to a strong anion may be
strongly inhibited in exchanging from the primary layer; one bonded
to”other water molecules could more readily exchange. Thus, there
is,effectivelya competition depending upon the relative strengths
of the primary cation-water and anion-water bonds. If the charac-
teristic time that a molecule remains bonded to a cation, were suf-
ficiently decreased by a basic anion, ion-pairingwould be more
probable. The cation would be only partially primarily hydrated
during most of its motions and its diffusive mobility might corre-
late with the exchange rate of primary waters rather than with the
reorientational freedom of such waters.



B.

results
a model

Theoretical Relationships Between M@ions of ~drated Cations
and C@asi-Elastic Neutron Scattering.

To correlate the above types of motions with the current
of neutron scatteringmeasurements, it is useful to consider
for the “quasi-elastic” scattering of slow neutrons in hydro-

genous liquids formulated by K. E. Iarsson and L. Bergsted(45 )“.
This model is a generalization of the Singwi-Sj61ander(22 ) model
previously used to describe the jump diffusion of individualwater
molecules in pure water and in more dilute solutions. It asmunes
that the center of mass of a molecule in a,liquid can vibrate for
a period of time, TO’, and then undergo classical diffusion in a
period, T1’. In addition, aprotonic group of the molecule may vibrate
about the center of mass for a period of time, To, and then during the
time, T=, jump over a characteristicaverage length,~. me general
expression for the differential scattering cross section in terms of
the above four parameters is complex. However, sfiplifi~ationsoccur
in four limiting cases (dependingupon the relative magnitudes of
these four characteristictimes). These cases are both particularly
useful and applicable in quan’citative~ interpreting the neutron
scattering data for concentrated ionic solutions being supercooled.

As previously reported( 3 ) for concentrated chromium
and lithium salt solutions,when the temperature is lowered the half-
width at half-msxima, r’s, of the Iorentzian broadened incident ener~
distribution (as a function of the momentum transfer (K2)) undergoes
a variation in functional form. This corresponds to a change from a
case where both reorientations of individual water molecules and
motions of hydrated ions contribute to a case where motions of hydrated
ions dominate. Quantitatively,this change in functional form can be
described in terms of the above four parameters by assuming that T1’
and -rO>> To’. Equivalently, this assumes the center of mass of the
hydrated ion is undergoing a classical diffusion type behavior and,
in contrast, an individual water molecule in the primary layer remains
bonded for a time, To, prior to undergoing rotational reorientation or
jump exchange. However, once any one of such primazy hydration waters
have broken a bond it allows the center of mass to displace. Hence,
To‘ is much less than To, and the ion would spend the majority of the
time diffusing with a result that T1’ >> To’. If it is further assumed
that well above the glass transition temperatures both T1’ and To are
within the neutron interaction time, then both of the motions of the
center of masses and of jump reorientations of individualwater mole-
cules would contribute to a spectrum. FOr small values of K2, r is
given by

r —>-h [DCM +
< y,’>
2T~ +<ri>z (1/To +2/T1’)1 F

18



while for large values of K2, r is given by

r —> -HDCM K2 + h (1/To + l/T=’).

This is shown pictorially in Figure 1 by Curve 11.

It is seen that r rises linearly from the origin and its
slope depends upon D

P
(the self-diffusioncoefficient for the center

of mass), upon effec lve diffusion coefficient”for the individual
water molecule motions given (~2/2To), and a term depending upon
the average vibrational amplitude of the individual water molecule,
ri2. However, at higher values of @ (unlike the case for the simple
jump diffusion - Curve I, Figure 1), the curve does not approach a
constant value but rather rises with a slope which now depends only
u-penthe self-diffusioncoefficient of the hydrated ion.

If the temperature were to be further lowered in the process
of supercooling then, in accord with the above discussion, the ex-
change rates and reorientation rates of individual water molecules
would decrease rapidly; To could become longer than the maximum
neutron interaction time experimentally accessible. Also,l= and

‘i
2 would reduce in magnitude. In this limit, 1“then should rise

linearly with K= with a slope given by-h DCM (curve III of Figure 1),
and the motions contributing to the broadened incident enerw distri-
bution are the diffusion of the center of masses of the hydrated ions.
As discussed in the following section, just such a functional transi-
tion behavior with temperature has been observed, as noted above for
both chromium and lithium salts.

It should be further noted that in this case the integrated
area in the diffusively broadened incident line is directly propor-
tional to the Debye-Wailer factor

e-2Wi . e-K2 1/6 < Ui 2>

corresponding to the mean square vibrational amplitudes K uiz > of the
water molecules in the primary layers. It would be expected, with de-
creasing temperature, that this amplitude would continuous~ decrease
in correspond&ce to a %igidification” of the primary water molecules,
as will be discussed in the following section. In correspondence,the
inelastic frequencies corresponding to”torsional oscillations of water
molecul~s in the primary hydration layers and the metal o~gen stretch-
ing and bending frequencies gradualJy sharpen with decreasing tempera-
ture,

As the temperature is fully decreased to the vicinity of the
glass transition and as To is increasing, To’ could eventually become
larger than T1’. Such behavior would be in accord with a reduction
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in “free volume” and a continuous increased hindrance of the reorienta-
tion of individualwater molecules in the primary hydration layer.
Then, close to the glass transition, the probability of breaking any
bonds of hydration waters would become so small that the center of
mass of the cation could be fixed for periods sufficiently long so
that it might oscillate a number of times -priorto reorienting. Any
motions of”the center of mass at temperatures close to the glass
transition as a result of a strong reduction in free volume could
correspond to a highly cooperative rearrangement of particles and,
therefore, be strongly restricted. The model of Iarsson can also
theoretically account for and predict the behavior of r vs. K2 in
this low temperature region,
Thus, when TO’ and To >> T1’

as is shown in Figure 1 by Curve I.
for small K= the width is given by

<1:2> < ri2 >

2T0 + ~ (1/To + 2/To’)]K2

while at high K2 the width is given by

r—> ~ (l/To’ + l/To)

r vs. K2 again rises linearly from the origin but not approaching a
constant value at high values of K2. The initial slope is primsxily
dependent on~.2/~o (as the value of D.-rl’/Tois small). However,
for this case, from an experimental standpoint, the values of the
r’s involved may be so small so as not to be resolvable. Indeed,
as previously reported( 3 ), measurements made on lanthanum nitrate
and chromium chloride solutions at temperatures just above and below
the glass transitions, show no resolvable broadening. In contra$t
to the case discussed above, the area under diffusively broadened
incident energy distribution w’ouldnow depend upon the protict of two
Debye-Wailer factors

-1/6(< Ui2 > + < uCM2 >)K2
-e

w’here< ui > is an average Debye-Wailer amplitude corresponding to the
vibrations of &O in the primary hydration layer and < u .

CY ;a;; ;;amplitude corresponding to the vibrations of the center o
hydrated ions. However, because of the larger mass, the exponent
for the center of mass vibration involved might be considerably smaller
than that corresponding to individualwater molecules.

The point to be emphasized is that while the widths and small
changes in the area of the quasi-elasticmaximum may lie outside of
experimental resolution at temperatures near the glass transition, the
above model is still, in principle, capable of accounting for the
entire change in temperature behavior from temperatures near 25°C
down through the glass transition in a.plausible and quantitative
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manner. In addition, in terms of this model, the effect of increas-
ing anion basicity it a given temperature would be to strongly increase
TO due to a strong restriction of rotational freedom of the primary
H=O’S. Such an increase could result in To passing from a time shorter
to a time longer than the neutron interaction time. This would then
have two effects, as will be discussed in the next section, which
have been observed.

(a) The curve”ofr vs. K2 would pass from a behavior where it
has one slope at the
(Curve 11, Figure 1)
origin for all K2’s

(b) As a result

origin and another slope at higher values of K2
to a behavior where it is linear thragh the
Curve III, Figure 1).

of the increase in To, corresponding to an in-
creased restriction in the rotational freedom of the individualwater
molecules in the primary hydration layer, the motion of the center of
mass for the hydrated cation would also be restricted and the self-
diffusion coefficient would strongly decrease (Curve II vs. Curve III).

As concentrated solutions were heated to higher temperatures
(e.g., 25°Cto 75”C) the residence times for the primary &O’s would
decrease and the diffusive kinetics would be dominated by individual
water molecules undergoing jump diffusion (as has been used previously
to describe the behavior in more dilute solutions of ionic salts).
Iarsson’s model in the limit of T1’>%o’ and To indeed passes to this
limit. Water molecules would exchange rapidly from the primary hydra-
tion layer which would effectively dehydrate the cation and allow it
to move more freely. However, it should be kept in mind that because
of the larger scattering cross section for hydrogen, small, if any,
contributions to the scattered intensity would arise from the nearly
bare cations and the diffusive broadening would arise from the indi-
vidual water molecules. In this case (as shown by Curve 1, Figure 1),
~ at sma~ K2, is given by

r ,. h [D CM -tDi] K2

It rises linearly from the origin with a slope which depends on the
sum of the self-diffusion coefficient for the center of mass of the
ion and the self-diffusion coefficient for jump reorientations of
individual water molecules. As the former would not contribute much,
it would be expected that exper”tientallyi“would depend only upon
the diffusion coefficient for the jump reorientation of the individual
water molecules. For large values of K2, p would again rise linearly
with a slope given by thefi D and an intercept given by%/~o (To
being the residence the for %!e individualwater molecules). Again,
as the bare ions would not contribute effectively, r would approach
a constant value of%/~0. Thus, the expression reduces to that for
the s~ple jump diffusion model for Singwi and Sjolander( 22 )
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applied previously to the description of diffusive motions in less
concentrated solutions at higher temperatures. Indeed, an evolution
for such a jump diffusion behavior at higher temperatures has been
observed for such solutions as described in the next section.

In summary, it should be re-emphasized that the model of
Iarsson and Bergsted accounts for the observed behavior of the dif-
fusively broadened quasi-elastic component in concentrated solutions
of multivalent ions in a nearly continuous manner from high tempera-
tures to temperatures close to the glass transition. The assump-
tions made with regard to the four characteristictime constants are
physically plausible and in accord with proposed mechanisms for the
glass transition temperature, as well as with the types of motions
including exchange of water molecules, diffusion of hydrated ions,
and reorientations of water molecules in the primary layer of the
type discussed above and observed by spectroscopic and relaxation.
measurements. However, from a theoretical standpoint, this model
should not be taken as capable of yielding a complete description
of such liquids over a wide range of interaction times. Indeed, it
is an approximation valid for longer periods of the and is not valid
for very short interaction times (e.g., very large K2 values) where
any correct model must continually pass to a free particle limit.
However, it does appear to represent a valid approximation within
the range of interaction times of these experiments (e.g., range of
K2 of these -experiments)and at the lower t&mperatures involved.

In the NIS measurements, to be discussed below, when with
decreasing temperature ox increasing concentration the curve of
r vs. K2 has evolved to shape III in Figure 1, itsslopeilD should
primarily reflect the diffusive motions of the hydrated ions as
discussed above. Moynihan and Angell(70 ) have treated the diffusion
of hydrated cations,in terms,of the Stokes-Einsteinrelationship,
D = kT/M~, where M is the effective mass of the hydration complex
and E is the Iangevin friction coefficient. Recently, Zitseva and
Yisher(~2,65)have proposed a hydrodynamic theo~ in an attempt to
account for the motions of ions in solutions, taking into account
also the effects of ion hydration.

The reciprocal of the friction coefficient (e.g., 1/<) may
be considered as a short delay time before diffusion sets in and a
measure of the collision time itself. From the self-diffusion coeffi-
cients obtained in this work,:as discussed beloy, from the ~ vs. K2
curves the masses of the hydration com lexes and”known temperatures,

2values for.1/-~,t~ically of about 10-1 x 10-15 se-c.,are obtained
for the lithium and chromium solutions. An observation time for the
neutron may be defined( 71 ) as T2 M/K2kT) and if the neutron

obf&obsis t.oobserve a classical behavior, must be less than unity.
Using the above values for l/~, the masses and the temperatures,
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and inserting the largest expertiental available values of K21 it is
indeed found that this ratio is less than unity throughout the entire
observation range of K2. Hence, a classical diffusion behavior, as
observed, would indeed be consistently expected. Further, a NMR
correlation time of the order ‘-10-~o sec. has been reported(27 )
for reorientations involving the hydrated lithium ion in aqueous
solutions and is related to the viscosity, T, the effective volume
of the hydrated ion, Vm, and temperature through the relation

‘c = ~Vm/kT. This can also be written in terms of the Stokes-Einstein
friction coefficient, the volume of the hydrated ion, the effective
radius of the hytiated ion, its effective mass and temperature as

MVm~
T. >-!— “fin l.m

If values of the friction
values of the correlation
reasonable agreement with
the complex.

L cm .tiL

g

coefficient, as given above> are used)
the (typically10-10 see) are obtained in
the NMR correlation time for rotation of

In the following discussion of the neutron data, the motions
of the hydrated ions will be treated in terms of a Iangevin equation.
Egelstaff and Schoefield(72 ) have given the solution for the scatter-
ing law for the Iangevin equation which is in accord with the fluctua-
tion dissipation theory. They show that there exists a parameter,
K2 “ D/~ such that for K2 values where this parameter is << 1, a
classical diffusion behavior is approached. Where K2 values, corres-
pending to this parameter are >> 1, the width rises linearly propor-
tionately to K. Equivalently, one can define a value(72 ) of
Kc ~ (kT/Nl&)l/2such that when K << Kc, a contribution from a recoil
term, is negligible.;while, for K>> Kc, recoil terms predominate. In
the present expertients the range of KG was such that O ~ K2 ~ 5
(~-2), the smallest mass of the hydration complexes involved, was
approximately 80 AMU (for 15.0 m LiCl), and the values of D were of
the order of 10-5 cm2/sec. Hencej the experimental range of K2 is
much less than KC2J and recoil effects should be negligible. Indeed,
Vineyard( 72) has noted that, typically for atoms having atomic masses
below 20 A.MU,recoil effects are not negligible except in cases of
abnormally small momentum changes.

C: Diffusive Motions of Hydrated Ions - Results and Discussion

The dependence of the inelastic spectra corresponding to
the characteristic frequencies of hydration complexes and the corres-
ponding curves of r vs. K2 and their dependence on temperature>
concentration, anion-basicity, and on cation are shown in Figures 2
through 7. These results are shown and compared for LiSCN, LiI,
LiC15 LiN%, LiN%, and CD3COOLi; for MgC1.2,M@04, and Mg(CDsCOO)z;
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for Ca(N03)2; and for Cr(N@)s and CrCls. In particular, the depen-
dence of the curves of ~ vs. K2 on temperature and the influence of
anions of different basicity on these dependence will be interpreted
and compared with the model of Iarsson and Bergsted(45 ) (as dis-
cussed above).

a) Diffusive Broadening of the Quasi-Elastic Components. In
Figure 2 the temperature dependence of the Lorentzian half-widths
at half-maxima, r, for the diffusively broadened incident energy
distributions are shown as a function of the momentum transfer, K2,
for 4.6 m and 15 m LiCl, for 16.3 m LiN@, and for 7,2 m CD3COOLi.
With decreasing temperature the r vs. < curves for 15 m LiCl,
16.3 m LiN@, and 7.2 m CD3COOLi evolve from Curve I of Figure 1
(characteristicof activated jumps of individual H20’s)and become
linear through the origin. This functional behavior is in accord
with Curve III, Figure 1, and ~rimarily with the quasi-elastic
broadening results from diffusive motions of the hyrated lithium
complex; and, hence, To and -rl’>> -rot. IhrtherJ To is assumed to be
long relative to the neutron interaction time such that contributions
due from the exchange of individual water molecules in primary hydra-
tion layers do not significantly contribute to the neutron spectrum.
Thus, for the three more concentrated solutions in Figure 2, the
-progressionfor T vs. K2 with increasing temperature in the functional
shapes are as expected on the basis of the model of Iarsson and
Bergsted(45 ), discussed previously and shown in Figure 1. Thus, at
low temperatures the curves are linear and only the diffusive motions
of the hydrated cations contribute (Curve 111, Figure 1). With in-
creasing temperature, an evolution in shape occurs whereby r rises
linearly from the origin with one slope, and then, at higher values
of K2, appears to be again rising linearly with a different slope.
This is the behavior expected when -c.and T1’ >> rot, but To is
within the neutron interaction time so that both motions of the center
of mass of the hydrated cation, as well as hindered reorientations of
the primary water molecules, contribute (Curve II, Figure 1). At
still higher temperatures, the curves show a delayed diffusion behavior
rising linearly from the origin but then approaching a nearly constant
value of-h/~. at higher K2 values (CurveI, Figure 1). In this case,
the jump reorientations of the individual water molecules predominate.

In contrast to the concentrated 15.0 m LiCl and 16.3 m
LiN02 solutions where most of the &O would be in the primary hydra-
tion layers of the Li+, the more dilute 10.0 m or 4.6 m LiCl and
LiN03 solutions (Figures2 and 3) still show significant contributions
of delayed dtifusion behavior at 27h°K. The variation of the curves
of P vs. K2 with decreasing temperature corresponds to decreasing self-
diffusion coefficients and increased residence times for the motions
of the individual molecules. Thus, in LiCl and LiN@ solutions, &O’s
beyond the primary layer are not sufficiently coordinated so that their
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relaxation times exceed the neutron interaction time and the pre-
dominant contribution to the quasi-elastic broadening at 2T40K results
from the activated jumps of individual &O’s rather than the overall
motion of the hydration complexes as for 15.0 m LiClj 16.3 m LiN@,
and 7.2 m CD3COOLi.

Howe_veT,reference to the ~ vs. K2 curves of Figures 2 and
3 shows that their temperature and concentration dependence show a
pronounced dependence on anion “basicity.” Thus, in Figure 4 it is
seen that even at 4.6 m concentration, the curve of r VS. I(2for a
4.6 m CD3COOLi solution is linear through the origin in contrast to
those for the other Li salts. Thus, the acetate anion appears to
have stabilized theHpOk inthe hydration spheres of the Li cation
so that the residence times exceed the neutron,interaction time.
Further, from Figures 2 and 5, a comparison of the linear r vs. K2
curves at 2T4°K for 15.0 m LiCl, 16.3 m LiN~ and CD3COOLi show
their slopes, which are proportional tofiD, decrease in the progression
Cl- > N%- > CD3C00-. Thus, the self-diffhsioncoefficients are de-
creasing with increasing anion basicity. Thus, progression is in
accord with the arguments of Angell and Sare( 23 ) that anions may
contact waters in the primary hydration layers, order their environ-
ments, and restrict the diffusive motions of the hydrated cations.
Such a restriction of the diffusive neutrons may in turn result from
an increased restriction of the motions of water molecules in the
primary layers with increasing anion basicity. AS the f’requ~~cyof
breaking bonds is decreased for the primary water molecules due to
their rotation about the metal oxygen axes becoming restricted, the
motions of the center of mass of the hydrated cation in trim could
become restricted. Additional evidence for such an anion dependency
comes in comparing the changes in shape of the curves of r vs. K2 with
temperature for each of these three lithium salts. Up to 50”c,
the curves for 7.2 m lithium acetate remain linear, and their slopes
&nd, hence, the corresponding self-diffusion coefficients) increase
with increasing temperature. Thus, throughout this temperature range
for the lithium acetate solution the motions that make the prime
contributions to the quasi-elastic component are those of the hydrated
lithium ions. Even though the mobility of the hydrated cations in-
creases with temperature (as evidenced by the increase in the self-
diffusion coefficient), not until 75°C have relaxation times for indi.
vidual H20’s in the primary layers decreased and entered the neutron
interaction time scale. In contrast, for the 15.0 m LiCl solution,
a departure from linearity and, hence, a change in functional form
is observed at a lower temperature. Thus, at 1°Cj the curve of ~ vs. K2
is linear. However, with increasing temperature, the curve is ob-
served to approach a behavior such that it rises linearly from the
origin but approaches a nearly constant value at higher K2 values, in
accord with kinetics dominated by the jump diffusion of individual
water molecules. Increasing temperature to 25°C in the lithium chloride
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solution has decreased the To for jump reorientation of individual
water molecules, and these motions have entered the neutron time scale.
Thus, the more basic acetate ion has strongly retarded such motions
relative to the chloride ion. A comparison of the curves for lithium
nitrite w’iththose for lithium acetate and lithium chloride shows an
intermediatebehavior for the N~- anion in restricting the thermal
disruption of the primary hydration layer and allowing the jump re-
orientations of &O’s to come into the neutron interaction time.

In addition to the data for the above lithium salts, the
curves of r vs. K2, as a function of t~perature, are shown for
calcium nitrate, magnesium acetate, and magnesium chloride in
Figure 6. The dependence of I’vs. K2 on temperature and anion
basicity parallel those for the lithium salt discussed above. The
curves for the 4.6 m MgC~ and 6.o m Ca(N~)2remain in accord with
a jump diffusion behavior as the temperature is decreased to 27’k°K.
The slopes at the origin decrease and the approach to a constant value
of r at,high # becomes more pronounced. This behavior is in keeping
with a decrease in the self-diffusion coefficients and increases in
the residence times with decreasing temperature. In contrast, it was
found that for the supercooled solution at -20”C, r vs. K2 is linear.
Thus, the supercooling has resulted in a rapid restriction of the jump
reorientations of individualwater molecules. Both the exchange and
the reorientation of such primary waters now occur with average relaxa-
tion times much longer than the neutron interaction time. In addition,
at -20”C, the smaller slope of r vs. K2 corresponds to a much smaller
self-diffusion coefficient, as expected if contributions to the dif-
fusive broadening arose almost exclusive~ from motions of the hydrated
calcium cations. As shown in Figure 6, the more basic acetate ion
in magnesium solution strongly hinders the reorientations of the
primary waters in a manner similar to that noted above for the lithium
salts. Indeed, a comparison of the T’vs. K= curves for MgC12 and
MgS04 of Figure 5 with those for Mg(C~COO)2 of Figure 6 emphasizes
that even relative to the S04-2 anion which has served to increase
the residence times of the H20 relative to Cl-, the acetateanion has
increased such relaxation times beyond the NIS time scale and thus
the I’vs. K2 curve is line,~r,reflecting the diffusive motion of the
hydration complex. At 274 K, the slope is so small that the broaden-
ing is almost at the experimental limit of resolution. This low
slope and, hence, small value -ofthe diffusion coefficient undoubtedly
reflect a high’’effectivemass’’forhydration complex both relative to
lithium acetate solutions. This, in turn, may reflect the heavier mass
of the cation-water complex in magnesium relative to lithium and a
stronger time average coupling to the acetate anion. Indeed, unlike
the temperature behavior for the p vs. Kg curve for 15.0 m LiCl,
16.o m LiN&, and 7.0 m C~COOLi, shown in Figure 2, the curves of
r vs. K2 for magnesium acetate increase in slope
above 75°C. Hence, the acetate anion appears to
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hindered the reorientations of the primary waters so that their
relaxation times exceed the neutron interaction time even at these
high ti?mperatures. Again, this behavior would be in accord with a
strong association between the hydrated cation and the anion. In
this regard it should also be noted( 23 ) that the acetate anion
strongly increases the glass transition temperature of magnesium
solutions relative to other anions.

In addition to the above results, a number of the data
-previouslyreported should be recalled for comparison. .Asshown in
Figure 5, CrC13 and Cr(N03)3 solutions (at sufficientlyhigh concen-
tration so that the &O molecules present were strongly coordinated
in the first or second hydration layers) also show curves of r vs. K2
at 1°C having low slopes (hence, small values of the self-diffusion
coefficient and are linear to the origin (Curve III, Figure l)). In
addition, measurements were reported( ~ ) for solutions of4.3m
Ia(N@.)3 and 4.25 m CrC13 at temperatures just above and below respec-
tive glass transition temperatures. The chromium and lanthanum salts
were chosen as they could readily be held in a supercooled state for
the extended periods of time necessary in order to perform the experi-
ments. In general, with decreasing temperature, the diffusively
broadened quasi-elastic component narrowed rapidly and, for the above
two solutions, showed no abrupt change as the glass transition tempera-
ture was passed. However, the diffusive motions of the hydrated
cations rapidly became restricted with decreasing temperature so that
the broadening of the quasi-elasticmaxima in turn rapidly decreased
to within experimental resolution.

In summary, it should be re-emphasized that the variations
in both functional form with decreasing temperature and increasing
anion basicity of the P vs. K2 curves and, hence, of the diffusive
kinetics, strongly support the argument of Angell and Sare( 23 ) for
glass formation in ionic solutions. As the temperature is initially
lowered, both exchange and rotational reorientations of individual
primary water molecules become increasingly restricted. Then, as a
resuit, “excess free volume” is reduced and motions of the hydrated
ions increasingly involve cooperative rearrangements. The glass
transition itself may be correlated to a near complete restriction of
motions of hydrated cations. Further, the above results also emphasize
that increasing anion basicity can (as arguedby Angell and Sare( 23 ))
restrict the motions of the hydrated cations and order their environ-
ment, thereby decreasing the configurational entropy.

b) Dependence ~n Temperature and Anions of the Quasi-ElasticAreas.
As discussed above, both for simple jump diffusion and for the extended
model of Iarsson and Bergsted( 45 ), the areas of the quasi-elastic com-
ponents depend on Debye-Wailer factors. The Debye exponent is propor-
tional to a mean square amplitude for the average vibrations. At
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temperatures well above the glass transition, it would primarily corres-
pond to the vibrational amplitudes of individual water molecules in
primary hydration layers; while close to the glass transition tempera-
ture, it could correspond to vibrations both of primary water mole-
cules and of vibrations involving the hydrated cations. In Figure 7,
at the upper half, the natural logarithms of the quasi-elastic areas
axe plotted vs. K2 for a series of more dilute solutions, and for
water for which a simple jump diffusion model has been shown to be an
adequate approximation. At such lower temperatures and higher concen-
trations, the area determined for the quasi-elasticmaxima (relative
to 25°C water) become simplified due to the intensificationand narrow-
ing of the components. AS seen, the curves of in A vs. K2 are linear
and functionally in accord with the behavior expected for a Debye-
Waller factor. For water at 1°C, the mean square amplitude is reduced
relative to 25”C, and small or multiply charged ions further reduce the
mean square amplitudes. The parameter, u, proportioned to a mean
square vibrational amplitude, reduces from about 0.14 ~2 at 25°C to
0.10 12 at 1°C. Small or multiply charged ions at l°C cause a further
amplitude reduction to a value of about 0.06 ~?

At the lower half of Figure 7, similar curves, as a function
of temperature, are compared for lithium acetate, for lithium chloride,
and for calcium nitrate solutions. The following features should be
noticed.

(a) Again, in AVS. J&’are linear (the behavior exPected on
the basis of the Larsson and Bergsted model that the area of the quasi-
elastic maxima should be proportional to a Debye-Wailer factor). The
curves for the lithium salts have shapes intermediate to that for water
at 1°C (see upper half of the figure), and those for multiply charged
cations at 1°C. Thus, the lithium cation does not reduce the average
aplitude as strongly as the multiply-charged cations.

(b) As shown in the lower half of Figure 7, the slope for
15.0 m LiCl at 1°C is lower than that for the lithium acetate, corres-
ponding to a stronger coordination of the primary waters in the more
concentrated Li solution, relative to the acetate solution which would
involve both primary and secondary hydration waters. However, with
increasing temperature, it is seen that the slope increases more rapidly
for the lithium chloride than for the acetate solution, again indicat-
ing that the acetate ion is more effective than the chloride ion in
restricting an increase in vibrational amplitude with increasing tem-
perature.

These results complement and support those discussed above
for the diffukive motions and their changes with increasing tempera-
ture which showed that the reorientation and exchange of individual
water molecules in the primary layers were more strong~ restricted
by the acetate ion than the chloride ion. The change in the curves
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vs. K2 for calcium nitrate, as a Yunctio.nof temperature, are
keeping with a reduction of ‘thevibrational amplitude for the
hydration waters upon supercooling.

Inelastic Spectra. The inelastic spectra for a series of
salts with—d==~ent -1 anions are shown in Figure 4. In
7 and 3, the temperature dependence and concentration depen-

dence of certain of these salts are shown. A comparison of thes~
figures shows in the region typical of vibrational frequencies of
water molecules coordinated to the cation and of metal-ion stretching
and beading frequencies (in the region between 990 and 200 cm-~) that
the observed frequencies are common for all the lithium salts shown
a~d are not observed in pure water or other io~ic solutio;ls.While,
in gen,eral,these fre~~encies appear sharpened for certain salts than
others and show soresinter-play in sharpness,in intensity and in their
dispersion, they appear within resolution at nearly the sam: frequen-
cies in all thsse lithium salts. The ~resence of these frequencies
and their primar-ydepenflsnceon the Li cation, suggest that in these
solutions the majority of’&O molecules are primarily oriented abo’~t
and coordinated to the lithium ions. Indeed, thh quasi-elasticmeasure-
ments further su-pportsuch a conclusion. The curves of T vs. K2 for
all the lithium solutions lie below that for water, including those
for the normally strong “structure-breaking”a~ions, 1- and SUN-. In
the presence of weaker cations, e.g., K+ or Cs , such strong “strut.
tur?-breaking” anions cause an increase in the self-diffusion coeffi-
cients and a decrease in the residence tfis relative to ~Vat,erin
contrast to the results for the lithium solutiofis. Thus, it appears
that even in the presence of an T- or SCl!i-ion the lithium is able
to primarily control the orientation of water molecules ad increase
their relaxation times relative to water. In this regard, it is also
of interest to note that even in the presence of a strong “structure-
making” anion (the-acetateanion ), the Li+ cation again appears to
dominate and cofitrolthe ordering of the waters, This is in contrast
to the behavior observed for salts having a ireakcation, e.g., C,S+
or K+ in the presence of a strong anion such as an F-. In such cases,
the orientation of water molecules and their characteristic freq-~en-
cies appeared primarily determined b-ythe anio:~,as has been pre-
viously reported and discussed.

Thus, it would appear in the above solutiofisof lithium
salts that ths water molecules are primarily oriented around th~ catio~,
and thm these, in turn, are oriented or packed around the weaker
anioxs. Of co’-u-se,as w’il.lbe discussed in detail belo~’,the anions
serve to perturb to varying degrees the ordering of water molecules
aro’~nithe cations and to strongly influence their ability to undergo
rotational reorientations ani to Exchange from the vicinity of the
catiox. TO further understand such effects, the followin~ features
of the spectra should be noted.
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(1) In general, the inelastic frequencies ap~ear characteristic
of lithium ion coordination and appear sharper and better defined
in the lithium iodide and lithium acetate solutions relative to the
lithium nitrate and lithium thiocyanate solutions. If such sharpen-
ing is associated with a more unique and less perturbed coordination
of the water molecules about the lithium ion, it would appear that
both a strong “structure-breaking”anion, 1-, and a strong “structure-
making” ion acet~te, both serve to aid the hydration of lithium rela-
tive to the more intermediat&’’anions,such as Cl-, SCN-, N~-. In
turn, this suggests that more than one factor may be involved as to
the role of anions and their effect upon water molecules distributed
about hydrated cations. Thus, the large I- ion can sterically dis-
rupt any remnant of solvent structure which “wouldfavor the further
ordering of water molecules”about the lithium cations. In addition,
water-iodide bonds would be expected to be w’eaker.thanany solvent-
solvent coordimtions which should again favor less competition
between the lithium and solvent coordination in orienting waters in
the hydration spheres. It is seen in Figure 4 that the curves for
P vs. K2 for lithium iodide lie higher than that for the other salts.
Thus, the sharpening of the inelastic frequencies reflects that even
though the average residence time for water molecules has been reduced
in the presence of the iodide ion, the ability of the iodide ion to
break solvent coordinatioas and the fact that any anion-solvent co-
ordination would involve a weaker bonding than the original solvent-
solvent coordination has allowed more water molecules to assume a
unique orientation about the cations and thereby decrease the dis-
persion of frequencies associated with such complexes. It might be
expected that the strong acetate ion would tend to approach the
lithium cation tending to ion-pair either directly or through hydra-
tion spheres, thereby displacing water from the coordination sphere
of the lithium or strongly distorting the hydration sphere. It is
seen in Figure 3 that the curve of r vs. # for the lithium acetate
shows a different shape at a 4.6 m concentration than those for the
other salts being linear in K2 rather than showing a t pical jump
diffusion behavior. TThis has been (as described above attributed
to the fact that the residence times for the individual &Omole-
cules have now exceeded the neutron interaction time and thus the
quasi-elasticbroadening reflects diffusion or motion of the hydrated
lithium ion. The corresponding sharpening of the inelastic frequen-
cies in this spectrum for lithium acetate undoubtedly results from
the stability of the basic acetate ion to strongly hinder the rota-
tional reorientation and relaxation of the primary water molecules
which in turn sharpens the inelastic frequencies. Undoubtedly dis.
tortions of the hydration complexes due to such interactions of
hydratioaal waters w’iththe acetate anion result. However, the close-
ness of the frequencies observed to those noted above in the case
of a very weakly coordinating I- ion suggests that, while present,
such a distortion is not sufficiently large to completely disrupt



the characteristic lithium hydration complex a,ndcauss a drastic
change in its characteristicmodes. Thus, while the ordering in
the ~-dration conr~lexeswould be expected to be more disturbed
geometrically in the presence of an acetate ion than in the presence
of the weak 1- ion, the acetate ions would have strongly restricted
the reorientational motioas of the waters abo~t their dipolar axis
(as also discussed ina paper @ prottel et al( 65 )) and any re-
laxational broa,ieningoiP the inelastic spectrum would have beerl
strongly reduced. It also appears that in adiition to pertubing any
geometrical orientation of water molecules about ths lithium which
would sexve to w~aken a directional type of bon,ilingbetweea the
lithium and primary waters, strong water-acetate interactionmay have
served to polarize the water molecules which, in co~trast, wo-ild
serve again to strengthen cation-water cocrdinatiofis. Such affect,
in -part,could explain that the water,molecules shout the lithium
did :Iothave their coordinatioms strongly disrupted by the strong
acetate ion. The SCN and NEJ3-iom would be intermediate cases.
From the curves of r vs. K2 it is seen that these ions sar-~eto dis-
rupt solvent structure, increase the self-diffusion co,~fficients, and
decrease the residence tim=s for water molecules relative to lithi-mn
c~oride and lithium acetate, but not as strong~y as is observed for
lithium iodide. Thus, SUCh ~atex molecules ww~ld favor a hydration
and a geometrical ordering of water nmlecules around the lithium ion,
in part disrupting the solvent-solvent complexes, However, they
would not do this as ~f’fective~~as th,aio~ide iofiand would still
form stroi~geranion-water coordination than “wouldthe iodids ion.
It_rther,hm..ever,such coordination wo’~ldnot be sufficiently strong
as are water-acetate coordination to strongly restrict the reoriea-
tational ability of water molecules and to, hence, decreasethe
relaxational broadening.

(2) For the lithium nitrate and chloride solutions, as the
concentration is increased from k.6 m tuward 10.0 m (12 water mole-
cuks Ter ion-pair to 5 water m~oleculesper ion-pair), th~ sharpen-
ing of the inelastic frequencies and ths decrease in tha self-dif-
fusion coefficients reflect the stronger coordinatiofiof water mole-
cules in the primary hydration laye~~ However, it still appears
ql~itepossible that the closer approach of the anion to the primary
hydration layer has served to ‘weakenthe coo_rdinationsof the primary
water molecules, as noted by Woessner et al( 48,49) relative to their
coordination at “lowerconcentrations, ThJs, the closer approach of
a chloride ion would .involvean increased number of Cl- - primary H20
“coordina’tiomsthatiat lower-concefitiations,and such coordination
could well be weaker than the normal primary &O-H20 coordination.
This, in lxfrn,is reflected by a less rapid increase with concentra-
tion of the relaxation times of the average water at higher rela-
tive to lower concentrations. Iriaddition, the chloride ion might
tend ‘todisrupt any longer range.ordering in the vicinity of the

31



lithium cation than may be present at lower concentrations,as dis-
cussed fn previous reports. In the case of lithium chloride “where
volubility allows the concentration to be incraased further abore
10.0 m, it is interesting to fiotethat as the concentration approaches
15.02 m the inelastic frequencies again broaden. Thusj as the anion
now approaches the cation it is able to perturb the ordering of the
water molecules in the first layer and thus give rise to a broaden-
ing of their characteristicmodes. For a strong anion, such as the
acetate, an increase in concentrationbroadens the inelastic fre-
quencies correspondingto a distortion of the primary hydration layers
which overcomes any sharpening effect on the inelastic Frequencies due
to the restriction of relaxational freedom by the anion-water coordi-
natioas. Thus, with concentration, as the catio;l-waterlines broaden,
the curves of P vs. K2 show a further decrease in the self-diffusion
coefficient associated with the hydrated cation. This indicates that
the acetate ion has both a distortional effect due to its interactions
with the primary w’atersbut that, in addition, such interactions also
serve to strongly limit the diffusional mobility of the hydrated cation,
possibly by bridging such units together in the manner suggested by
Angell et al( 23 ).

(3) With increasing temperature, for a 4.6 m solutioilof lithium
chloride (the primary and secondary hydration layers), the self-
diffrsion coefficient is observed to increase and the relaxation time
for reorientation of the individual water molecules decreases, In
correspondence,the inelastic frequencies are observed to broaden.
This behavior reflects a thermal disruption of the hydration spheres.
A similar behavior is observed for a 15.0 m lithium chloride solution,
but the broadening is less rapid with increasing temperature as would
be expected for the stronger coordination of the primary hydration
layer. In contrast, with increasing temperature, the inelastic fre-
quencies for a lithium acetate solution are obEerved to sharpen. In
like manner, in contrast to the lithium chloride solution, as has been
discussed above, even at higher temperatures for the lithium acetate
solution the curves of P vs. K2 do not only show a jump diffusion
behavior but the motion of a hydrated cation whose diffusional free-
dom is increasingwith temperature. The.sharpeningwith temperature
indicates that distortion of water molecules in the prtiary hydration
layer of the lithium ion is being reduced more rapidly than their
thermal disruption is increasing. This probably results from the
fact that anion-water coordination are becoming weaker more rapidly
than the cation-water coordination as the temperature is increased.
In addition, however, as the anion-water coordination weaken, their
ability to restrict the overall diffusive motion of the hydrated cation
is rapidly decreased. It should be noted, however, that in the acetate
solutions at these concentrations,both primary and secondary water
molecules would be involved and that curves of r vs. K2 even at the
higher temperatures indicate that most of these water molecules have
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residence times beyond the neutron interaction time. Thus, the
acetate ion appea~s to have a very strong ability to hinder the re-
orientation of water molecules and to enhance the bonding between
-p~ima~yand secondary hydration sphere waters, probably through a
strong polarization effect. This, in turn, serves to stabilize the
entire complex and increase the residence times of the individual
water molecules with regard to reorientation strongly, even though
the geometric ordering of this complex may have undergone some dis-
tortion~ from that which would be characteristic of the primaqr and
secondary hydration spheres aroumd the lithium ion in dilute solu-
tions. In addition, if the acetate ion can bridge such hydrated
lithium complexes thereby reducing the diffusional mobility, it may
also to some extent at these high concentrationshinder the exchange
of individual water molecules by effectively blocking their passage
from the hydration sphere of one ion to the hydration of another
more distant hydrated cation.

2) Ternary Solutions—

A. Background Information

a) Summary of Thermodynamic Data and Theory. In,recent years
ion-ion interactions and ion solvent intera~ions in ternary solutions
have been the subject of considerable theoretical investigation. There
have been many discussionsinthe literature concerning both the nature
of the specific ion interactions and the role of solvent and hydration
structures. Friedman( 32 ) applied Mayer’s( 33 ) ionic solution theory
to electrolytic mixtures for solutions of pure electrolyteswith a
common ion. More recently, Ramanathan and Frietian(32 ) proposeda
refined model for aqueous 1-1 electrolyteswhere a hypernated chain
integral equation is used to calculate ion-ion pair correlation func-
tioas and the tbermo~namic properties of madels for aqueous 1-1
electrolytes. The potential involves a coulomb term between the
interacting ions, a repulsive core term, a term including the di-
electric effect (in which an ion is considered as a cavity of
characteristic radius in the dielectric), as well as a term involv-
ing cospliereoverlap (in which it is assumed that an isolated ion is
sumounded by a close sphere Of solvent with different properties
than the more distant pure solvent). In this model the molecular
nature of the solvent enters in parameters such as the radius of a
water molecule, the dielectric constant of the”distant solvent, and
the coefficient of the Gurney or cosphere portion of the potential.
Friedman concluded that like-charge ions have specific interactions
which may be m~re important than,any triplet interactions, in con-
trast to the results of the theory of Bromt=d( 35 ). Further,
Woofiand his coworkers( 56-41 ), using the theory of Friedman and
measurements of heat of mixing, demonstrated that



Ca+2
is a

(1) in the presence of cations such as Li+, Na+, K+, Mg+2, and
the heat of mixing is nearly independent of whether the anion
chloride or a bromide,

(2) cations canbe divided into two groups with ~$gard+to the
heat of mixin -- a

+~
“structure-making”group (e.g., L1 , N$ , %+2,

Cab , ~nd Ba ), and a “structure-breaking”group (e.g., K , Rb ,
and Cs ). The heats of mixing between ions of the same group are
endothermic and between opposite groups, exothermic,

(3) for mixing ofpotassi~ salts with fluoride, chloride,
bromide and acetate anions the heats of mixing for anions can be com-
parable in magnitude with those of cation heats of mixing,

(4) the detailed structure of the water about ions is a most
important factor in determining the heat of mixing. If contribu-
tions due to interactions of oppositely charged ions are first
estimated and subtracted from the heats of mixing, the interactions
between ions of like charge are then the major contributors to the
mixing which correlate the “structure-making”and “-breaking”be-
havior noted above; such interactions between ions of like charge
may serve to perturb the ordering of water molecules in their hydra-
tion spheres.

The determination of excess thermodynamic properties of mixed aqueous
electrolytic solutions has provided the means for studying the over-
all effects of specific ion interactions. Thus, when mixed aqueous
solutions at constant ionic strength are investigated in the presence
of a common ion, the effects of the ionic atmosphere cancel as to
the effects of oppositely charged pairs and one observes phenomenon
due only to like-charged apir and higher order interactions. How-
ever, as noted by Anderson and Petree( 42 ) such thermodynamic
results still ~epresent a summation over a num%er of variables. Thus,
interactionsbetween like-charged ions, distortions of hydration or
cospheres occur, and changes in the structure of the pure solvent may
simultaneously contribute nevertheless. By studying changes in heat
of mixing parameters as a function of temperature, Anderson and
Petree tentatively concluded that changes in the ordering and bonding
of water molecules in the regions of primary hydration spheres of
ions play a strong role in the heats of mixing.

To specifically account for changes in the bonding and the
ordering of water molecules that occur upon mixing binary solutions
and their rehtionship to “salting-in”and “salting-u~t”phenomena,
Samoilov(43,44 ) has recently proposed a semiquantitativetheory
based upon his concept of “positive” and “negative” hydration. The
effects o“fspecific ion-pair interactions are not
Rather, Samoilov cofisidersthe changes that occur
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of two types of interactions. The fir~t type assumes that the inter-
action between cations in solutions weakens the bonding of primary
water molecules allowing them to be more readily reoriented. In
contrast, the interactions between anions and cations “enhance the
bonding” of water molecules in the primary layer of’‘th@cation and
hinder the reorientation of &O’s. For such interactions no quanti-
tative statemsnt of the specific ion-ion interactions is explicitly
-provided. Rather, they are treated in terms of a “semi-empirical”
parameter that expresses the rate with -which@imary water mole-
cules can exchange from the vicinity of “thefirst hydration layer of
cations. The second tem represents a specific dipole interaction
between the average field of a neighboring ion and a water molecule
which can reorient in the vicinity of a second ion. When the inter-
action is between two cations, the field of one cation tends to re-
orient water molecules which kve exchanged from but are in the
proximity of the prima~ hydration sphere of a seco!d cation. In
contrast, for a cation-anion interaction the anion tends to inhibit
a reorientation of such water molecules. This theory has been corre-
lated with a great deal of thermodynamic and “salting-out”data and
predicts trends similar to those obtained byWooi and coworkers(56-41)
in terms of the “structure-making”and “-breaking”properties of the
ions.

B. N.M.Il.and Dielectric Measurements—

To date there have been only a limited number of measurements
to directly determine, at a molecular level, the changes that occur
upon mixing in ternary solutions in the bonding and ordering of water
molecules in the hydration spheres of cations; the changes In the
structure of the bulk solvent; the influence on such changes of anions
of varied strengths; and the effect of temperature. The summation of
such changes, of course, must and should be acmunted for in any
thermodynamic model. However, evidence to date indicates that it is
difficult to get a unique understanding of such molecular processes
from the thermodynamic data alone in view of the fact that a number
of changes upon mixing may be simultaneouslyoccurring and the thermo-
dynamic results represent their net sum. The neutron scattering
measurements made during the past year and a half are aimed specifi-
cally at determining the changes in the ordering of &O molecules and
their diffusive kinetics relative to the individual unmixed solutiom
that occur upon mixing in ternary ionic solutions. As will be dis-
cussed-below, such neutron measurements have shown that significant
changes ‘inboth the ordering and bonding in primary hydration spheres
and in the diffusive kinetics of &O molecules may occur upon mixing.
In addition, when such results are considered together with previous
neutron scattering results on binary solutions(2-6 ) and the classi-
fication of ions in the “structure-making”and “-breaking” classes,
for roles of anions and cations in concentrated ionic solutions, and
with NMR(74S75 ) and dielectric measurements 76 ) made oa ternary
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solutions, additional insight is gained in ternary solutions”as to the
relative roles and influences specific to cations and anions and sol-
vent molecules. Ionov and coworkers( 74 ) measured the spin lattice
relaxation time, Tl, for the “weakly hydrating“ 23Na’+ion in 0.2M
solutions of sodium chloride mixed with solutions of CSC1, KC1, NaCl,
LiCl, LiN~, and Ca(N03)2 as a function of concentrationup to 5M.
The T1 is shown by the authors to be nearly inversely proportional
to the correlation (Tc) or residence time for waters in the hydration
envelope of the sodium ion. The results show a number of interest-
ing features. Tc for the sodium ion decreases with the addition of
a second salt as CaC12 > LiN03 ~ LiCl > NaCl > KC1 > CSC1. Thus, the
“structure-making”salts LiCl, LiN~, and CaC12 enhance the stability
of the hydration sphere of the sodium ion relative to sodium chloride,
whereas, the “structure-breaking”salts (CSC1, KC1) decrease it.
These results provide direct evidence at a molecular level that the
correlation time associated with the ion being”“salted mt” (e.g.,
Na+) iS enhanced by “structure-making”salts and decreased by
“structure-breaking”salts. Further, in the presence of strongly
hydrating Li+, little difference is observed between Cl- or N%- anions
when mixed with NaC1. However, interestingly the~e authors note that
for a given “structure-making”cation, Tc, for the sodium ion, in.
creased more rapidly with the increasing concentration of the second
component when the anion of the secoad component was varied from a
chloride to an iodide. Thus, in the presence of a strongly hydrati-
ng cation for the second component the influence of a -1 anion was
secondary but still a change occurs towards an increased hydration of
the sodium, as the anion of the second component was varied more
strongly towards a “structure-breaking”activity (e.g., Cl- to l-).
Two additional interesting features of the data of Ionov and his co-
workers( 74 ) should be noted for “structure-makers”as the second
component, Tc‘s for the sodium ion increased nearly linearly with
increasing concentration from low concentrationswhere ions would be
well separated. Secondly, for the “structure-breakers”as the second
components (e.g., CSC1 and KC1), the Tc for the 23Na+ initialfi de-
crease but then, at higher concentrations again increase. This indi-
cated that at higher concentrations of CSC1 and KC1 these salts again
act as “structure-makers.“ This secondary behavior for the “struc-
ture-breakers” with increasing concentration is analogous to thzt
reported previously 2 ) for that observed for the concentration
dependence of self-diffusion coefficients KC1 and CSC1 measured by
neutron inelastic scatteri~ investigations and spin-echo measure-
ments. Specifically, at low concentrationsboth cesium and potassium
increase the self-diffusion coefficient relative to pure water and
act as “negative hydrators” or “struct~e-breakers .“ However, with
increasing concentration, the self-diffusion coefficients approach a
maximum value and then decrease. In like manner, it was noted that
as the tern~eratureincreased the “structure-breaking”effect of these
ions became less pronounced. The above behavior has been attributed 2 )
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to the fact that these ions in solution at low temperatures and con-
centrations tended to disrupt water around them but could not form
cation-water hydration complexes in which the water molecules would
be as strongly coordinated as in the pure solvent. Thus, in effect,
the ions had to “compete” for their hydration with the structure of
the solvent. However, at higher concentrations or temperatures
where respectively there was either little solvent structure left or
the solvent structure had been nearly totally thermally disrupted,
the ions could then orient water molecules around them and build
order hydration layers more readily than at lower temperatures where
a competition for the solvents was involved.

To account for the above NMR results, Ionov and coworkers(74
postulate that when sodium chloride (which is only a weak “structure-
making” salt) is mixed with a strong “structure-imaking”salt in dilute
solutionj a larger number of &O’s becom= oriented about the stronger
cation. In turn, the chloride ions are “forced away” From th~ strongly
hydrating cation and towards the sodium ion where they disrupt
remnant solvent structures in outer hydration layers and form chloride
water bonds which were weaker than the previous &O-H20 bonds. Hence,
a distribution of such water molecules from solvent structure to
orientations about the sodium ion o~curs. In co~trast, whey sodi~
chloride is mixed with a “structure-breaking”ion (e.g., Cs or K ),
anions would be forced from the vicinity of th,ssoiium (which is now
the more strongly hydrating of the two ions) towards the Cs+ or K+
cation, tending to stabilize the latter ani forcing the so~ium ion to
compete more strongly for waters of hydration with the solvent.

A similar argument has been used by Kokovina and his co-
workers( 76 ) to interpret measurements of the dielectric permeability
of ternary aqueous solutions of alkali and alkaline earth chlor;des.
They argue that ‘Jhehmonovalent, weakly positively hydratin~2Na $~tions
are mixed with more strongly hydrating divalent cations (Ba y Sr ,
Ca+z and Mg‘2),a~’queezi?~ O’J~e ~r~queezedout”of the Cl- anion occurs which increases
in going from Ba to Ca . Cl- anions migrate to
other parts of the solution, either to the farther surroundings of
the moilovalentcation, or to free water zones, depending on the
character of the short range hydration of the monovalent cation. If
the hydration of the rno~ovalentcation (like that of sodium) is
positive, the water molecules adjacent to it are less mobile than free
water and the a~ions “squeezed out” from the divs,lentcations migrate
to free water zo~es which they disrupt. Hence, they increase the re-
orientation of water molecules in s“ochzones and enhance th,adielectric
permeability. In contrast, if the monovalent cation is “negatively
hydrated” (e.g., like potassium or cesium) adjacent water molecule; are
more mobile than in free water. T!nen,the Cl- anions migrate not to
free water zones but to the longer ran~e or outer
the m~onovalentcations where they cause a par”tial
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water molecules from the broken region into “free water” ~ones. Thus,
water molecules pass into the “free water” regions whereby their
mobility is reduced and, hence, the dielectric permeability is now
diminished. However, these authcrs note that, for a strongly hydrat-
ing cation such as Mg+2 (for which it has been argued that partially
covalent bonds may be formed in the primary hydration layer), the
tendency to ion-pair through the primary hydration layer of the cations
can inhibit the repulsion or the “squeezing out” of the Cl- ion rela-
tive to M+2 and Sr+2. While the above interpretationsmust,be con-
sidered tentative, they do emphasize that, upon mixing, non-additive
changes in the solvent structure and in the distributions of waters
and anions around cations occur and correlate strongly with the “struc-
ture-making” or “-breaking” nature of the ions. ~rther, a n~ber of
the above observations and, in particular, the “squeezing out” of
anions may be understood more closely when they are considered
together with reported( 1-6 ) results of neutron scattering observa-
tions on the hydration of ions and the relative influences of cation-
water and anion-water interactions.

C. Summary of Previous Neutron Scattering Results on Binary——
Solut~s and Their Implications for Ternary Salt Solutions

-—
—

In previous reported( 4 ) measurements for concentrated
solution

43it has been shown that strongly hydrated cations (e.g., Li+,
Mg+2, Cr ) may diffuse together w’iththeir waters of hydration.
Indeedy the concept of a hydrated cation has a w’elldefined meaning
for such cases, and such hydration complexes give rise to character-
istic frequencies in the infrared and have identities distinguish~ble
in NllRmeasurements. It has been argued( 8 ) that Mg+2 and Cr 3
may even involve a degre,eof covalency between the cation-sand the
primary waters. At higher temperatures, as the coordination of waters
about the cation become disrupted, the anions are drawn in and tend
to ion. air through the primary hydration layers. ~ions (on a time-
average7,may approach the cation more closely and distort the symmetry
of the prima~-water coordination. For less strongly hydrating
cations and at low temperatures, the anions are “repelled” further
from the hydration layers of the cation. However, with increasing
concentration, the anion “draw’sin” and may perturb or distort the
symmetry of the hydration layers. Thus, for less strongly hydrating
cations such as a barium, a strontiwm, or a calcium, the anions
could be readily displaced from the immediate vicinity of the primary
hydration layers by the additionofwater molecules upon mixing in
ternary solutions..Weakly or negatively hydrating cations again form
primary ioa-water coordination but at lower tetnperattiressuch water
molecules are more mobile than those in yure water or those oriented
abo-~tthe nultiply-charged cations noted above. Hence, such cations
must compete strongly with solvent structure. In addition, even
weaker anions can readily ion-pair with such cations and displace
water moleculesfrom their vicinit”y.



In addition to the above results, pr@vious neutron
studies( 4 ) of the effects of anions oathe diffusive mobility of
hydrated cations have shown that the approach of an anion to a cation
ma,yinfluence the waters of hydration’abmt a cation in s,number of
ways that depend specificallyupon the relative strengths of cation-
water aniox-water coordination. ~us, a weak anion, like Cl-j with
increasing concentrationmay disorient and disrupt &O in cation
hydration layers thereby increasing the motional freedcm both of the
cation and of the waters. Sl~cha behavior has been reported, fo~

example, from N!lRstudies of LiCl solution(55Y5~~27). For more
strongly hydrating cations, weak anions such as chlorides or
nitrates may only produce a negligible distortion. In contrast,
strooger anions such as sulfates or acetates will more closely
approach cations, and tend, on a time-average, to ioa-pair and to
enhance the exchange of primary water mcJec’iLes. In general,
with increasing strength, anions ‘Jillmore closely wpproach a catio.~but
if the cation-water coordination are sufficiently strong
the anion may only distort ths primary hydration layers. How’everj
it may also hinder rotational reorientations of the primary water
molecules, thus both effectively hindering the diffusive mobility
of the hydrated catioo and the reorientation of individual water
molecules.

Such results from previous neutron scattering measurements
extendand support an understanding of the results used from dielec-
tric and NMR measurements for ternary ionic solutions. Thus, when
two salts with a co.mmcmanioa are mixed and when both are “structure-
makers” but one is a stronger “structure-maker”than the other,
interactions between the different cations can perturb the hydration
layers about both cations and weaken thsir bonding relative to their
individual solutions. Furthsr, an additional disr@ion of remnant
solvent may occur due to such interactions relative”to the individual
solutions. Water molecules could then migrate from the region of
the-disrupted solvent and redistribute to the outer layers of cations
with the majority going to the more strongly hydrating cation, The
bonding of such water molecules in the outer layers of a cation
would be stronger than that in the disrupted solvmt, but weaker
than they were in “free water” regions. For weak anions the &O-&O
coordination in higher hydration layers could be stronger than
anioz-water coordination. Thus the anions would be forced away (from
the stronger cations), a larger density of anions w’mld appear around
the weaker ones, and solvent structures in their vicinity wm~ld be
further tieakened,thusfavoring an orientation of additional water
molecules around the weaker cation. This additional hydration would
in turn tend to stabilize.theweaker cation and strengthen the
coordination relative to its binary solution in keeping with the above
NMR observations.
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In contrast, if a weak positive hydrating salt, like NaCl,
were mixed with a weaker “negatively hydrating” salt, like CSC1, the
solvent structure around the Cs wodd be strongly disrupted. Upon
mixing, anions would now be repelled from the region of sodium which
would make it compete more strongly with any remnant solvent struc-
ture. The anions would migrate and tend to ion-pair with the Cs+
forcing waters from the broken regions in its vicinity to the solvent.
Thus, an increase in ordering of the solvent structure would occur.
The sodium ion would become more mobile and anions would tend to pair
with the cesium.

If part of the weak chloride ions in such solutions were
replaced with strong anions (e.g., S04-2 anions) then the tendency to
pair through primary hydration layers with the stronger of the two
cations would inhibit the displacement of such anions toward the
weaker cation upon mixing. FurtheT, they could stabilize additional
&O’s in higher hydration layers about the stronger cation and en-
hance stabilization of &O’s in the ternary solution (on an average)
relative to those in component solutions.

In smary, most detailed theoretical considerations of
mixing in aqueous solutions have involved specific ion-ion pair inter-
actions. Thus, in the application of such theories to the interpre-
tation of heat of mixing data, Wood and his coworkers(36-4~have com-
Tared the data for a mixed solution with that of the individual com-
yonent. They have noted that many common ion-ion interactions effec-
tively cancel out so that the resultant quantity primarily reflects
interactions between the non-common ions together with any changes in
solvent or hydration structures that may have occurred. Indeed,
such results are observed empirically to correlate well with the
“structure-making”or “-breaking” classifications of the original salts.
However, it should be emphasized that redistribution of waters in
hydration layers of common anions, as well as a disruption of the
solvent structure, may occur as the result of such stronger, direct
ion-ion interactions. Indeed, it may be the direct ion-ion interac-
tions that account for the largest observable bulk energy changes
that occur upon mixing, while changes in solvent and hydration struc-
tures are a secondary effect in terms of energy. Nevertheless,
despite this secondary energetic effect, ion-solvent interactions
and the resulting changes that occur upon mixing may strongly deter-
mine whether one or more components is salted out in the process.
Thus, %moilov has based his theory of “salting-in”and “salting-out”
strongly on the basis of changes in hydration and solvent structure
that occur upon mixing.

It is clear that the changes that occur upon mixing in
ternary solution are indeed complex, involving changes in ion interac-
tions, in solvent structure, in the distribution of anions and cations,
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and the ordering of waters in hydration layers. The present neutron
data serve to isolate and clari~ one particular aspect of these
changes; namely, the changes that occur in the waters in hydration
layers, in the solvent structure, and their dependencies on the
“structure-making”and “-breaking” characteristic of the ions
involved.

The results and interpretationsbased upon the NJ! and the
dielectric measurements will also be shown to be in accord with the
neutron scattering spectra discussed below fo~ ternary solutions.
However, it is to be emphasized that the neutron scattering spectra
reflect only one type of the changes that occur upon mixing solutions,
specifically the changes in the bonding through orientation and in
the diffusive kinetics of water molecules in primary hydration
layers and in the bulk solvent. They donot directly reflect specific
ion-ion interactions per se. It is not the purpose Df the present
experiments or investigation to argue that specific ion-ion interac-
tions may not be producing the most significant ener~ changes that
occur upon mixing. Rather, they emphasize that redistributions of
water molecules occur in hydration layers, changes in the solvent
structure occur, and a redistribution of anions may also take place --
possib~y as the result of such strong, direct cation-cation inter.
actions. Such redistributions of water molecules strongly affect the
degree to which one or another component is salted out upon mixing.

D. Results and Discussion—

The results of the measurements are summarized briefly in
Table I. In order to discuss trends, these are divided into the
following categories:

CASE A: A salt with a weak “structure-making”cation (e.g., NaCl)
is mixed with each of a series of salts having cations ra,ngingfrom
strong “structure-makers”to a “structure-breaker.” Both component
salts have a common, weakly hydrating anion (e.g., Cl-).

CASE B: A salt with a strongly hydrating cation (e.g., M@p)
is mixed with a series of salts whose cations vary from stron~
“structure-makers”to “structure-breakers.” This series, when COm-

pared with (A) above,illustrates the difference whsn the fixed com-
ponent salt (e.g.,magnesium chloride) is a strong “str-~cture-maker”
as opposed to when the fixed component salt is a weak “structure-
maker” (e.g., NaCl). Again, the anion is common (Figures 9 - 12).

CASE C: The effects of replacing in part weak anions (e,g., Cl-)
by strongly hydrating anions

i
e.~., S04-2) in the presence of a comnmn

“w$akly” hydrating cation, J!Ja, and a common stroxgly hydrating cation,
M2, are illustrated (~i~res 1 and ~).
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CASE D: These data correlate Case (C) and illustrate the effect
of replacing in part a weak anion> Cl“1, by a stronger “structure-

breaking’’+anion,1-1, in the presence of a common “structure-breaking”
ca~ion, K (Figures 3 andk) andofa common “structure-making”cation,
L~ (Figures5 and6).

At the right in Table I are shown the trends observed for
the ternary solution relative to “additivity” of the individual compo.
nents both for the self-diffusion coefficients and for the inelastic
frequencies. The inelastic frequencies observed for the ternary
solution are corn-paredwith those obtained by adding spectra for the
individual component solutions. In essence, such a ‘compositespectra
would be obtained by running-simultaneouslythe two components
separated by a partition that would prevent mixing and would not
contribute to the neutron spectrum. In like manner, an effective
self-diffusion coefficient for the composite was obtained on the
basis that the diffusion process at these concentrations is dominated
by activated jumps of individual water molecules. Then additivity of
the average activation energies corresponding to the component solu-
tions was assumed. Previous results have demonstrated that for the
individual salt solutions the observed angular, temperature, and
shape dependence of the diffusively broadened incident ener~ distri-
bution (the quasi-elastic component) were in accord with an activated
jump diffusion mechanism( 1-6 ). In Table I changes in the self-
diffusion coefficient corresponding to either increases or decreases
of ~ for the ternary solution relative to the D are observed.
In correspondence,the curves of r vs. # for th~”%nary solution
lie systematicallyabove or below those corresponding to the additive
composite. The values of D were obtained by noting that the curves
Of r VS. # rise limarly from the origin with a slope at the origin
given byfiD. In general, the observed variatiofiin the values of D
due to mixing are small, but are real and systematic. D reflects
small non-additive changes in the average activatioflenergies of the
solvent molecules. Thus, any increase in D reflects a decrease in
the average activation ener~ of the water molecules present, while a
decrease reflects an increase in the average activation energy of
the water molecules present. Thus, the chang6s in the self-diffusion
coefficients, listed in Table 1, provide information on whether the
mixing process increased or decreased the net average activation
ener~ of the water molecules present.

In contrast to the diffusive kinetics, a comparison of the
inelastic portions of the spectra with those for a composite and the
individual solutions does not provide direct information oa changes
in the average activation energies of water molec~les present.
Rather, primarily they reflect the changes in the ordering and in
the coordination of molecules around the cations that have resulted
from the mixing process. As indicated in Table I and discussed in
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detail belmr, significant changes in the ordering of the hydration
layers abput one or both catiom in ternary solutions are observed
to occur in a manner peculiar to the combination of “structure-making”
and “-breaking” ions present. The results for the specific cases
listed in Table I will now be considered individually and they will
also be related to the possible redistribution of water molecules
in hydration layers and the effects of anioas as discussed in ths
previous section with regardto the data of Ionov and colorkers( 74 )
in thsir NMR measurements and the results of dielectric measurements
o!lterl~~~y solutions.

A number of the more general trends in Table I should be
noted. Initially, in most cases (with certain exceptions), the
mixing of two “str~cture-making”cations in the presence of a Co.xmon
weak aaion such as Cl- res-ultsin an increase in the self-diffusion
coefficient or eq~ivalently a decrease in the activation energy for
the average i&O relative to ~dditivity. An exception, the mixing of
MgClp and LiCl, will be discassed below. At the concentrations
involved, typically JJ.6 m, there are 12 water molecules per ion pair.
Hence, most of ‘thewater molecules would be expected to be in ~rtiary
or seco,nda~ hydration layers or in the general vicinity of ‘thecations
involved. Thus, it appears that the ion interactions that occur
upon mixing two “structure-making”cations disrupt the ordering of
water molecules on the average. When a “structure-making”and a
“structure-breaking”cation are mixed, the activation energy for the
average water molecules is increased relative to the composite. Thus,
with the exce2tion noted above, the ohse~~ed increases and decreases

in diffusion cosfficients”that occur upon mixing correlate respectively
with the mixing of two “structure-making”catioas or a “structure-
making” and “structure-breaking”cation.

The data in Table I for Case C, however, emphasizes that
in the presence of a common positively hydrating cation (e.g., either
Mg+2 or Na+l) the replacement of chloride aniofisin part by the more
strongly hydrating S04-2 anions decreases the self-diffusion coeffi-
cient relative to an additive composite in accord “withan increased
stabilization of the average water molecule. A similar behavior is
observed for mixtures containing a common “st~ucture-bresking’rcation,
K+, or a commn “structure-making”cation, L~ , when the Cl- ions
a~e in part replaced by th+ more strongly “structure-breaking”anion,
I ; again decreases in the self-diffusion coefficients relative to
simple additivity are observed which are more pronmnced in the presence
of.the “posi~ivelyhydrating” Li+ than in the presence of K+. Tnus,
both strogger “structure-making”anions and stronger “structure-brea!k-
ing” anions (relativeto Cl-) enhance the stability of’the average
F120. The more strongly hydrating S04-2 anion may stabilize waters
around it or in the hydration layer of the cations such that any de-
hydration effect due to cation-cation interactions is compensated.
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Huweverj this cannot be the case for the 1- ion for which the disrup-
tion of the solvent and the further weakening of anion-water interac-
tions relative to Cl- have allowed thl:H20 molecules to snhance their
ordering abou:+the cations. Such an effect being more pronounced for
K+ than for L1 as lithium hydrates more strongly and therefore do,:s
not change the conrpetiti~nwith H20-H20 coordination as much as the
change from the weaker K .

The above results can be understood and related to the NMR
and dielectric measurements discussed above, as follows. For the
solutions of Case A, upon mixing, remnant “free Water” or solvent
zones and outer hydration layers of both cations become weakened or
disrupted and a redistribution of H20’s occurs. Water molecules
migrate primarily toward the outer hydration layers of the more
strongly positive hydrating ioo (thus primarily towards Mg

+2 .+1
or L1 )

for NaC1-MgCl~ and NaC1-LiCl solutions. In turn, anton.sare forced
toward the Na cation, disrupt water-water bonds in its vicinity,
and aid in stabilization of the hydration as seen in NMR measurements.
However, the majority of water molecules ~:ve mig~:ted toward the
outer hydration layers of the stronger Mg or L~ 102s. There they
have weaker coordinate.onsthan in the solvent prior to its disruption
by catioa-cation interactions. Thus the net bonding of water mole-
cules }n the solution decreased. This displacement of anions toward
the Na would be less pronounced for magnesium than Tor lithium, as
a result of the tendency for magnesium (as discussed above) to ion-
pair through the primary layer.

A similar redistributionwould be expected.when NaCl is
mixed with CSC1, except that the larger “structure-breaking”cesi~
would already have a large number of waters armnd more loosely co-
ordinated than for norm,alwater. Upon mixing, such disrupted H20’s
would migrate towards the Na+ cation and+become more strongly boi~ded
than they were in the vicinity of the Cs . This, in turn, would drive
the chloride anions from the vicinity of the sodium, and the anions
w’ouldtend to ion-pair with the cesium in the manner similar to that
previously observed in more concentrated cesium chloride solutions.
Thus, in essence, the sodium cation will become “diluted”While the
cesium cation would become “concentrated.“ The net result would be a
decrease in the self-di:fusion cosfficisnt relative to the composite.
The &O’s around the Na due to the repulsio~ of the Cl- anions would
be less stron$ly coordinated than for a pure NaCl solution. Hence,
Tc for the Na ion would decrease in accord with l!WRresults. How-
ever, now the majority of H,O’s on the ave:age would be more stro~gly
coordinated in the solvent or about the Na than they were formerly
in broken regi’onsabout the Cs+ cations. Hence, D would decrease as
o~served.

A similar progression would apply to the mixtures shown in
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Table I for Case B. The one exceptioa, as noked.above, would be the
mixture of MgC12 and LiC1. This mixture wo’~ldbe expected to be un-
USUal for two reasons. Upon mixing it would be more difficult to
drive the Cl- anioa from the vicinity of the Mg+2 tu~ard the Li+ due
to the tendency of magnesium to ion-pair through its hydration layer
as noted above. Further, as previously reported(l-6 ), lithium may
form not only first but second and possibly third hydration layers.
~Evidencefor such hydration layers has come from the NMR results of
Hinman( 57& ), the work of Woassner and coworkws(55,56 ), and,
mo~e recently from neutron scattering results on concentrated iooic
solutions( L ) showing that the lithium ion may diffuse together
with the two hydration layers. Thus, upon mixing, the arrangements
of anions about the magnesium may be nearly unaffected and &O’s
normally beyofidthe “primarylayer or in solvent regions of a pure
MgC12 solution w’o~ldmigrate to the lithium, complete its outer
hydration layer~ and become, on the average, more strongly bonded than
in the outer layers of the magnesium. In turn, this would force the
chloride ion away from ths lithium, further aiding the stabilization
of the Li hydratio~ complex. In this regard, the results of
woessner(55,56 ) have shown that, for lithium chloride solutions with
increasing concentration as th: chloride anions approach the water
molecules in the second or in the first hydration layers, abrupt in-
creases in the reorientational freedom of the lithium ioo occur,
corresponding to a weakening of its hydration layers. Thus, in the
LiC1-MgC12 ternary solution the indirect ion-pairing between the
Mg+2‘s and Cl-’s in the redistribut,ionsof &O’s from the oute; layers
of the Mg+2 cations to complete the hydration layers of the Li catio2s
and the repulsion of Cl- anions from the Li+ toward the Mg+-2 where
they may enhance the self-shieldingare all factors that can enhance
the stability of &O upon mixing. The summation of these factors for
th~ M@12-LiCl system, unlike the NaC1-LiCl system, appears sufficient
to compensate for any additional cation-cation interactions tending
to wake> the cation--watercaordinations.

Trends and changes in the inelastic frequencies are ob~erved
which both sho’~that water m~lecules are redistrj-butedbetween cations
ad support the abo-repicture. Before considering such results,
certain features aniicharacteristics of ths inelastic spectra shmdd
be noted. In generalj fre~J?nci.escharacteristic of cation-water co~~di.
natioas becom.:more prono~nced both w the coordin<atio;ls grow st,ro~ger

and with increasing comentration so that the number of water molecules
involved in th= solution are more ~niquely oriented geometrically abo’~t
the cation. Thus, fo~ examyle, if the hydration spheres of one or
more catio~s becanm distorted due to ion interactions,the characterist-
ic cation-water freqlueneieswo~ld be expected to broaden. In like
reamer, if adilitioml waters were to migrate toward the oluterhydration
sphsres of a cation (thus effectively diluting it), the characteristic
ion-water frequencies tend ‘JObro~den and becomz less intense. In



contrast, if the water molecules in the outer layers of a cation were
removed (thereby effectively concentrating it) or become strongly
stabilized, the frequencies corresponding to such water-cation inter-
actions would appear enhanced.

The most pronounced changes in the inelastic frequencies
for the mixtures shown in Table I for Case A and Case B occur when
l!JaClor MgC12 are mixed with the “structure-breaking”salt, CSC1.
For such Mixtures, Cs-&O frequencies (similarto those observed
at higher concentrations and temperatures in pure cesium-chloride
solutions( 2 )) appear enhanced and intensifiedwhile Na-&Ofre-
quencies are suppressed relative to the composite. This would be
in keeping with the above picture. The redistribution of water
mOleCUleS would have effectively diluted the sodi~ ion, thereby

deintensifying and broadening characteristic,Na.&O frequencies.
However, the migration of Cl- anions to the region of broken strut.
ture around the Cs+ cations would enhance the number of weaker Cl--
l&O bonds relative to &O-&O bonds. In turn, this would allow the
weak Cs+ ion to orient &O aro-undthem more readily in a similar
manner to that when the &O-&O bonding was thermally disrupted as
noted above( 2 ). Thus, the cesium-water coordination present would
be similar to those that are observed to persist in the cesium at
higher concentrations and high temperatures and would be competing
with cesium chloride ion-pa,irformation.

In Case B where magnesium chloride is mixed with lithium and
sodium chloride, only relatively small deviations are seen in the
inelastic frequencies of the ternary solution relative to those of
the composite. There is a slight tendency for magnesium water fre-
quencies to be more pronounced than lithium water or sodium water
frequencies in the spectra of the ternary solutions than inthe com-
posite spectra. This co’fldreflect a stronger coordination of the
water molecules around the magnesium relative to those around the
lithium and the sodium as well as a lower degree of stabilizatim
of “thehydration waters arm~nd the latter two monovalent cations be.
cause the ion-pairing thro’~ghthe first hydratiofilayer characteris-
tic of magnesium in hydration complexes would inhibit the repulsion
of chlorine ions from the vicinity of the magnesium which w’oulden-,,
hance the stabilization of waters around -!-1cations. Even smaller
deviations are seen in Case A where sodium zhloride is mixed with
lithium chloride relative to the compositq spectrum. In general}
frequencies of the hydration com@exes of both component cations
appear broadened relative to the composite spectra which.may in -part
reflect both the cation-cation interactions that perturb primary
hydratiofilayers. The above interpretationsof the inelastic spectra,
while tentative, do correlate in a plausible manner with the results
of the dielectric, the NMR, and the quasi-elasticmeasurements dis-
cussed above. In addition, the fact that the changes.of this type
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are observed and appear real and reproducible, though small in certain
cases,,clearlyindicates that redistributions of water molecules and
perturbations of hydratiofilayers about the cations are occurring.
They strongly support the arguments of Anderson and Petree( ) that

significant changes occurred upon mixing in tern=y solutions that
are associated with water molecules in the regioas of the primary
hydration layer~ of the cations.

For the solutions sho-wnunder Case C in Table I, for which
there is a common cation but for which chloride anions have been re-
placed either by more strongly hydrating S0+”2 ions or more strongly
“structure-breaking”1- ions, two features of the inelastic spectra
of the ternary solutions shotildbe noted and considered together with
previo~s results obtained when chloride ions were replaced entirely
by sulfate or tiyiodide ions in binary aq~eo~s solutions. The ternary
solutions show only fre~~enc’iescharacteristic of cation-water co-
ordinatio.asand such coordination appear intensified relative to an
additive composite in the inelastic spectra. When chloride ions are
replaced by sulfat=and when chloride ions are replaced by iodide
ions, there is no indication of prominent new frequencies character-
istic of a strong reordering of &O’s by the anions. Rather, ths
effect has been to enhance and sharpen existing cation-water fre-
quencies. Thus, it woild appear”that both the sulfate and iodide
ions have served to stabilize water molecules around the existing
cations to a larger extent on the average than expected on the
basis of simple additivity of the two component solutions. Indeed,
this behavior is in keeping with the decrease in self-diffusion co-
efficients discussed above and may represent the fact that, while
a disruption of hydration layers has occurred on mixing, the”additional
stabilization of waters around the cations that were originally asso-
ciated with the chloride component solutiom which occurred upon -mix-
ing more than compe&ated for any disruption. Similar effects of
such ions have been noted even in binary solutions. Thusj upon
comparing a magnesium chloride and a magnesium sulfate solution of
equivalent concentrationswhere most of the waters wmld be in th~
hydration layers of the magnesium, the sulfate ion has served both
to enhance magnesium-water frequencies and to strong~ decrease the
self-diffision coefficient for these waters. A similar behavior has
been reported previously for a comparison of a sodium chloride and a
sodium sulfate solution.

Such a behavior (as previously reported( 4 ) and discussed
in connection with the influence of strongly hydrating cations on the
diffusive motions of hydrated cations) can result from the ability
of strong anions to hydrogen-bond to protons of water molecules in the
primary hydration layers about cations. In doing so, a tendency to
ion-pair might be strong enough to slightly distort such coordination
but would not be strong enough to displace water molecules from the
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hydration layers to a significant degree. Thus, in the ternary SOIU.

tions, sodiums, formerly surrounded by chloride ions, would now he
bridged to other sodiums through the strong sulfate ions s,ndthe
chlorides would be squeezed out. The sulfate ions, while partially
distorting cation-water coordinatio~s;wouldstrongly restrict the
ability of water molecules in the primary layer to break hydro~en
bonds and reorient relative to other water molecules or to water-
chloride coordination.

In contrast to the behavior of the sulfate ion, the iodide
ion could only form coordination with water molecules which would be
weaker than water-water coordination or chloride-water coordination.
Its primary effect would be to disrupt the solvent sterically and
weaken existing water-water coordination. Upon the disruption of
such solvent structure, water molecules could then orient more
readily about a weakly hydrating cation like potassium which would
be originally competing for waters of hydration with existing sol-
vent coordination. A similar result would occur if chloride ions
were replaced by iodide ions in the presence of a lithium catio.a;
however, the effect would be less as the strongly hydrating lithium
could itself disrupt and reorient water molecules more readily than
the weaker potassium and, therefore, the iodide effect in breaking
any small amount of the remaining solvent structure would be much
more secoadary. Indeed, precisely this trend has been observed pre-
viously and reported( 2 ) for binary solutions. A replacement of
chloride by iodide ions for potassium salts enhances the potassium-
water coordination more strongly than dozs the replacement of
chloride by iodide-ions fox lithium salts. It is also of interest
to note that a similar trend in the presence of a “structure-breaking”
cation was observed in comparing the cesium bromide and cesium
chloride. The bromide ion would disrupt solvent structure more readily
than the chloride ion and, further, would not ion-pair as strongly as
the chloride ion. Thus, in the inelastic spectra, the presence of
the bromide ions serves to enhance cesium-H20 frequencies relative
to the cesium chloride solutions and, with increasing concentration,
the initial increase in th~ self-diffusion characteristic of ‘the
“structure-breaking”ion levels off at a.lawer concentration for
the cesium bromide and the cesium chloride solution because the
bromide ion breaks solvent structure more rapidly than the
chloride ion; therefore additional cesium ions are not needed
to compensate.

In summary, the neutron scattering measurements, discussed
above, have provided direct information at a molecular level uyon
ofieaspect of the changes that occur upon mixing two binary aqueous
ionic solutions. They serve to show that changes do occur in the
hydratioa spheres of cations in the solvent structure and in the dis-
tribution of anions relative to the cs,tions as a result of the mixing
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process. They further emphasize that these changes are strongly
correlated to the “structure-making”and “-breaking” characteristics
of the cations -present. It should be emphasized that these measure-
ments serve to provide data that complement and possibly extend
existing models and theories of ternary solutions by providing
information both on the types of changes occurring in activatiofior
beading energies of water molecules and in their distributions
in cospheres of ions. Most theories to date have been concerned
with the ion-ion interactions and correlation functions character.
istic of the ternary solutions. Admittedly, such interactions
may acco~nt for the more significant energy changes that occur
upo3 mixing. Hofl’ever,the water structures and hydration structure
are generally included in such theories in terms of dielectric
coefficients, sizes of ions, or holes im~edded in dielectrics and
in the Gurney cosphere terms. The present data show, however, that
a secondary effect o? such interactio~s between ions is the redis-
tribution of water molecules and anions between cospheres as well as
perturbation of existing cosphere structures. Thus, the simple
concept of accounting for changes in hydration structures of ions
upon cosphere overlap and the “squeezing out” of water back to the
original solvent may represent a first approximation of-tenused for
calculational convenience to a more complex redistribution of w’star
molecules and anions that is occurring at a molecular level and
which, in part, is strongly determined by the so-called “structure-
making” and “-breaking” classificationsof the original ions.

APPENDIX A

~ Motions of Hydrated Ions——

It is necessary to consider the conditions for the validity
of the Langevin equation

-? + 4

Id + ~$ = F(t) (1)

and their possible relationship to the properties of concentrated
ionic solutions to better justim its use in the interpretation of
the neutron data. In this equation, the term

+
L{?;->

is a frictional force proportional to the velocity and F(t+)is a
stoichioastic force which is assumed to vary rapidly relative to the
correlated frictional force. T(’i)serves to impart a mean thermal
energy to the Brownian particle. These conditions imply that only
small momsnta changes between the bath and the Brmmian particles
occur, and that the cu~pling of the particle to the bath is -weak.
Thus, the velocity correlation of the Brownian particle would be
expected to vary sloxly over the relaxation time for any auto-correlation
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of the stoichioastic forces if the Iangevin equation is to be valid
for the system. In contrast, if the correlation functions of the
forces were to be SIW, compared to the relaxation of the velocity
auto-correlation or l/~, the behavior of the particle would approach
that of a bound oscillator. Hence, in general, it can be said that,
with regard to high frequency motions, a liquid would behave like a
solid whereas, for law frequency motions, diffusion of a Brownian
type (describedby a Iangevin equation) should play the dominant role.
In treating the concentrated ionic solutions, in terms of the Iangevin
equation, it is assumed that the hydrated ion complex can make well
defined intramolecularvibrations and that its lifetime is long com-
pared to its overall diffusional motions. In such aggregate,
a reference molecule may have a velocity correlation function which
weakly oscillates, but, as “ispointed out by Hertz( 60 ), such
oscillation should not contribute much to the diffusional motion.
Thus, only the weak interaction or zero frequency parts of the velo-
city correlation function which correspond to motions of the center
of mass of the aggregates, wi~ be considered to contribute to the
diffusive motions.

The above conditions may be formulated more precisely as
follows. Oppenheim and coworkers(77,78)have noted that for the
Iangevin equation to be valid it is required (a) m/M<< 1, where
m is the mass of the bath particle, and M is the mass of the Brownian
particle; (b) momentum of the BroTwnianparticle must be large com-
pared to that of the bath particle; and (c) the velocity of the heavy
mass must be small compared to the magnitude of a typical velocity
of a bath particle. It can be shown( 79 ) that the friction coeffi-
cient, ~, is related to the velocity auto-correlation function as

It is related to the self-diffusion

rcc

D = 1/3 v(o) -

coefficient as

+
v(t)dt = #

(2)

(3)

Thus, l/~ represents a relaxation time over which any auto-correlation
in velocity would be lost, The more viscous the liquid, the more
rapid would be this loss in correlation. In terms of the m~an
square amplitude of the stoichioastic force,

<F(t)2 >

and an average correlated time interval~ At, which is the order of “the
auto-correlationtime of F(t), then the expressions for the self-
diffusion.coefficients and friction coefficients can be written,
respectively, as
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D = l%+<l-At (4)

t = ~~*—— <j#>At (5)

Alternatively, these quantities can be written in terms of an
ensemble average of the IaPlacian of the intermolecularpotential, V,
at a given Brownian particle due to the “bath

D = kT (~m<V=V>)
-1/2

(6)

(7)

The above equations have often been modified by using the Stokes Iaw
expression

~ = 6nVa (8)

where a is the radius of the Brownian particle, and q is a sheer
viscosity for the fluid. However, the validity of the use of such a
Stokes Iaw expression, originally derived from flow around a macro-
scopic sphere, has been questioned when applied at a molecular level;
in addition, in ionic solutions, where cation-water interactionsmay
affect both the effective mass of ‘theBrownian particle and the
coupling between such an aggregate and the bath. Thus, Zeitseva and
Fisher(62,6j) treated the motions of the hydrated ions in solutions in
terms of a hydrodynamic theory with allowance for ion hydratiou. The
ions force fields are assumed to have a spherical symmetry and the
characteristic length that enters the calculatiofisis an effective
radius of the hydrated ion. The effect of the hydration is manifested
as a local change in the solvent density and an average self-con-
sistent potential which takes into account both the direct and in-
direct forces acting on the solvent molecules. The resulting fric-
tion coefficient de~ends on this potential, its depth and funcl
form. Hwever, if a simple potential of radius, R, and depth,
assum=d, the frictioa coefficient will be given by

8q~~4

~ ~T)[/311u1
(~/kT) + 5 % (~/kT)]

noted that, unlike the usual Stokes formula, this expres-
both upon the sheer viscosity, ~, and on the volume vis-

it should be
sion depends
cosity, ~.

ional
~, is

9)
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More Importantly, it also depends strongly on the ratio of
~/k”T, and, hence, on the depth of the potential orienting the water
molecules about the ions relative to the thermal excitation energy, kT.
Thus, it would be expected that as ion-water coordination and hydra-
tion strengths increased, the friction coefficients and the effective
masses of ‘thehydrated particles would increase. For example,
Zaitseva and ~isher have estimted that the weakly hydrated ions
(e.g., K+, Cs , Cl-, B1-, and 1-) that the effective masses would
approximately correspond to those of the ions together with, at most,
two to three water molecules. Thus, in general, the effective masses
of the ions would be low and waters could exchange readily from their
coordination sphere. In contrastl+for stronger h-ydratingor structure-
making cations or anions (e.g., L1 , Ca+2, Mg‘2) the effective masses
of the kinetic entities could include the cations toSether with as
many as ten water molecules.

In interpreting the neutron data in terms of hydrated ions
and their motions according to a Iangevin equation, a number of
features of the syectra together with information on the ability of’
such concentrated solutions to form glasses (whichwill be discussed
in detail beluw) should be noted simultaneously, The inelastic spectra
shrewfrequencies characteristic of well-defined cation-water coordina-
tion which are determined primarily by the cation and only secondarily
affected by the aniox. With decreasing temperature, as the glass
transition is approached, no large changes occur in such freq~encies,
rather they gradually sharpen and become better defined in corres~on-
dence with a reduction of thermal amplitudes and any relaxational
broadening. Further, the evolution of the T vs. K2’s with decreasing
temperature from a jump diffusion behavior to a behavior characteristic
to a straight-linebehavior strongly indicates that both the exchange
of individualwater molecules from the hydration spheres and reorienta-
tions of water molecules on the hydration sphere which would involve
the breaking of a bond have passed outside the neutron time scale.
Indeed, the curves of T vs. K2 at such low temperatures appear linear
throughout the entire range of K2 values. If any delay time were to
be encountered it would have to occur at K2 values larger than those
experimentallyavailable. However, such a.delay time would then he
small and comparable to the average period expected for the vibration
of a heavy mass such as a hytiation complex. In turn, this w’ofldmean
that if the center of mass of such a complex tried to execute a vibra-
tion it would relax before many oscillationswere completed and that,
in essence, its residence time in a potential would be so short as to
make any degree of bonding questionable. Thus, it would appear that
the complex that one is dealing with that would contribute the linear
behavior in the curves of r vs. K2 as obtained from the quasi-elastic
components would be a hydrated cation coordinated to an anion and that
such a complex could be defined as stable at least for times exceeding
the maximum neutron interaction time currently available (e.g., 10-11,
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10-L2 sees.). It should be emphasized, however, that when measurements
would be made by techniques that measure over longer interaction times
such as spin echo measurements, reorientation or activated jumps of
prima~ water molecules or dissociation between the hydrated cation and
the anion could contribute to an observed diffusional process. Further,
it would be assumed that during the interaction time such an ion-water
complex would undergo weak interaction with its surroundingswhich
might then involve weak electrostatic forces and/or steric constraints
as determined by the free volume present. In addition, the present
expertients indicate that as the anion basicity or strength is in-
creased, the effective lifetime or stability of the hydrated cation-
anion com@ex is correspondingly increased. Thus, relative to lithium
chloride, the straight-linebehavior for the curyes of r vs. K2 and the
oaset of contributions from reorientations of individual water mole-
cules is delayed for lithium acetate to a much higher temperature. A
stronger anion, like acetate, may distort the cation-water complex and
even decrease the exchange times for the individual water molecules
relative to either a more dilute solution or a solution containing a
weaker anion. However, simultaneo~sly, it may more strongly restrict
the reorientation of motions of water molecules about their dipole axes
which would nomally break water-anion coordination. So lo~g as the
exchange times and the reorientation tties are long compared to 10-11 -
10 ’12 sees, they do not contribute to the quasi-elastic component. It
should also be noted that the behavior in the curves of ~ vs. K2 both
with temperature and anion parallel those observed by Angell and co-
workers for measured glass transition temperatures and their dependence
on concentration and on cation and anion. Thus, for a given multi-
valent cation, the glass transition increases both with concentration
and with anion basicity. Angell and cu~’orkers(23 ) have argued that
the glass transition”couldbe primarily associated with a rapid decrease
in the Tree volume available for the motion of the hydrated ioas which
would give rise to a“rapid decrease in the self-diffusioa coefficient,
increase in the solution viscosity, and require an zvzr-increasing co-
operative rearrangement for a motion of a hydrated unit to occur. In
addition, they argue that the stronger or more basic anions tend to
more strongly interact with the protons of the waters abmt the hydrated
cations and to restrict their Brow’nianmotion. Such observations are
in complete accord with the results of the present neutron investiga-
tiofi. It must be q-~estioned,as the glass transition is closely approached
in temperature,whether the coupling between such units,as the free
volume is reduced, would become sufficiently strong so that vibratory
motions of such complexes wo!~ldhave to be considered and the Iangevin
equation and its applicability wo’~ldbe questims,ble. The present
quasi-elasticmeasurements do not provide direct information on this
question, as in this temperature range the broadening due to the motions
of the hydrated complexes, becomes sufficiently small so that it is
within experimental resolution, and thus information on the temperature
dependence of the self-diffusioo coefficient in this range is not



available. However, the inelastic spectra by frequencies character-
istic of local io~-water coordination of the complexes show no abrupt
changes between 1 C and temperatures at which the solution has be-
come a glass. There is no evidence at low frequency of the presence
of new modes or of distributions of frequencieswhich might indicate
the presence of contributions from the intermolecular “vibrations”
of large mass hydrated ion aggregates, nor is there any indication
at the glass transition of an abrupt change in the area of the quasi-
elastic component which, in turn, would correlate with the change in
the mean square of the vibrational amplitude.

It is clear from the plots of the self-diffusion coefficient
divided by kT that within the available temperature range that if the
motions of the complexes ar”etreated in terms of a Iangevin equation
then the experimentally determined friction coefficient shows a pro-
nounced temperature behavior and rapidly increases in an approximately
linear manner with decreasing temperature. In view of the tendency
of such solutions to form glasses and the nearly continuous behavior
of both inelastic frequencies and the self-diffision coefficient as
the temperature is decreased toward the glass transition, it would un-
doubtedly be more realistic to consider the self-diffusioncoeffi-
cient in terms of a model such as that of Cohen and !Dnnbull( 80 )
developed to explain the self-diffusion coefficient for liquids that
form glasses. From this theory the self-diffusion coefficient would
be given by

D = CT’/2exp -[&] (lo)

or by
lnD=lnC+l/21nT-~ (u)

-o

In view of the relatively smalJ temperature interval,.in which the
present studies have been concentrated, it could be difficult.to dif-
ferentiate a nearly linear behavior for D/kT from any slow changes in
the above exponential behavior predicted by the theory of Cohen and
Turnbull. Hence, such an expression can neither be confirmed or
negated by the present data. Indeed, Equation 11 above indicates
that if such diffusion data are plotted arbitrarily in terms of in D vs.
l/kT, care must be taken to conclude that simply because a linear
behavior is observed that an activated jump mechanism for the ions
can occur unless a sufficientlywide temperature regiofihas been
studied and, in particular, temperatures close to the glass transi-
tion have been explored.

It is of interest to note that the results of this present
experiment agree in certain aspects with yesults reported for the
studies of self-diffusionliquids by recent spin-echo measurements.
Thus, Hertz has noted that for a number of solutions, including lithium



chloride, as a concentration is approached where most water molecules

~~e~na~~~~rtia~ hydration
layer the self-diffusioa coefficient for

approaches closely that for the lithium ion. Undm these
conditions, within the time duratiowof the experiment, the majority
of water molecules in the hydratioa sphere he considers to be tightly
coupled and moving with the ion. Thus, the water molecules are bonded
to the ion for a time mch longer than the decay time characteristic
of the velocity correlation function of the lithium ion and for periods
typically equal to or longer than 10-11 sees. Recently, similar
measurements have been made by Weiss and Nothnagel( 61 ) as a func-
tion of both temperature and concentration for both LiCi and LiESiFB
solutions. For LiCl, the authors have measured the self-diffusion
coefficients corresponding to the water molecules and of ths lithium
ions. These authors have argued that the water molecules around the
lithium cations are well ordered by the lithium, but that at both
higher temperatures (e.g., t > hO°C) and higher concentrations (e.g.,
above 4.4 moles/liter) a perturbation of the symmetrical strdcture
occurs, resulting in an increase in the mobility of the water mole-
cules and a slight decrease in the self-diffusion coefficients.
Further, they argue that the bonding between the cation and tha water
molecules in this prima~ hydratioilsphere is suff~ciently stringer
than that of the bonding characteristic of pure water for the solv+nt
so that this water effectively diffuses with the hydrated ion. LJn-
fortwnately, in these measurements no self-diffusionvalues of the
chloride anion were obtained so that it would be possible to determine
whether there were a tendency for it also to move with the lithium-
water complex. However, these authors have also made m~amxmnents on
.Li2SiF6solutions and.determined the self-diffusion coefficients for
the lithium ions, for the SiF6- anions, and for the water molecules.
The authors note, not only is the self-diffusioflof H&O small whan
compared with normal water in a corresponding solution of lithium
chloride, but that -theself-diffusion coefficient of the lithium +1
ion is also reduced. They note that the self-diffusion coefficient
of “thelarger SiF6-2 anion wo’~ldbe expected to be slower than that
of the Cl-l ion. They argue that, due to interactions between the
hydrated lithium and its larger anions, has in turn slowed down the
Li+ ion. Thus, at the higher-concentrationsand lower temperatures
there may be a te.ndenq of this anion in part on a time-average to
diffuse together with a cation-water complex. This is analogous to
the effect noted in the neutron measurements for a comparison of
lithium acetate and lithium chloride in that the lithium acetate
has strongly stabilized the waters such that their relaxation times
do not enter the neutron interaction time range until mnch higher
temperatures to those associated with lithium chloride. In addition
it has given rise to a large decrease in the self-diffusion coeffi-
cient relative to lithium chloride.

I These findings also,as noted above, are in accord with the
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interpretation of spin-echo measuremen~~ by Hertz; namely, that the
more strongly hydrated ions such as Ca , Li+l, and F-l, the motion
of the io~ can be tightly coupled to waters in the first hydration
spheres for times much longer than the decay time of the velocity
correlation function of the ion. In contrast, for ions such as K+
or 1- which are normally negatively hydrating, the water is not suf-
ficiently tightly cmpled so that a dynamic complex has a meaning.
Further, Hertz notes that any cou-plingof such complexes or be it
weak to other network particles serves to strongly decrease the selT-
diffusion coefficient.
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FIGURE 1

The theoretical dependence of the I.orentzianhalf-
width at half-maxima, ~, for the diffisi~e~ broadened in.
cident ener~ distribution are shown as a function of the
momentum transfer, K=, for the four limiting cases of the
Iarsson-Bergstedttheory, as discussed in the text. The
progression, as shown in going from Curve I to Curve IV,
should be compared with the data shown in Figures 2 “and3
as the temperature is decreased for concentrated ionic
solutions. In terms of the four characteristictimes,
TI’j TO’, TO, and TI, discussed in the text, ti”r’veI corr&s-
ponds to T1’ >> To’ and To, and coincides with the jump
diffusion limit previously used to describe the diffusive
motions arising from reorientations of individual molecules
in water and less concentrated ionic solutions.

Curve II and Curve III correspond to the limit where
T1‘ and To >> To’. However, for Curve 11$ it is assumed that
both T~’ and To are within neutron interaction time, while,
in contrast, for Curve III, which would correspond to”lo-wer
temperatures, To now exceeds

Curve IV corresponds to
at temperatures close to the
To would now be much greater
in the text, the values of 17
ficiently small so as not to
most solutions studied.

neutron interaction time.

the case expected theoretically
glass transition where To’ and
than T1’. However, as discussed
for this case might well be suf-
be experimentally resolvable for
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FIGURE 2

The observed dependence of the half-width at half-
msxima (17)of the Imentzian broadened, quasi-elastic
msxtia on I@ are shown, at various temperatures, for
15.0 m LiCl, 4.6 m LiCl, 16.3 m LiNO= and 7.2 m
CD3COOLi.
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FIGURE 3—,——

In the upper half of the figureg the spectra of
neutrons scattered at an angle of 45 are compared for
4.6 m and 10.0 m LiCl; 4.6 m and10.O m LiN03; and
4.6 m and 7.2 m CD3COOLi. in the lower half; “--
corresponding p vs. Kz curves are shown.
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FIGURE 4——

The neutron spectra of 4.6 m solutions of several
lithium salts are compared with &O in the upper half
of the figure. The corresponding r vs. K2 curves are
compared in the lower half,
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FIGURE 5

The values and the functional dependence (see
Figure 1) of the r vs. K2 curves for solutions of
several cations and Li salts of different anions are
shown,
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FIGURE 6

The inelastic spectra and r vs. K2 curves are com-
pared for MgC12 and MgS04 and also fortheir temperature
dependence of 5.7 m (Cll=COO)@Igand6.O m Ca(N%)2.
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FIGURE 1’.—

The logs of the areas of the.quasi-elasticmaximum,
as a function of K2, are shown for different salt solutions
as a function of temperature. These plots are observed to
be linear as would be expected for an area of the quasi-
elastic maximum proportional to a Debye-Wailer factor.
The lines, for graphical purposes, have been displaced with
regard to the ordinates to prevent overlap.

As noted at the top of the figure, it is observed that
a reduction inOthe Debye-Wailer exponent occurs in going
from 25°C to 1 C and, at small or highly charged ions,
causes an additional reduction in this exponent relative to
pure water. Within a given shaded band the lines for the
indicated salts fall w’ithinerrors indicated by the width
of the band. Similar curves are compared in the bottom half
of the figure for solutions of lithium and of calcium salts,
as a function of temperate.

In addition, it is observed that, with increasing
temperature, the slope increases more rayidly for the lithium
chloride solution than for the lithium acetate solution,
emphasizi% the ability of the acetate ion relative to the
chloride ion to stabilize the primary waters of hydration.
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FIGURE 8

The inelastic neutron
various temperatures for 4.

spectra are compared at
6 m LiCl, 15.0 m LiC1.,. .

and 7.2 m CD3COOLi.
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FIGURE 9

The spectra “ofneutrons scattered at an angle of 45°
are compared for a 4.6 m MgC~ solution, a composite
spectra of a 4.6”m MgC~ solution} and a 4.6 m LiCl
solution (assuming simple additivity), a mixture of
4.6 mMgC~ and4.6m LiCl solutions, and a4.6 m LiCl
solution. The sample temperatures were l“C. The
inelastic maxima corresponding to cation-water fre-
quencies are indicated by solid lines.
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FIGURE 10

The observed dependence of the half-width at half-
maxima (17)of the L&entzian broadened, quasi-elastic
msxima on K< are shown for ternary mixtuje of a 4.6 m
MgC~ solution with a 4.6 m LiCl solution. In addition,
the curve is compared with its individual components and
with that for a calculated composite. The curve of
~ vs. ~ for the cmnposite was calculated on the simpli.
fied assumption that the activation energy in a mixed Solu-
tion of two salts would be the simple average of their
individual solutions.
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FIGURE 11

The spectrum of neutrons scattered inelasticalw
from a ternary solution of 4.6 m CSC1 + 4.6 m MgC12
is shown and compared with the inelastic spectrum that
would be expected on the basis of simple additivity.
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FIGURE 12

The curve of r vs. K2 for a ternary solution of
4.6 m CSC1 + 4.6 mMgClp is shown and compared with
a similar curve based on the assumption of simple
additivity.
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FIGURE 13

The spectra of neutrons scattered at an angle of 45°
are compared for a 1.0 m MgC12 solution, a composite
spectra of a 1.0 m MgC~ solution, and a 2.3 m MgS04
solution (assuming simple additivity), a mixture of
1.0 m MgC~ and 2.3 m MgS04 solutions, and a 2.3 m
MgS04 solution. The sample temperatures were 1°C. The
inelastic maxima corresponding to cation-water fre-
quencies are indicated by solid lines.
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FIGURJi14
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The observed dependence of the half-width at half-
msxima (T) of the Lorentzian broadened, quasi-elastic
msxima on K= are shown for ternary mixture of a 1.0 m
MgC12 solution with a 2.3 m MgS04 solution. In addition,
the curve’is compared with its individual components
and with that for a calculated composite. As discussed
in the text, the curve of T vs. % for the composite was
calculated on the over-simplified assumption that the
activation enerw in a mixed solution of two salts would
be the simple average of their individual solutions.
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FIGURE 15

‘I’he spectra of neutrons scattered at an angle of
45° are compared for a 4.6 m KI solution, a composite
spectra of a 4.6 m KI solution, and a 5.2 m KC1 solution
(assuming simple additivity), a mixture of b.6m KIand
5.2 m KC1.solutions, and a 3.2 m KC1 solution, The
sample temperatures were 1°C. The inelastic maxima
corresponding to cati”on-waterfrequencies are indicated
by solid lines.
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FIGURE 16

The observed dependence of the half-width at half-
maxima (r) of the Iarentzian broadened quasi-elastic
maxima on K2 are shown for ternary mixture of 4.6 m KI
solution with a 3.2 m KC1 solution. In addition, the
curve is compared with its individual components and
with that for a calculated composite.
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FIGURE 17

The spectra of neutrons scattered at an angle of 45°
are compared for a 4.6 m LiI solution, a composite spectra
of a 4.6 m LiI solution, and a 4.6 m LiCl solution (assum-
ing simple additivity), a mixture of k.6 m LiI and 4.6 m
LiCl solutions, andoa 4.6 m LiCl solution. The sample
temperatures were 1 C. The inelastic maxima correspond-
ing to cation-water frequencies are indicated by solid
lines.
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FIGURE 18

The observed dependence of’the half-width at half-
maxima (~) of the Iorentzian broadened, quasi-elastic
maxima on K2 are shown for ternary mixture of 4.6 m LiI
solution with a 4.6 m LiCl solution. In addition, the
curve is compared with its individual components and
with that for a calculated composite.
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