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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

TlLis is one of a confinuing series of reports designed to present

accaunts 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 ¢onclusions given in the report

| are sssentially those of the contractor and are not necessarily endorsed by
. the Department of the Interior.

i1




TABLE OF CONTENTS

Page
I. INTRODUCTION o v v o « o o o o & o = o 1
II. SUMMARY OF RESULTS TO DATE OF THE PRESENT INVESTIGATION L
ITI. NEUTRON SCATTERING . 6
A. NEUTRON SPECTROMETER 6
B. SAMPIE PREPARATION AND TREATMENT OF DATA . . . . . T
C. REIATED COMPUTER PROGRAMS . . . . « « v + « « « . . 10
Iv. RESULTS AND DISCUSSION . & « v v v v o o o o = o« o o . 11
A, WATER v v v v e v e e e e e e e e e e e e e e e 1D
5. THE INELASTIC SPECTRA OF TONIC SOLUTIONS . . . . . . 15
¢. DIFFUSIVE MOTIONS OF HpO MOLECUIES IN WATER AND IONIC
SOLUTIONS (THE QUASI-EIASTIC COMPOMENT) . . . . . . 23
V. SUMMARY AND CONCIUSIONS . & 4 v + 4 « « v o o« » o« o . Bh
VI. FUTURE WORK  + + . v v v v o e o e e e e e e o o e e oo DT
APPENDICES
I. THE EFFECTS OF MULTIPIE SCATTERING AND CELL DESIGN . . . i

TI. THE OBSERVED BROADENING OF THE INCIDENT LINE AND ITS
REIATIONSHIP TO THEORY . . « « « & & & & « « o + « » » - 111

iii




NEUTRON INEIASTIC SCATTERING STUDIES OF WATER
AND IONIC SOLUTIONS

(JULY 1967 - JULY 1968)

I. INTRODUCTION

| Measurements at a molecular level of changes induced in the bond-
ing, in the structured units, and in the associated diffusive motions of
H-0 molecules by the addition of ionic solutes to water can provide infor-
mation for testing theories and developing more unique and quantitative
models for the structure and kinetics of ionic solutions than are now avail-
able. Such infofmation could provide a deeper insight into the basic forces
governing the structure and motions in saline solutions, and would be basic
to the development and improvement of efficlent large;scale desalination
pfocedures. This, for example, is stressed in recent theories by
Samoilov(l)(e) for the mechanism of salting out from aqueous solutions.

()

As reviewed previously, a surprising number of models can
account for a mumber of the observed thermodynamic properties of bulk
water, while differing significantly at a molecular level, In particular,
the structure size and long-range ordering of the associated units, and the
fraction and lifetime of unbonded "monomers"” have differed significantly
between models. In more recent years a number of theories have been
devised which attempt in a quantitative manner at a molecular level to
‘account for the space-time correlation of the motions of HpO molecules

in water, inclqding: the vibrations of bonded molecules, the diffusive
kineties of individual molecules and of clusters, and the damping of and

coupling to vibrational modes by diffusive motions. Data at a molecular

level are of particular use in further developing and refining such models.




The influence of ions on the structure of water, the existence

and the nature of hydrated species in electrolytic solutions, and the

changes in diffusive kinetics of HoO molecules caused by ions in solu-

tion h%ve been the subject of both experimental and theoretical investiga-
.tions.i The results of a number of such investigations are briefly summarized
in Table I.

The role of the water structure and the ability of ions either

to break the structure or to incorporate into it has been of particular
interest. Efforts have been madéLto classify salts or ions as "structure-

makers or -breakers: depending on whether their solutions result in a more

or less‘unique and tightly bonded coordination of HsO molecules than in

water or whether the molecules are more or less mobile than in water.
Howe&er, the assignment of ions to such classes has not been in accord for
all measurements.

There appears little doubt that the concept of hydration is a
valid one and that hydrated species involving specific cation-water
coordingtions exist. In certain cases<5 )& ) (KOH and KSCN) there are

indications that ions may incorporate into the water structure even at
!

higher concentrations. At lower concentrations and temperatures there is
‘evidence that remnant "water-like" regions may coexist with hydrated ions.
More gemerally, however, the ions break down ‘the existing structure of pure
water b& a combination of charge, polarization, and steric effects. The
cobrdination, strength of bonding, thermolability, and”COOPerative effects
of anions and cations in the formation of new complexes depend strongly

on the gize and charge of the ilons and the nature of the ion-Hz0 interaction.




Evidence has beéﬁ cited(lr)(%Lg%)at higher concentrations of ions having
strong fields (i.e., it cat? A1+3) the molecular coordinations strongly
resemble those of the corresponding solid hydrates. In addition, a degree
of covalent bonding between a metal ion and the oxygen of a HzO molecule
may occur in both solution complexes and solid hydrates.<lo)(l%%e complexes
formed by certain large highly charged lonsg (i.e., Eu+3, Er+3, and La+3)(15)(16)(17)
may in turn be able to cause a further reordering of HpO molecules beyond
the primary hydration.

Neutron inelastic scattering (N.I.S.) has been applied previously

(18) (19)

- to studies of water, non-aqueous liquids, and intermolecular fre-
quencies and binding of Hz0 molecules in minerals and solid salt hydrates.
Detailed descriptions of this technique and reviews of both the experimen-
tal results and thelr theoretical evaluation for water and other liquids
are in the literature.(20>(2%ﬂe observed vibrational spectra
are not limited by symmetry or optical selection rules and all vibrations
and diffusive motioﬁs occurring within the interaction time of 10™*% -
10-*2 geconds will be observed. Due to the large scattering cross section
for hyd;ogen relative to oxygen and the ions, the observed spectra will
correspond to vibrations and to diffusive motions of water molecules.

In the pregent experiments N.I.S. has been used to study the

1 as a function

intermclecular vibrations of water molecules below 900 cm
of temperature and of concentratioﬁ for a selected series of dissolved
anions and cations and for some corresponding solid hydrates. The inter-
molecular frequencies observed at lower temperature have been compared,

where possible, to those observed for HzO molecules in the corresponding

solid hydrates of the salts.




motions

and the!

theories

Simultaneously the broadening of the incident line by diffusive
of Ho0 molecules (the guasi-elastic component) has been measured
results compared with the functional behavior predicted by different

of diffusion. Effects of different ions and of temperature on

the diffusion kinetics and related parameters has been determined.
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they persist to 75°C. At lower temperatures (loC and 2500)'where the dif-
fﬁsive motions are in accord with a delayed diffusion model, these salts
cause a corresponding decrease in the self-diffusion coefficients, D, and
increase in the residence times, 1o, relative to pure water. D increases
and T1o decreases with increasing temperature, but remain respectively
smaller and larger than for pure water._ However, at higher temperatures
the diffusive kinetics depart from the simple Jump diffusion behavior.

The data indicate that such small and/or highly charged ions
break existing water structure and form complexes having local ordering
and bonding similar to that of HzO molecules in the corresponding solid
salt hydrates. The strong ion-water coordinations and electrostriction
of the solvent gives rise to a higher activation energy for H-0 molecules
than in pure water and these ions thus act as positive hydrators.

Solutions of salts with larger singly charged ions (i.e., CsCl,
KC1) also show new frequencies, but in contrast, at lower temperatures
these are broader and lesgs pronounced than for the smaller or highly charged
ions. These solutions increase D and decrease 1o relative to pure water,

1

acting as "negative hydrations." At higher temperatures maxima character-
igtic of ion-water coordinations appear more prominent and suggest that at
such temperatures, relative to lower temperatures, the ion-water bonding may

be more important than the HpO-HpO bonding in pure water.

Values of the intermolecular frequencies, the diffusion coeffi-
cients, and residence times obtained are in reasonable numerical agree=
ment with those obtained from other techniques. For cases where the

delayed diffusion model 1s not valid, a tentative explanation for the

observed diffusion kinetics has been presented.
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'1ight path between the chopper and the neutron detectors.

The neutrcn inelastic scattering spectrometer, shown in Figure 1,
in operation at the Union Cérbide Sterling Forest Research Center
o for approximately four years.

A beam of thermal neutrons from the reactor passes through
itrogen-cooled, polycrystalline beryllium before striking the
The Be serves as a low-pass filter, transmitting only those

with energies < 5.2 meV (millielectron volts). Below this

defined cutoff, the intensity of neutrons decreases rapidly;

the energy distribution in the incident beam is asymmetric,
average energy of 4 meV and a full width, at half maximum of

meV. Such a beam of neutrons is termed "cold," since its average

£ small compared to the average thermal excitation energy at room

The beam impinges on the sample to be studied,

neutrons scattered from the sample are interrupted by a rotating

The wveloeities, and hence the energy distribution of the

I neutrons, are determined by measuring the flight time over a

Counts

detectors are recorded, with their flight times, in a PDP-5 on-
uter acting, in this instance, as a multi-channel analyzer. By
the energy distribution of the scattered neutrons with that of

al beam, one obtains a spectrum of energy gains from which the

ion of molecular vibration frequencies can he determined.




The sample thickness is chosen so that a neutron scatters once
and only once in the sample. In such a scattering event, the neutron
interacts with the nucleué of an atom bound in the molecule but does not
have sufficient energy to break mqlecular bonds. Since the mass of the
molecule is generally large compared to the neutron mass, the recoil
energy of the molecule as a unit may be ﬁeglected. However, the neutron
may gain or lose quantized units of energy corresponding to a transfer of
molecular energy from or to the neutron. In our type of measurement,

only those neutrons that have gained energy are observed.

B. BSample Preparation and Treatment of Data

The samples were contained in an aluminum holder shielded with
cadmium. A thin layer of an inert polymer f£ilm was electrodeposited on
the cell which afforded corrosive protection and did not contribute to the
background significantly.

For the spectra taken at -25°C the samples were cooled by flowling
liquid nitrogen boil-off gas through a channel in the sample holder; the
temperature was controlled to 2°C. Care was taken to prevent the conden-
sation of water vapor on the scattering surfaces of the sample. For the

spectra taken at +l°C, the sample was cooled by rapidly circulating water

from an ice-water bath. The cooling system was shielded to avoid the
scattering of neutrons by the coolant. Collimation of the sample was
such that neutrons were only scattered from the liguids having maximum
thickness of 0.5 mm.

Measurements have been made to determine the degree of spectral

distortion arising from both multiple scattering (as described in detail in
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The kinetics and parameters that characterize diffusive motions
(discussed below) may be obtained from the variation in intensity and
the width of the broadened quasi-elastic maximum with scattering angle.
Befeore the width can be estimated from the broadened maximum, the low-
frequency inelastic contribution must be estimated and subtracted from
the observed spectrum to obtain the true quasi-elastic contribution.
Broc:khouseé2 ) and others<25) have noted that the inelastic spectrum of
water near the quasi-elastic peak resembles that from a gas of mass.18.

Tﬁe gas scattering spectrum, weighted with the incident neutron distribu-
tion, has been scaled to fit the spectra in the region of the quasi-
elastic maximum and used to estimate and thus to subtract the inelastic
contribution.

As vanadium scatters neutrons almost entirely in an incoherent,
elastic manner, its spectrum yields the energy distribution of the incident
beam., The incident distribution of energies was so determined at each
scattering angle, and a typical example is given in Figure 2. The
primary Be Bragg (Be 100 plane) cutoff occurs at channel 165 (i.e.,

0.0052 eV)., The fall off in intensity above channel 170 represents
the distribution of neufrons having energies less than 0.005 eV. Addi-
tional secondary cutoffs. due to Be and Al and BeO impurity in the beryllium,

determined by emission spectroscopy, appear between channels 135 to 160.

Other secondary cutoffs due to Al and BeO oceur also above channel 168.
These maxima have been included in the broadened incident distribution

for the gquasi-elastic analysis.
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It was found that the instrumental broadening and the shape of

thé disﬁribution could be reproduced by folding a Gaussian resolution

function of a 32 p~sec. width into the reactor spectrum which, for low

} 1

energies, has a distribution of flight times, t, proportional to
| £50®

as shown in Figure 1. This spectrum was further broadened by

"folding| in" Torentzian functions of varying half-widths at half-
maximum, | I (Figure 1), for comparison with observed quasi-elastic maxi-
mun. The values of T were chosen to yield the opbtimum agreement in

shape between observed maxima and the broadened incident distribution.

C. Related Computer Programs

| Computer programs for the IBM 360 Model 50 have been developed

during tﬁe current contract period and are used for the followling purposes:

(a)§ To subtract the appropriate cell background as well as
! contributions of gas-like diffusion of water molecules,

é (b)} To select the Lorentz width, T', and shape fit the theoreti-
‘ ical curve to the experimental points of the guasi-elastic
max imum,

(¢) | To generate theoretical curves of I' ve. K® based on either
the pure jump model or the more general jump model and to
calculate corresponding values of the self-diffusion
constants, residence times, activation energies, and

Debye temperatures.

These computer programs will be applied to the data of the

\
proposed g@xperiments and extended to other models as warranted.
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IV. RESULTS AND DISCUSSION

A, Water

)

i ( o
previous W.T.8, 287810 ¢ e stisations of water at 25°C have

reported the presence of a broad torsional component at about 460 cm *

and weak lower frequency maxima assoclated with vibrations lnvolving
stretching and bending of hydrogen bhonds., In accord with these assign-
ments and previous results on Ds0, spectra for Hp0-D-0 mixtures (not
shown) taken in this investigation showed additional partially resolved
maxima at 425 cm * and 360 cm . The ratios of these frequencies to those
Tor water are those expected for HDO and D»0 torsional modes, respectively;
the intensity ratios correspond to the relative numbers of Hz0, HDO and
Ds0 in the mixture. The weak lower frequency maxima were ilnvarient under
deuteration., In the spectra of Figure 3, this broad torsional maximum

at 1°C appears composed in part of three brbad, partially resolved maxima
at about 860rTOecm *, 590%L45 em™t and 45420 em”* which are outside
statistical error and are sample dependent.

Indeed, Larsson and Dahlborg(la)

reported asymmetry in the tor-
sional maximum in the neutron spectrum which they point out may indicate

the presence of another component at about 1.5 to 2 times the peak fre-

quency of the broad torsional maximum. They further argue that this

asymmetry 1s real and does not arise from multi-phonon effects, from

multiple scattering or from background. In like manner, Draegert and

Y

X/Jillia.ms(elH

report an asymmetry in the infrared hindered rotational
band which they note makes it probable that this band congiste of two

or more unresolved components. Considering the uncertainties, the
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ies of the three maxima in the neutron spectra of Figure 3 appear

the three broad torsional components recently reported in the

oy 20 1
and hyper-Raman

spectra of water at about T4OX25 cm *,

m * and 425%25 em”* with full widths at half-maximum ranging

00-250 cm . These have been observed to shift as torsions

under denteration and have, from symmetry considerations, been assigned
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of certain of the lower frequency maxima persist,

that appreciable association still exidgts at 95°C.

oordinated tetrahedral species with Cp symmetry. Both the Raman

nd the neutron spectra of Figure ? show these components to de-

7))
Walrafen\ET’

intensity with increasing temperature. hag

d this behavior with the distortion and breaking up of the Cg&
Since the neutron spectra are not subject to symmetry selection
all species would contribute, the presence of these components
that the relative number of such tetrahedrally four-coordinated
ay be appreciable at 1°C. With increasing temperature the three
rst broaden and then disappear.

At 1+95°C (not shown), the median of the torsional maximum

ed down by about 40 cm™* from its position at 1°C and only weak

Thege results

The shifting

ening of the torsional maximum with increasing temperature corre-

h the small increases in the average 0-0 distance and thermal

7 observed by x-ray diffraction, an increase in the number of

non-tetrahedrally oriented, lower than four-coordinated water molecules,

and an in
increase

below, a

in the average thermal amplitude fluctuations.

trease in apharmonicity and multi-phonon contributions due to an
As discussed

rorresponding increase in the "diffusive freedom" of HsO molecules




due to breaking of bonds and a related "loosening of ths waiter structurs”

give rise to an increased diffusive hroadening of the incident lins result-
ing in the quasi-elastic maximum.
Upon freezing, the broad torsicnal envelope present in waler

shifted up abruptly by 100 cm T and parrows as the nearest nel

0-0 distence changes from 2.96 A in water to 2.76 & in ice 3% 0°C. 1In

contrast, the torsional maximum in 50z hydrate, which has the
quency and shape as that of hexagonal ice due to identical 0.0 distances

’-‘D 1 T = -\‘--,1 - . ) e
(O IN LiE, LAs gudden

-

and local ordering, shows nc such abrupt shift a

shift at the melting point for the torsiconal maximum in ise reflzcis a

change in the local coordination at the phase transition. Tha ider

of the torsional maximum and the variance of lower fraquencles betiwesn lce

that
and the hydrate indicate/the former frequencies raflect

order while the latter reflect the different long-range cordering between
these solids.
In addition to the shift of the torsiornal frequencies, all the

inelastic maxima broadened and decreased in intensity relakive Lo ice in

o . . - W o .
the spectrum of water at 0 C; this was particularily proncunced for maxin

below the fregquency of the torsional components which, however, appeared

m

so strongly damped that anmy one-to-one correspondence for hexagonal ice

(28)

in that region mugt be consgidered tenuous. In accord with recent

235 (30) (31)

x-ray diffraction measurements showing tne loss of correla-
tion in 0-0 distances at about 10 A and +he preszence of large thermal

. (29) . . L e
amplitudes, the damping and broadening may bte asscclated with the

presence of strong anharmonicity and associated multi-~phonon effects,



; 1k

va#iaticns in the bonded gpecies, and imperfections in the structural ord.r-

iné of water. Indeed, the Debye temperature observed for water (SD = 123°¢)

is}low compared to the temperature at 1°c implying a highly excited or
"not lstitice” and large amplitudes.
The above results can be tentatively explained in terms of =a

di%tortion and breaking down of tetrahedrally four-coordinated species
ang the fformation of a variety of species with lower coordinations in
the manger proposed previously by a number of authors to explain both
the spechroseopic and thermodynamic properties of water.(EOJ(ET)(iifaégw
temperathres, four-coordinated tetrahedrally bonded species would exist

in a poorly ordered, highly excited and defected structure. Bound mole-
cules wowld vibrate with large amplitudes breaking honds and re-~orienting
with theymal fluctuations. With increasing temperature, the equilibrium
would snift toward a lower average degree of coordination. The relaxa-
tioh of molecules would occur at a faster rate. Thus, it would be possible

thaﬁ ilong having the proper steric size and not too high a charge, might,
| /

espécially at lower concéntrations, fit into such a poorly-ordered and
defected water structure. Others, with small size.and/or high charge,
couid readily break down the structure and form nev "hydration structures.”
Theidegree to which an ion would modify the water structure could depend

on the variance of this structure with temperature.




B. The Inelastic Spectra of Ionic Solutions

The spectra for neutrons scattered from HpO mclecules in lonie
solutions have heen investigated as a function of ionic size and charge,
of concentration, and of temperature. In &ll cages the spectra showed
changes relative to water which depended on solute (Figures Lo 1k ),
concentration (Figures 6, T, 8, 9 ), and temperature (Figures 13,1L).
For certain solutes at lower concentrations the observed departures from
the water spectrum were smaller. To visually emphasizg such smaller
variations, "difference curves' as obtained from a channel-by-channel sub-
traction of the water spectrum from that of a salt solution are also shown.

1

The low frequency (900 cm * to 8 cm ) vibrational spectra show

the following general feaftures and trends:
At low concentrations many of the frequencies characteristic

of pure water persist with new frequencies characteristic of ion-water

the
interactions. With increasing concentration/former frequencies give way

to the latter in a manner specifically determined by the ions. Evidence

for the co-existence of water-cation coordinations and of water structure

(9) (57)

have been previously reported. Beck and Danilow and Neumark' have

argued that at lower temperatures the radial distribution functions of a

number of salt solutions retain maxima of pure water. Recent infrared

2l
measurements( ) on alkali-halide solutions show that while spectral

changes due to ion water interactions occur, the spectra in part regemble

that of water. Evidence for the co-existence of hydrated ions with pure

(38)

water structure has also come from the P.M.E. studies of Fabricard et al
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They argue that the HoO molecules not near ions

ha&e nearly the same proton relaxation rate as for pure water. In addi-

tion Iuz
|
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(39) interpret the 07 shifts for 1-1 electrolytic

to indicate that direct ion-adjacent-HsO interactions and not

rall phanges of the solvent structure are involved.

With increasing concentrations the inelastic spectra of aqueous

containing small and/or highly charged ions show the mosgt pro-

nounced lepartures from that for pure water. In the spectra of L4.6m

solution

of LiCl, KF and MgClez,and in 3.5m solutions of IaCls (Figures U

and 5) new maxima appear in the 800 em™ ' to 200 cm * regions at similar
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(10)

and assigned

(12)

to "rocking, twisting,

ng" librational modes and the HpO-ion stretching frequencies
lecules in the corresponding solid hydrates (Table ID. An exact
dence of fregquencies is not implied as both the resolution in

uency region and the weakness of certain of the lines in both

hydrates and the liquid precludes a one-to-one correspondence.

the similarity between the spectra of the solid hydrate and the

with increasing concentration is emphasized in the spectra and

curves of Figures © to 9 In like manner, such a simi-
algo shown in a comparison of the spectrum of solid LilNOg-3Hs0

) with that of this salt melted in its waters of crystallization.
n, for other salts similar changes are observed which correlate
ize and charge as illustrated by the spectra and difference

he progressiong of Figures 11 and 12. As shown, changes in
tic portion of the spectra are accompanied by significantly
ges in the quasi-elastic region. The departures from the

f water increase in the progressgions:
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(1) KI < KBr < KC1 < KF; with decreasing anion size (Figure 10)

(2) NaCl < CaClz < ILaCls; with increasing cation charge for
nearly the same radius (Figure 11)

(3) CsCl < KC1 < NaCl < LiCl; with decreasing cation size for
a given charge (Figure 12)

The increase in the quasi-elastic maxima with decreasing size
and increasing charge reflect decreases in the diffusion coefficients
and increases in the residence times and the Debye temperatures (as will
be discussed in Section w(c)).

The observed new fréqpencies in solutions are similar within
resélution to those reported for HzpO-cation frequencies in Raman and I.R.
spectra (as shown in Table II) which have been associated with short
(2.0 - 2.2 A) coordination distances and strong, partially covalent-Hz0

(12)(10) (40)

cation interactions. The larger anions of low charge primarily
perturb this HpO-cation interaction by forming weak hydrogen bonds. At
concentrations of 4.6m and above (having 12 H»0 molecules or less per

salt molecule) these strongly coordinated waters in the primary hydration

layer should contribute significantly to the spectrum as observed.
The above results are in accord with those of previous x-ray

diffraction, Raman, ionic mobility, and electronic transition measurements.

(9) (37)

Beck, and Danilow and Neumark have argued for the co-existence of

"hydrate-like" and "water-like'" regions at low concentrations. At higher

concentrations evidence has been cited for a local hydrate-like ordering

(7) (W) (27) (37) (%1)

for a number of salts including IaCls, LiCl, MgCls and KF.
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o o ue (43 (B1) (38) (b5) (46)
As noted| by McCall and Douglass and others, such "hydrate-like
st£ucturas afe guasi-stable and HoO molecules have finite lifetimes for
exchange

In addition to a strong cation-Hz0O interaction in the primary
hydration layers, a pronounced increased rigidity in the bonding of
secondary or higher hydration layers mﬁy also be caused by ions having
large chdrge~to-radius ratios; +this effect is more significant at lower

concentrs

tions.

Thus, small or highly-charged ions rapidly break down

the strudture of pure water and form strong ion-water local coordinations

|
similar tio those found in solid hydrates. In addition, a strong electro-

gtriction

gives ris

the overa

i
the HaO-Hg
\

ponding cl
supﬁprt t£
exis%enee
FuCls, and
of the sol
the %ceber
"ice#erg e

the new sp

i

g it forms arcund itself.”

uilding tendency" occurs in LiCl and KF solutions,

of HeO molecules in higher hydration layers may result which

e toahigher activation energy even at lower concentrations, as

11 bonding strength of the Hs0 molecules would be stronger than

O bonds in pure water. Indeed, 1t will be seen below that corres-
anges observed in the diffusive freedom of HoO molecules strongly

17 ‘
ese observations. Frank and Evaps( ) have argued for the
of a "guper-lattice” structure in solutions of both IaCls and

that the influence of g highly-charged catim on the fluidity

ution provides "a certain mechanical strength or rigidity in

They also pointed out that the

although

ectral maxima for the latter solutions are not either as intense

or wéll—de&ined as those in the spectra of the LaCls solution.

the new no

inereasing

ol

As shown in Figure 13 for the case of a 3.5m LaCls solution,

-water frequencies persist but increasingly broaden with both

scattering angle and temperature. The former broadening is
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probably due to an inerease in multi-phonon contributions as discussed
below and in more detail in Appendix II. The persistence of these fre-
quencies with temperature is in keeping with their assignments to vibrations
of Hz0 molecules in primary hydration complexes with stronger bonding than
for pure water. Similar results were obtained for the MgCly, KF, and LiCl
solutions,

In contrast to small or highly-charged lons, solutions of large
ions with low charge (i.e., Cs', K', Br~ and I”) have spectra in which
exlsting water frequencies are primarily broadened and smeared out at lower
temperatures. As will be discussed, the diffusive freedom of Hp0 molecules
is also increased relative to pure water. Thus, the water structure
éppears to be Yeakened" or broken down and replaced by a weak coordination
due to such ions. However, at high temperatures where a greater thermal
disruption of the structure has also occurred the primary influence of the
ions may be to form caomplexes. Thus, from miclear relaxation and self-

7)

diffusion data, Hertz et alKu have noted that the structure-breaking
tendency of many of these salts is very much stronger at low temperatures
than at higher temperatures. BSuch local complexes would be quasi-stable
and Hz0O molecules could exchange between them on a time average. The
neutron spectra at high temperatures also show partially resolved torsional
components characteristic of water-ion interactions whose frequencies
depend on both cation and anion. Thus, in solutions not having one small
or highly-charged ion, both cation and anion can strongly affect water

48)

coordinations. Walrafen has reported the observation of librational

frequencies similar to those for the solid hydrates for a number of 1-1
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(49)

salt solutions. The intensities and frequencies of these components

did not;appreciably change with temperature and showed a strong anion and
weék catiion dependence. They were thus assigned to ion-water interactions
in the flirst hydration sheath. The orientation of Hp0 molecules in the

(50)

HQO—ion complex has been reported by Lawrence and Kruh. It has been

shown from x-ray diffraction on solutions of 1-1 electrolytes that the

caﬁions
! |

pre positioned on the dipole axes of the Hz0 molecules and the
anions on the 0-H axes. Ordering about a given ion occurs which in general
is%larger for anions than for cations. ‘
As nobed by Hindman, O grayson, ®2) and others, O2) with in
creasing| cation size and decreasing charge, the-cation—water interaction
decrease% and the cation-water coordination approaches the strength of
HzO0-Hz0 ¢oordination in pure water. However, increasing radius of mono-
valent anions also weakens the anion-HoO interaction relative to the\bond-
ing in pure water. Thus, the average activation energy for the bulk solvent
mayibe syaller for salts like CsCl and KC1l relative to pure water, while
the%primnry cation-hydration with stronger. bonding and more unique coordi-
nations than pure water may also exist and give rise to the observed fre-
quepcieszcharacteristic of ion-water coordinations.

! In this regard the concentration behavior of KSCN should be

noted. At 4.6m the spectrum of the KSCN solution showed only small devia-
tions frgm the spectra of pure water in the inelastic region and an increased
broadeniﬁg of its quasi-elastic peak. In contrast, at 18.5m, weak new
inelastic frequencies appeared and the elastic maximum was sharper than
for purefwater. Thus, in the above gense, KSCN acts to initially loosen

or break |the structure of water and then at high concentrations its solu-

tilon has p structure in which the 20 molecules are more rigidly bonded
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(6) , -
than for pure water. It has been suggested that, in contrast to Br and T,
the nearly linear SCN ion may be incorporated into channels and hence does
not break down the water structure as rapidly due to its weak ionic bonding and con-
sequently weak negative hydration. In accord, a tentative explanation for
the observed features would be that at lower concentration, the K+ and SCN~
£it into the water structure but slightly distort it so as to lower the
activation energy and increase the diffusional freedom. At the high concen-
tration, the water structure would be broken down and only the primary hydra-
tion waters, more tightly bonded than in pure water, would be observed.
As for water, the presence of diffusing molecules and large
vibrational amplitudes indicate considerable anharmonicity (hence, of
higher phonon terms) in the spectra of their solutions. This is particularly
true for the more dilute solutions where contributions to the spectra may

arise from HsO molecules beyond the first hydration layer of the ions.

Thus, at best, the "quasi-hydrate" coordinations discussed must have finite

(42)

lifetimes in the sense discussed by McCall and Douglass,

but these may
(45)

vary strongly with the ion as discussed by Jackson, lLemons, and Taube.

The condition for the use of the one-phonon approximation for the inelastic

scattering of a neutron from harmonic oscillator of frequency @ are given

by
12K (xT)
<< 1

2M () 0

2
As /K/2 = ko® + kf2-2kok cos f, then /K/% and Zgé— : i% decreases with

decreasing ¢. Where /K/E is the square of the momentum transfer, ko and
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he initial and final momentum vectors for a neutron respectively,
mags of the scattering unit, T is the temperature, and ﬁ is the
ng angle. Therefore spectral maxima corresponding to "one-phonon"
uld be most pronounced at small angles and lower temperatures (see
II). Indeed, such behavior is observed for the "quasi-hydrate"

ies (Figes. L&13 which become significantly sharper and better defined

er angles and at lower temperatures. In like manner, it is seen

U to 10& 12 that small and/or highly charged ions sharpen the hydrate

ile larger ions of lower charge broaden ion-water frequenciesi In
, changes in the broad background due to ions are evident at the
values of hw. Thus, the difference curves for I1iCl and NaCl ére
; indicating a reduction in the multi-phonon background relative
water., In contrast, the difference curves are slightly positive
and KCL1 between channels 100 and 140, indicating an increase in
onon effects. Thus, small or highly-charged ions which form hydrate-
rdinations also decrease in higher phonon terms corresgponding to a
in anharmonicity, or an increased binding strength for Ho0 mole-
e reverse is true for large ions which "loosen" the water struc-
decrease the average binding potential of the water molecule.

The above inelastic neutron scattering results for ionic solu-
be viewed in terms of "structure-making" or "structure-breaking"
and in terms of "positive" or "negative' hydration as given by
5k (5 : . : .
o %%r the salts with small or with multiple-charged cations

+3

L, La+3, Mg+2) the strong coordination ion-water interactions

reduction in anharmonicity in average vibrational amplitude, and
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in the diffusional freedom due to electrostrictive effects. Such ions could
be termed as positive hydrators and would increase the average activation
energy relative to pure water. In contrast, large ions of low charge
(cs™k*, I, Br™, SCN”) at lower concentrations primarily broaden the fre-
quencies of pure water, increase the anharmonicity average vibrational
amplitudes and increase the diffusive freedom acting as negative hydrators.
Such ions would loosen and break down the water structure and would not
restrict large numbers of Hp"- molecules or form as strong a HzO-lon primary
coordination as small or highly-charged ions. In addition, for salts that do
not contain a single very small and/or highly-charged ion both the anion and
the cation appear to play important roles in determining the lon-water
coordinations at higher concentrations.

The quantitative analysis of fthe quasi-elastic maxima will now
be considered. Indeed, it will be seen that these results support the
above observations and conclusions based upon the inelastic portions of the
gpectra.

C. Diffusive Motions of Hx0O Molecules in Water and Tonic Solutions
(The Quasi-FElastic Component)

Both the widths and areas of the diffusively broadened incident
lines for the ionic solutions show pronounced variations from those of water
(Figures 15 & 16 ). These changes correlate with those observed in the
inelastic spectra. The following general trends sre observed relative to

water:




(1

(2)

(3)

(&)

(6)

For cations of essentially the same radius, but differing
ionic charge, the quasi-elastic area increases regularly
with increasing charge, i.e., NaCl < CaCls < ILaCls

(Figure 11).

For cations of a given charge, the area increases regu-
larly with decreasing ionic radius, i.e., CsCl < KC1 <
NaCl < Licl (Figure 12 )3 SrCls < CaClp < MgClz; and

TaCls < AlCls.

For salts with common cation the area increases regularly
with decreasing anionic radius, i.e., KI < KBr < KC1 < KF

(FigurelO).

For monovalent anions the above variations are consider-
ably larger than those for monovalent cations.

(Figure 10 vs. Figure 12),

With increasing concentration, there is a regular increase
in the size of the quasi-elastic maxima (as for KSCN, ILiCl

and for KF and MgCly in Figures 6,7% 8 ).

For small and/or highly-charged ions (i.e., Ia'*2, Al+3,

*2 137 F7) the width of the quasi-elastic maximum

Mg

narrows relative to water with increasing concentration.

For large singly-charged ions (i.e., Cs', X', Br", I,

SCN™) the quasi-elastic maxims are broadened relative
to water. At higher concentrations of KSCN it can be-

come narrower than for water.

2l
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In general, an increase in the area of the gquasi-elastic
maximum, as discussed quantitatively below, reflects:an increase in the
average Debye temperature (or a decrease in the average vibrational ampli-
tudes) of bound water molecules due to lon-water interactions. In like
manner, & narrowing of the quasi-elastic peak reflects a decrease in the
diffusional freedom of HzO molecules. Thus, the relative changes in the
area and the widths of the gquasi-elastic maxima correlate regularly with
ionic charge, size and polarizability.

For water and certain salt solutions the quantitative dependence
of the half-width at half-maximum on the momentum transfer squared (K=)

(Figures 15 and 16 ) have been
determined. As described in Section III, a full multi-phonon or "gas
model" cross section with a mass of 18 was used to estimate and to sub-
tract the inelastic background under the guasi-elastic peak. fter back-
ground subtraction the shapes of the curves were found to correspond to
Lorentzian broadenings of the incident energy disgtributions to within
statistics (Figure 2 ). The values of T were chosen to yield the
optimum match in shape between the observed quasi-elastic maxima and the
Lorentzian broadened incident energy distribution. The principal features

of the T vs. K* curves are:

(1) For water at 25°C, the widths of the incident line as a
function of scattering angle are in numerical agreement
with the results of Ilarsson and Dahlborg(lB) and with
recent high resolution studies of Bojarik et al.(56) No

(57)

non-instrumental maxima, of the type previously reported,
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were observed in the immediate vicinity of the incident
line. All weak maxima which were observed in the region
of the "quasi-elastic" peak appeared to be instrumental
and persisted in the spectra of water and of ionic
solutions. Their origins in all cases could be related
to primary or secondary Bragg cutoffs of impurities
(determined to be present by emission spectroscopy)

present in the Be filter or of materials in the flight

path (see Figures 2 and L).

For Ionic Solutions

(a) At 1°C and 25°C the solutions of ILaCls, MgCla,
KF, and LiCl, which show "quasi-hydrate" inelastic fre-
which lie

uencies, have T vs. K= curves (Figure 15)
q )

below that of water and which are flatter at larger values
of ¥
In

contrast, for solutions of CsCl, KC1l, and KSCN

the T vs. K% curves lie above water, are lesg flat, and
are increasing at larger KZ values. At small K2 values
all the curves approach the origin as I' = -hDKZ, as
expected for simple diffusion.

(b)

I' vs. K2 curves (Figure‘16) become less flat at high K=

With increasing temperature (50° and 75°C), the

values and approach a more linear behavior for the

"structure breakers" (i.e., CsCl, KSCN and KC1).
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The full solid curves in Figures 15 and 16 represent a fit to the

I ve. K& curves by the simple "jump-diffusion"” limit of the general Singwi-

(63)

Sjglander model as given by

il ( e—EW
r = - 1+K Do
10
. . . . - . - ~2W ..
7o is the residenee time, D is self-diffusion ceefficient, and e is the

Debye-Waller factor.

The Debye-Waller factor was first obtained from the angular
variation of the quasi-elastic area (as described below). Values of D
and 1o were then chosen to yield the optimum f£it te T vs. KE and to minimize
residuals. 7o 18 primarily determined by " at large K= values where
r —n/to. As e is close to unity, D is mainly determined by the slope
at the origin. TFigure 15 shows that agreement is ohtained for the date
at 1°C, 25°C and certain of the data at 50°C, with the jump diffusion model
which accounts for the functional shape of T vs. K2 over the observed range
of K values and give values of D and 1o in numerical agreement with those
obtained by other techniques (TablesIII&IV)ln contrast, at higher tTempera-
tures the validity of this simple model is subject to question as considered
below. Solutions of salts like 1alls, MgCls, KF and LiCl which with in-
creasing concentration showed the rapid growth of frequencies in the inelas-
tic spectra similar to those of the solid hydrates, cause a pronounced de-
crease 1n D and increase in 1. This undoubtedly arises from an increase
in the activation energy and reflects, in part, the strong cation-water

coordination in the primary hydration layer and, in part, stronger hydrogen

bonding and polarization forces in higher hydration layers. Frank and
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heve comented thav the size of a frozen patch decreases in the

(58)

son 4178 > Mg+2 Glueckauf

+ - s -
>Ca'® > gr® >F > Ii>Na > Cl

has ecalpulated from the electrostrictive infiuence of ilons in solution

that the time average number of water molecules in the "iceberg"” about

CT +3
the cations for Ia -, Hd =, Yb °, Er
' |

+a + + + g .
%, Be'®, Fe'3, Cr > and A17® ig nearly

+

=

. - ke + . N

twice ag large as for Li , Ba =, S5r =, Ca and Mg 2, Also, Jackson, Iemons
(+5) ‘. .

and Taute have shown from P.M.E. studies that exchange of water between

. . . . -+ + . +-
the solivent znd the hydration shell is much slower for Al 3, Ga ° and Be 2

than fo

tion, Bz

affecting the solvent more than C1 .

broadens
|
new freg

crease 1

caulse 8

orientat

orientat

wplx and of Brownian motion).

y o

2 + + + -+
- Mg =, Sn'®, Ba 2, Hg © and Bi °,

From an x-ray study of LiCl solu-

—

3 .
ady ' has concluded that it s a highly hydrating ion with 1i"

Ii gives rise to most orientation

ant water,

Tn contrast, sclutions of salts like CsCl and XKSCN which primarily

d the inelastic frequencies of pure water and showed no proncunced
uencies at these concentretions cause an increagse in D and a de-
Hence, such salts break or loosen the water structure and

decrease in the activation energy.

From values of 1o and D, an estimate of the "jump-lengths" £

(as given in theories of

tained fram the relation D = 1/6 -2—2
In the "jump-diffusion” model there
iediy distinetion between Jjumps of an entire HeO molecule and re-
icn jumps involving the breaking of a hydrogen bond and a re-

icn of c¢ne or more protons of a H=0 molecule. The former would

involve & digtance about that of an 0-0 distance in water (3 &) or would

e charsa

the aver%

|
cteristic of eguilibrium water positions for a given solution;
!
|

oo
(S

distance due to a rotational Jump could be shorter. The
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Jump distances af 1° and 25° for most salts and water are less than 3 A,
typically about 1.5 A. In addition, while large variations in both D and
10 occur with different salts, the values éf,jzghow little variation and
could be plausible if the "jumps” corfesponded to rotations or at least
combinations of rotations and translations of Hs0 molecules.

Gk ) T = To e+U/kT and D = Do e-U/kT

From the relationships s

estimates of the activation energies of HéO molecuies were made. These

vary from 2.6 kcal per mole for water, to 3.0 for KF, to 3.k keal mole for

MgCls. While these values will be considered as approximate in view of

the fresent accufacy of the data,ltheir magnitudes are reasonable.(AB)(48>(5A)(59—61)

Estimates of the energy to break a hydrogen bond vary from about 2.8 keal

627
(48) to 3.7 keal per mole( ) for water. Valiev and

&3)

per mole

Emel'yanov reported from spin-echo measurements that Mgt ions increase

the éctivation energy relative to water by about 2.6 kcal per mole. The
activation energies for Hz0 molecules in KC1l and KSCN solutions appear
slightly lower than that for pure water in keeping with their role as weak
"structure-breakers."

The jump diffusion limit requires that the area of the quasi-
6 -
(63) _-2w

elastic maximum to be proportional to a Debye-Waller factor,
n__ 6T,
2Mk®D @D

sin® P/2, the area should show a specific angular variation which was

2

where 2W = 1/6K2RZ or 2W = K2( Hence, as K= varies as

indeed observed. From.the angular variation of the quasi-elastic area,
values of RE, the mean-square displacement of vibration, or of @D, effec-~
tive Debye temperatures were obtained. The values of R are typically
0.5 & and are reasonably large compared to the average 0-0 distance of
about 2.9 A in water. TFor the structure-makers, the values of @D are

systematically higher than for pure water. Thus, for solutions at 1°c,

@D varies from 150°Kt15°K for pure water to about 200°Kt15°K for MgCls
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aﬂd IaCls. In contrast, @D for the structure-breakers occurs within error

of the value for pure water. The low values of k@D as compared to kT and of

the average vibrational amplitudes compared to the 0-0 distances, are

characteristic of an excited or "hot lattice” in which HoO molecules vibrate

with large amplitudes and hond dissociation and re-orientation of molecules

can occur due to thermal fluctuations.

anharmoricities and multi-phonon effects, as discussed above. The presence

of the ions with strong field (i.e., Mg 2, Ia

+ - .
2, F7) causes a decrease in the
3

anharmonicity and an increase in the Debye temperature. The magnitude of the

value off

viously freported.

@D obtained for water is in reasonable agreement with those pre-

(20) In addition, it is of interest that both the direction

and the magnitude of the increase in the @D observed, correlate with the

glass transition temperatures and their dependence cn salt concentration

observed

(6l+)

by Angell, Bare and Bressel. Egelstaff<65) and others<68)

havie pointed out that the simple jump diffusion model may not be applicable

for large K% values and at higher temperatures in water where recoil and a
‘ .

free part

for

to flatte

andL hend
|

i

whether =

occurring.

departure

could pre

icle behavior must also be considered. The experimental problem

the larger X* values is therefore whether the observed tendency of T

n and Lo approach a constant value indeed reflects a delay time
e, an approach to I' = #i/1o (in accord with the jump model) or
ppreciable contributions from a "free particle"” behavior are also
Contributions from a "free particle motion" should cause a
from a Lorentzian shape, but background and statistical errors

clude small but significant variations from being detected.

These features are congistent with the |
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However, departures should also occur from the specific tempera-

Sl

ture behavior for the I' vs. K2 curves of the simple jump model which can be
observed (see Appendix IT). For this purpose, it is convenient to express
the cbserved dependence of T vs. K= in terms of the dimensionless parameters

: #DKZ
T/xT = y and =

= x, for a series of temperatures. The simple Jump-

diffusion model then becomes

il -2W

T N e— i—’ - e

J . - . kT1q
TOJ:‘\.T J_'P_“'"‘"_‘h b

Then, for small X (i.e., small ¥®) v = x, independent of temperature and

corresponds to the simple diffusion limit. The "jump model” passes to this

long time limit. However, for short enough time intervals (large X% values)

(65, (66199,

the motion must be more similar to that of a free particle.
simple jump model does not pase to this limit correctly. Various models<65>(65>(66}
have been proposed that vass to both limits. They estimete that a "free
particles” behavior would contribute to the quasi-elastic broadening when

¥EIEM (
kT

the parameber the ratio of the characteristic correlation time for

g fre article to that of diffueicn motion) is not small compared to unit

w
m
o]

as Tor large values of K%, of the mass M or of D.  In principle, the mass M

ne=i net be the mass of an individual water molecule but could correspond

o the total mazss of the water melecules within a range in which they move

[ fe
. . Ve . P - H " - .
in a correlsted manner.' 7 Thus, if discrete "clusters' were to exist, this

' However, it does not necessarily imply

mess could be the "cluster mass.'
the existence of clusters.
For large values of MDK=/kT, the value of I'/kT increases with

increasing temperature for a jJump diffusion model, but, in general, de-

creases if significant contribution from free particle Iimit is present.
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| From the observed dependences of y vs. x at 1°C, 25°C, 50°C,
and 75° , the following general trends were observed:

(1 For the smaller values of x, all the curves approach the
straight line, y = x, characteristic of simple diffusion.
Thus, all temperature values of D (listed in Table ITJ)

were extracted assuming T vs. HDK® at the small K values.

(2 In all solutions of salts at larger values of x, y departs
from and falls below the y = x line. However, at these
larger values the values of y for most salts increase in
going from 1° to 25° in accord with the temperature be-

havior of the jump diffusion model.

(3 Above 25° for most salts, "an inversion temperature" is
reached such that a further temperature increase then
causes y to decrease as expected for significant contri-
bution from free particle behavior.

At and above this inversion
temperature validity of the simple Jump model is question-
able. The "inversion" temperature is characteristic toa given
| salt,occurring at higher temperatures for structure-
makers like LaCls and MgClz. In contrast, water has an
inversion point near 25°C, and KSCN shows no temperature

behavior characteristic of Jjump diffusion above 1°¢.

(L) For "structure-breakers" like KC1 and CsCl, a free
particle .contribution is observed below 25°C. However,
at temperatures above 50°C, an increase in y with

temperature is again observed.
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No attempt will be made here to account for all of the above
observations as models capable of quantitatively explaining uniquely all
the observed features and the specific ion dependence in the tempera~
ture regions where the simple jump model fails are lacking. However,
if it is assumed that in addition to jumps of individual molecules, groups
of HoO molecules can move in a correlated manner, a qualitative plausible
justification for some of the above trends can be obtained. As emphasized
above, it is not assumed that such groups are well defined "clusters”
or "icebergs." They are defined only in a "dynamic". sense that the motions
of molecules are not indepéndent but comprise the motions of a mumber of
molecules described by a correlation function within an average range.

An increasgse in either the correlation mass or the assocliated D
2

kT

for such & group can increase the parameter and, hence, cause a
departure from a simple jump model. Thus, in water above 25°C, and in

L .6m KSCN above l°C, motions of correlated groups may be occurring and
contributing to the quasgi-elastic spectrum, KSCN may weaken the water
structure and increase the freedom of such groups even at 1°C. In
contrast, small or highly charged ions like La+3, Mg+2 and ¥ restrict the
motions of such groups until a higher temperature is reached. Indeed,
such iong can form strong ion water coordinations and increase the activa-

tion energy of molecules even at low sgalt concentrations. In contrast,

CsCl and KC1 at 4.6m (12 HeO per ion pair) may rapidly break up the water

structure including any correlated groups so as to decrease the mass in
the above parameter faster than any increage in D with increasing tempera-

ture so that it approaches the simple diffusion as 7y (time during which




continuo

ns diffusion takes place)

increases compared to 1p. While this

explanation must be considered as tentative, 1t appears that for any modsl

that con

ciders correlated motions the effects of both ions and temperas-

ture on the degree of correlation must also be considered.

V. SUMMA

A\RY AND CONCIUSIONS
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ing of the associated "clusters'" in water.

Numerous models have been proposed for the specific structure

While the neutron

g results do not provide a unique and definitive determination

of such structures, they do, together with recent Raman and x-ray measurse-

ments, pro

units. E

vide additional information on certain characteristics of these

ren at 1°C water structure must be considered as a highly excited

or ”hot—l#ttice" for which the thermal tewmperature is much above the effec-
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The bonding of HsQ at 1°C molecules has decreased
© lce causing an abrupt downward shift in the torsional frequen-
5 reflects the increase in the nearest neighbor 0-0 distance

v x-rays. The potential of molecular bonding is anharmonic; the
1 amplitudes are large; bonds are breaking by thermal energy;
c-orientation of HpO molecules are occurring. At 1°C the

L frequencies observed by N.I.S. indicate that an appreciable
four-bonded species exist; such species have been chserved by
th increasing temperature, the broadening and dowmvard shift
sional frequencies indicate a displecement of the eguilibrium
toward lower coordinations in dccord with the models of Nemathy

%)

>
%?)and Vand and Senior. The relaxation rates for breaking

S
(33)
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bonds and jump orientations are also increasing with temperature. However,
librational frequencies and vestiges of translational frequenciles appear
even at +95°C indicating a cohsiderable degree of assoclation still persists.
At lower temperatures the diffusion kinetics, the relaxation times and the
diffusion coefficients can be quantitatively explained on the basis of
gtructural re-arrangements involving the breaking of bonds and subsequent
activated jump relocations of individual molecules.

The neutron scattering results for the ionic solutions support
the concept of hydration as both useful and valid and are in agreement

©8)

witﬁ the recent conclusions of Walrafep. Hydrated complexes exist for
which the bonding and coordination is. determined by the ions. At low con-
centrations, frequencies of pure water and of hydrated ions can co-exist.
The former rapidly give way to the latter which intensify with increasing
concentration. The degree of the disruption of water structure with in-
creasing concentration uniquely depends upon the specific ion-water inter-
actions. Small and/or highly-charged ions which form strong lon-water
bonds break down the water structure rapidly and form complexes having local
orderings similar to corresponding solid hydrates. This similarity of local
ordering in both the solid and concentrated liquid.states reflects the
presence of strong, unique ion-water interactions which may be partially
covalent as suggested by Plane and others.cu+>(12>(ho)
Iarge ions of lower charge also break or weaken the water
structure but in contrast to the small and highly-charged ions, form more
weakly coordinated complexes. TFor such ions the strength of primary HzO-

ion coordinations in any complexes may be either weaker or stronger than

between molecules in pure water, and are determined by both anion and
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cagion eEfects.(u8)(Sl)(55)

The present measurements show thét the type of complex strongly

determines fhe diffusive mobility of the water molecules, Certainly at

lower temperatures the concept of "positive and negative hydration" of

54)

Samoilov

can be used to characterize changes in the diffusion of Hs0
solvent molecules due to ionie solutes. The motions of Hz0 molecules in
most ionic solutions can be described in terms of activated or delayed
Jumps for which the magnitudes of the éelf-diffusion coefficients and of
the residence times are both primarily determined by changes in an activa-
tion energy. The sméll or highly-charged ions, which form "quasi-hydrate-
like" cation-water coordinations raise the activation energy. In contrast,
large ioms of lbw charge lower it. In iike manner, the former increase
the§Debye temperature and lower anharmonicity while the latter decrease
the%Deby@ temperature and increase anharmonicity. These results suggest

|
tha% the |degree to which ions break water structure and "reinforce" or
"1oosen" |the binding of sol%ent molecules at low concentrations
| ig diréctly'reiated to the ion-water
forces which give rise to the formation-of the above complexes. Future
investiggtions on the concentration dependence of the diffusive motions

should ﬁzovide more definitive information on this subject.
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VI. FUTURE WORK

The neutron spectra for selected "structure-making" and
"structure-breaking" salts will be studied as a function of concentration.
The proposed measurements will be carried out at 1°C for the
following reasons:
(a) At low temperatures the jump-diffusion model for water

molecules in ionic solutions appears valid.

(b) The spectral differences are enhanced at lower observa-

tion temperatures.

These data will provide information on the concentration depen-
dence of different salts for modifying the water structure, for forming
hydration complexes, and for modifying the diffusive kinetics and related
parameters,. At.low concentration, information will be obtained on changes
in the coordination, binding, and diffusive motions of solvent water due
to specific ions. The rate at which complexes are formed and the dif-
fusive motions modified, with concentration, would be obtained. Self-
diffusive coefficients, relaxation times and activation energies as
function of concentration, COuld be derived. At higher concentratioﬁs,
‘infqrmation on the structures,.binding, relaxation times, and éctivation
energies of primary hydration waters would be obtained.

Data will also be taken for salts having different anions but
similar cations to those already studied. It has been reported that in
solutions cations with strong fields perturb the strength of fhe hydfogen

(10) (k0)

bond with the anion, For cations with weaker fields, the results
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neutron measurements to date indicate that the anion plays an important
n the coordinations and the kinetics of water molecules. To supplement I
|ready taken for many chlorides, measurements of three monovalent salts
CsBr, KI, KB:) will be made in order to determine relative "structure-
g'" effects of the aniong and the formation of non-water-like structured

" Measurements are algo proposed for two other salts for the purpose of

ipvestigating anionic changes (Ia(NOs)a and LiNOs). It is expected that N0~

i ) 1
ion modification of the 1572 super lattice noted by.Frank( T) can be observed.

|

In addition, the high solubility of these nitrates in water allows the preparaJ

tion‘of‘solutions with low water-to-ion ratios, so that the structure and

dynamic

s characteristic of water in the primary hydration layer of a strong

"structlire-making" cation can be observed.
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TABIE T

PARTIAIL SUMMARY OF RESULTS ON THE STRUCTURE OF HYDRATED SPECIES

AND TONIC AQUEQUS SOLUTIONS

TECHNIQUE - SOLUTES

INFORMATION OBTATINED

XL-RAY

Ag(N0z), Po(N0g)s
Ba(N0z )z, Th(NOs)s
U0z (NOg )p, Iil
RbBr, LiBr

KC1, FaCl, LiCl

1iCl, LiBr, RbCl

KOH, KC1

ErCls and ETIE‘,

(a)

()

(a)

Th™3 and U0 "2 have a regular or "super" arrangement
in the liquid. The ions are surrounded only by H=0
molecules. Ag, Pb, and Ba nitrates show a large
fraction of dsassociated (gas-like) molecules. I,
Br , Rb  show no arrangement but only a broad inter-
ference between heavy ion and surrounding molecule,

At low temperatures these solutions showed the second
meximum in the radial distribution curve of pure
water which is interpreted to show inhomogenous
structure at low temperatures, with "water-rich"
reglons.

L.0 and 2.58 molal LiBr and RbBr retained the prin-
cipal diffraction maximum of water. In more concen-
trated solution (i.e., 13m LiCl) the structure of
the solutions resembles that of the corresponding
hydrated salt.

For KOH, the K" substitutes for an H>O in the guasi-
tetrahedral water structure while the OH occupy
interstitial positions. For KCl, the C1 Ybreaks
down HoO structure by distorting the tetrahedral
coordination and squeezing out HpO molecules,

Thﬁ water structure is broken by I:i" ions. Hydrated
Ii +then pack around Cl ions giving a hydration
mumber of 8-9. The hydrated Ii' ions have four
water molecules in a tetrahedral configuration

about the ion.

HoO molecules are firmly Eeld in an octahedral
arrangement around the Er % ions. There is evi-
dence for an "ice-like" ordering of Hz0 molecules
resulting from the higher degree of orientation
about the cation.
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nitrates were com-
pared to their

corréspond

salt hydrates

Solutions
nitrétes,
fates and

of the
sul~
perchlo-

rates of Cu, Zn,

Hg,
Ga,

in, Mgy,

LiCl, NaCl}, KC1,
NH,.Cl, LiBr, KBr,
NHqBr, KNOg,

Ca(NOB>2:
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tions of Ins(804)s,
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ing solid

T1 and

(1)

(3)

(k)

TABIE I (Continued)
|
TECHNIQUE - | SOTUTES INFORMATION OBTAINED
X-RAY (continued) (g) For lithium and sodium halide solutions 7-9 water
2.5, 5.0 4nd 10 m molecules occupy the first hydration layer of the
P e - halide ions. Their number increases slightly with
LiCl, LiB#, NaT ; ; ; ;
ion size. Becond and third hydration layers are
and CsC1l . . \ . .
2.5 d5/0m corre}ated.w1£h the anions. The region of influence
e ] ’ of Li and Na 1is in general smaller than that of
IiT, NaCl, CsBr ; .
2.5 Cot the anions and corresponds to first and second hydra-
-2 M. I tion layers. The halide ions lie along the OH axes,
while cations lie on the dipolar axes of the primary
waters. Considerable ion-ion contact was detected
in the cegium salt solutions but not in the others.
RAMAN
concentrated (GUN) (h) From a corresPOndence of frequencies in the region
solutions |of Ii, 700 ecm™ " - 1600 cm”* between the solutions and the
Ca, Al, Cy and Th solid hydrates, 1t was concluded that the relative

placement of the ions in the concentrated solutions
is characteristic of the solid hydrate.

Lines in the 360 - 400 em™* region assigned to
metal - O stretching frequency of cation-water
complexes. Increased binding of the hydration
sheath is correlated to .increased ionic charge.

. There is considerable electron sharing in the metal-

oxygen bond.

A similar conclusion was reached from IR studies
for metal-oxygen bonding in solid hydrates.

Strongly hydrated units exist in electrolyte solu-
tions. Librational frequencies of Hs0 molecules in
the primary hydration lgyer of the ions are observed
between 900 cm * and 400 cm . Reasonable agree-
ment is obtained for O--HCH...Cl and O--HOH-..Br
librations in solutions and those reported for solid
hydrates,

Changes in the region below 500 cm T indicated
formation of large, highly-ordered clusters of
Ho0 molecules centered on n™3 ions and extend-
ing several water molecules in depth. Solutions
become more ordered with decreasing temperature.
NOs~ and SO, 2 tended to displace HpO molecules
from the hydration sphere of the cations at +25°C.




TABIE T

(Continued)

b1

TECHNIQUE - SOLUTES

INFORMATION OBTATINED

{ EIECTRONIC SPECTRA

CoClp, COBTE, COIg

and NiCls, NiSOy,
Ni(NOg)a

ErCls, Er(lN0s)s

IS0TOPIC MOBILITY

Concentrated
TiNOaq

SOIUBILITY
KSCN

N.M.R.
Indium halides
General review of

data for many
salts

1-1 Flectrolytes

(m)

(n,0)

(p)

(a)

(r)
(s)

(t)

The observed frequencies below 500 em *, character-

istic of a cabion complex, appear within 30 cm * of
the corresponding solid hydrate in each case,

In the solutiong thermally activated lattice wvibra-
tions were seen which close€ly paralleled those of
the solid hydrate. The structures in the spectra
of the solution were more diffuse than in the solid
spectra. They become more diffuse with decreasing
concentration. The cation appears surrounded by a
quasi-solid-like patch which can support lattice
vibrations. Frank and Evans have argued that a
similar "super-lattice" may be associated with La*®
iong in solution,.

The solution contains aggregates with molecular
orientations similar to the crystal lattice of the
s0lid hydrate.

The nearly linear SCN to an extent occupy channels
in the water structure.

Evidence exists for In(HsO0)e @ complexes in solution.

In general, the hydrated ion destroys the structure
of water and forms complexes of type (Me(Hz0)s).
However, ions may enhance strength of hydrogen btonds
of Hz0 molecules beyond the first hydration layer
due to plarization. Vibrations of the complex are
in general not harmonic.

The ion-water complex is treated as a molecular
species and effective hydration numbers are calcu-
lated. A decrease in the effective hydration
number occurs with increasing ilonic radius. Among
halide ions, it is suggested that only the F forms
a hydrate structure. The larger halide ions "break
down" the water structure. A "Structure making"
effect is suggested for 1it.
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(Continued)
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TECHNIQUE -

SOLUTES

INFORMATION OBTAINED

N.M.R. 0*7 ABSORPTION

Amw@msgmﬁﬂm

of+H Li
Mg,\Be
,\G

QUADRUPOLE RE

+
Be+2,
Sn 2,

+

Bi 2

LAXATION

KC1, CsCl,
LiCl, MgCla

PROTON RELAXA

NaCl,
, AlCls

TION

Alkali halil
solutions

THEORY

Alkal%~meta
catioqs and
anions

de

halid

(1) Exchange times for HsO molecules between the hydra—

(v)

(w)

(=)

tion shell o£ an ion and the solvent were obtained.
For A1"2, Be'®, and Ga'® , the time exceeds 10™ % sec.
while for all others it is less than 10°% sec.

K" and cs* increase the rotational freedom of HxoO
molecules in thi hydzatlon sphere of the ilomn.
In contrast, Wa', Li , Mg © and A1*® reduce it.

The configuration of Hz0 molecules is more stable
about Ii ', Na or F ions than for pure water.
While for all other ions, it is less stable,
degree of stability decreases with increasing
lonic radius.

The

Estimates of interaction energies of ions with their
nearest HoO molecules have been obtained using LCAO-
MO theory. The change in the energy of el@ctrgnq

on hydratlon decreases in the sequence Li > Na >

K" > ot > ost. The energy changes are smaller

for anions than for cations. The translational
mobility. of HoO molecules close to the ion should in-
crease in going from Li to cst. The Raman studies
summarized above also indicate metal-oxygen electron
gharing in agueous solutions. Infrared studies yield
gimilar results for the solid salt hydrates.
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| TABLE IT .
LOW FREQUENCY MOTION OF Hz0 MOLECULES IN IONIC SOLUTION

(All Frequencies in cm 1)

MgClp  LiCl KF NaCl  KCL ~KSCN  CsCl Hz0
Me K | K K :

1000 1060 1000 1170
88440 8L 884 ~ 88l 884 860
_ 6 706 706
67040 (TLL)? 3 (722)8
(6p7).  (660) 670
(6L5) _
5[5 522
522: Lo* | 4 498 547 522 57 590
(487, (550)8
(556)
| b5 480 |
b61¥1s  hsh o (430)° B3h L5k B3k Lsh
(h25)%  (Lbl) (450)&
| 398 k16 | 398 |
39815 382 366 381 381
| (380)° o
5 a
| (38L)
351%15, 337 351 537
267415 250 245 250
eeatls 222 205 222 | 220 222
(200) (252) - 175%5
168 180 168 143 158 168 165  (175)
60=3
(60)8

* Frequenci
!

(a) 1I.
(b)
(c)
(d)
(e)
(f)
(8)
(h)
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TABLE 11T

SELF-DIFFUSION COEFFICIENTS AND AVERAGE
RESIDENCE TIMES FOR WATER MOLECULES IN IONIC SOLUTIONS

"Structure-Breakers"

"New Structure-Makers"

Water
-t = ot
Increased breaking down of Increased breaking down of water
water structure and damping structure and forming new hydra-
of frequenciles characteristic of tion coordinations, the spectra
wvater. of which are characterized by
frequencies that differ from
those of water.
CsCl | KSCN| KC1 Hs0 NaCl |LiCl KF MgCly |{LaCls
1°¢] 0.9 | 1.0 | ©.8 0.8 0.9 1 0.6 0.6 0.k 0.5
Dx10° [25°c | 2.8% | 3.5%| 3.2¢] 2.7% 1.9 1.3 0.9 0.8 0.5
2 .
em”/se) soon | 3.1 | 6.k | haox| b.ox 2.2 2.2) 1.8 1.2 | 1.0
75°C | 3.9% | 8.3% | L.3*| Lo hoo¥f Lhuax| 2.8 1.9 | 1.4
°cf1.h a7 2.0 2.4 340 3.2 3.7 5.7 7.9
10%101%) 25°¢C 2.0 2.1 ] 1.8 | 2.8 | 2.5
sec- 150°c 12| 1.1 1.6 1.7 | 2.2
75°C 1.5 | 1.b

1. All solutions are 4.6 molal except 3.5 molal for lLaCls solution and
3.4 molal for KC1 solution at 1°C.

2. Values with * were obtained from the slope near origin of I vs. K2

curves.
1s not valid.

These values were used whenever simple jump diffusion model
Accordingly, no corresponding values of to are given.




TABLE Ty

SUMMARY OF REPORTED VALUES FOR SELF-DIFFUSION
COEFFICIENTS AND AVERAGE RESIDENCE TIMES FOR
WATER MOLECULES IN TONIC SOLUTION

L6

Temp
(°c) ¢sCl KSCN  KCL  Hs0  NeCl  Licl KF MgCls LaCl  Ref
\ o 1.L5 1.1 o0.78) o0.76 .73
Dx10® em®/sec (Mm) (4m) (4m) (hm) (a)
1 0.97 (b)
10 1.74 1.68f 1.19
| (31) (4r) (e)
} 2% 2.%8 2471 1.8 1.13 1.23 0.8 :
(3.h5M (3.5M) (5.6M)| (5.55M (3.0M) (d)
25 . | 2.70 2.54 1.75
(3+6m) (3.8m) (e)
25 2.57] 1.85
(4t) (e)
25 2.13 (b)
25 2,92 2.6% 2.5 1.60
(Lm) (4m) (5m) (&)
25(7)] 2.7 | 2.4 1.6 1.4 0.45
4.6M) (4.6M) (h.eM)| (4.6M) (4.6M) ()
50 5.9k (b)
5 6.27 (P)
80 6.70 6.49 8.0 L.82 k.65 5.08
(bm) (hm) (5m) (4m) { 4m) (a)
Tx1012 sec 0 .6 (g)
: 2.5 (h)
| cs* x* Nat c17| ni* ¥
! 25 3.1 3.3 6.6 3.3 29.0 6.0
1 2z.0m) &2.9m) (3.3 m){ €3.9m) (<3.5m) (i)t
1 25 1-2 (J)
|
1 Résult_as reported by Fabricand et al are based on 1/¢° and *° was taken as
3.{53:10 12| from Bloembergen et al, See Fabricand's originsl paper. '




47

(a) L. Endom, H.G. Hertz, B, Thul, and M.D. Zeidler, Ber. Bunsengesell-

schaft f. Phys. Chem. 71, 1008 (1967).
H.G. Hertz, private communication

(b) J.H. Simpson and H.Y. Carr, Phys, Rev., 111, 1201 (1958).

(¢) J.H. Wang, J. Phys. Chem. 58, 686 (1964),

(d) D.W. McCall and D.C. Douglass, J. Phys. Chem. 69, 2001 (1965).

(¢) J. Tamds, S. Lengyel, and J. Giber, Acta Chim. Hung. 38, 225 (1963).

(f) K.A. Valiev and M.I. Emel'yanov, Zhur. Strukt. Khim. 5, 670 (1964).

(g) A. Smith aﬁd A. Lawson, J. Chem. Phys. 22, 351 (1954).

(h) C. Davis and T. Litovitz, J. Chem. Phys. 42, 2563 (1965), and
private communication.

(1) B.P. Fabricand, S.S. Goldberg, K. Leifer, and 5.G. Ungar, Mol.Phys. 7,
Los (196h4).

(j) K.E. Larsson, Proceedings of the Symposium of Inelastic Scattering
of Neutrons, held at Bombay, 1964, TAEA, Vienna, Austria (1965),
vol. 2, P. 3.




Figure 1

The Union Carbide neutron-time-of-flight spectrometer.
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Figgre 2

The time-of-flight spectrum of the elastic peak of

5

vanadium is shown for a 65° scattering angle. The primary and

secpndary Bragg cutoffs of Be, Al, BeC and BezC are indicated.

impurities were determined present by emission spectros-

copy. The solid line represents an optimum fit through the

data points with a 32 u-sec. reactor spectrum varying as

1/,

for

n = 5.9 broadened by a Gaussian of width At = 22 p-sec.

the instrumental broadening. Similar vanadium spectra were

measured at other scattering angles at which quasi-elastic

meapurements were made. This initial spectral distribution

was

further broadened by "folding in" a lorentz function with

varying half-width at half-maximum for comparison with the data.

Examples of such broadened curves are also shown with half-

widd

hs indicated. Typical fits to observed quasi-elastic

maxima are also shown. The independence:of the spectral

shap
of 1

of O
|

es for water to cell thickness are illustrated by a comparison
he spectra observed using cells having maximum thicknesses

.25 mu and 0.5 mm (see Appendix I for details).
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Figure 3

The time~of-flight spectra.and the corresponding one-

phonon frequency distributicns for water at 1°C and 90°

scattering angle are compared to those at a 45° scattering angle

at 25°, 50° and 75°C. Partially resolved broad maxima appear

def'

both

a D

.

were

temp

the torsional region above 400 em™! which become less well

ned with increasing temperature. Similar maxima, appear,
in resolution, in. spectra taken at other angles
The frequency dlstrlbutlons were calculated, assumlng

the validity of cubic one-phonon cross section and

bye-Waller factor of unity. If these approximations

strictly valid, the frequency distributions at s given
erature coincide for data taken at different angles which
ot observed. Similar conclusions have been reached and

. 18
15sed in detail by Iarsson and Dahlborg.( )
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Figure 4

time-of-flight spectra at 1°C for 4.6m MgCls, KF, LiCl

Sm IaCls are compared with their corresponding solid salt

at -25°C. and all spectra were measured at h5° scattering

The

s of the frequencies in the liquid and their correspondence

in the solid hydrates appear most pronounced at these
At higher concentrations, as

Figures 6 and 7, the similarity of the frequencies for

MgCly and KF solutions to those in the respective solid becomes

more pronounced. The corresponding frequency distributions calcu-

lated in
figure ar
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I

the one-phonon approximation from the spectra of this

e shown in Figure 5. The frequencies of the spectral

d shoulders are given in em %, The dashed arrows indicate
oulder as determined by shape changes in the time-of-flight
ion at higher frequencies where their intensities are

d by the population factor and by the réductialof the
However, they appear as partially fesolved components in
sponding frequency distributions. In a number of cases
Clp+6Ho0 and LaCls-6H20) individual maxima in the liquid

r unresolved in the solid, as indicated. However, these
pear in spectra taken at different angles and tempera-

nstrumental maxima arising from secondary Bragg cutoffs

D, BepC, and Al in the primary beam are indicated.

rrors calculated from observed and background counts are shown.
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Figure 4 (continued)

The incoherent neutron spectra of a number of solid hydrates

(78) (T19)

have been reported previously as observed at a scattering
angle of 90° and at 25°C. However, it was found that the sharp-
ness and resolution of the maxima observed here for these hydrates

appear markedly increased in spectra taken at 45° scattering angle

and at -25°C.
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Figure 5

The frequency distribution corresponding to the time-of-
flight spectra of Figure 4 for the solld hydrates and solutions
of 1aCls, MgCls, KF and LiCl, are shown. They were calculated
agssuming a one-phonon cross section for the inelastic spectra.
The energies of the maxima in the frequency distributions are
given in em™t. The energies at which these maxima occur in the
time-of-flight spectra of Figure 4 are also given in parenthesig
for comparison. It can be seen that any shifts of the peak fre-
quencies due to the temperature dependence of the one-phionon
cross section in general are one channel or less,

MgCls-6Ho0 (1) was measured at -25°C and at 45° scattering
angle, and MgCls-6Ho0 (3) was taken at 25°C and 65° scattering

angle.
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Figure 6

The time-of-flight spectra and the corresponding difference
curves for neutrons scattered at 65° angle from 1.0 m, 3.5 m,
5.5 m MgCls and from MgCls-6Hz0 at 25°C. The two frequencies
at 45k cm™t and 382 em T which appeared unresolved in the -25°C
gpectrum of MgCls *6Ha0 (Figure 3) appear partially resolved in
the above spectrum. The difference curves were obtained by a
channel-by-channel subtraction of the water spectrum from that of
the galt solution or the solid hydrate. The only purpose of
these curves is to emphasize trends and to aid in the recognition
of spectral regions where differences occur. They are not to be
interpreted as spectra of species present in the salt solutions
but not in pure water, and only the more major features and
maxima should be considered as statistically significant. As a
result of normalization procedures the net area in the inelastic
region (channels 30 to 145) is set equal to zero, hence, an
intensity enhancement in one region 1s compensated for by an

apparent decrease in another,



SLINN AHVHLIGHY NI ALISNILNI TVILNIYIHSI0 -

ol A\af W R
ol .
oS o
3 ] s
8_.' 2 A-
—O
¢ X
1
OOm_I ) [ - [ Lt - - w
0001 |- L, q - 1 TE
T 0002 = < g <% o 3
€ ‘ T
s Q 1 °
I o = N g
2 © Q o S, i
. on
S Y = M = o
[ ] o
o Ty :
x = e L2} = o ©
ol 14
4 : Wl
& g
z =2
S o Z
14 -
£ o
=2
w
4
Sﬁ
o0l

008} -

000I
- 0002

SLINM AYVYLIGHY NI ALISNILNI




25

Figure 7

The time—of-flight distributions and the corresponding
difference curves for neutrons scattered at a 65 angle from 4.6m
and 17.0m KF¥ and from KF.2H-0 at 25°C. In addition, the time-of-
flight spectra and corresponding difference curves are also
shown for comparison. With increasing concentration the specitra
of the KF solutions appéar to approach that of solid KF-HzO. In
contrast, the spectra of KSCN show a much less pronounced departure
from the water spectra with increased concentrationf With the
concentration rangee shown the torsional maximum is observed to shift
to higﬂer frequencies and the quasi~elastic maximum to sharpen and
intensify relative to waber with increasing KF concentration. In
contrast, L4,6m KSCN shows a broad and less intense quasi-elastic
maximum than water and a slight broadening to lower_energies of
the torsional maximum. However, in 18.5m solution of KSCN the
quasi-elastic maximum appears sharper and more intense than for

water.
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Figure 8

The concentration dependence of the neutron time-of-flight
spectra and corresponding frequency distribution for LiCl are
shown for data taken at a MSO scattering angle. Data are shown
for solutions at 25°C and for the solid hydrate at +25° and
-25°C. Maxima appéar better resolved at the lower temperatures
for the solid kydrates. The spectra of the solution with in-
creasing concentration become similar to that observed at -25°¢C

for the solid hydrate.
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Figure 9

The time-of-flight spectra, the frequency distributions,
and the differential curves for neutrons scattered at 65° fram
s0lid LiNOs 3Hz0 and 18.5m of LiNOg obtained by melting the
s0lid hydrate in its waters of crystallization are compared.
The frequency distributions corresponding to the neutron

spectra of Figure 5 at 65° for KF as a function of concen-

tration are also shown.
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Figure 10

The time-of-flight and difference spectra for L.6m
of four potassium halides at 25°C and a scattering angle of

65°. The effect of varying anion size is shown.
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Figure 11

The time-of-flight and the difference curves for
% ,5m sodium, calcium and lanthanum chlorides. As these
_cations have each essentially the same radius, the spectra
show departuré from that of pure water as a function of ionic

charge.
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Filgure 12

The time-of-flight and difference curves for 4 ém solutions
of lithium, potassium, sodium and cesium chlorides. The effects
of varying the ionic radius are shown. Departures from the water

spectrum increase regularly with decreasing ionic radius (i.e.,

CsCl < KC1 < NaCl < LiCI).
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Figure 13

The time-of-flight distributions of neutrons scattered at L5 -
from %.5m LaCls solutions at l°, 250, 50° and 75°C are shown on the
left. Many of the inelastic maxima present at 1°C persist to higher
temperatures although broadened and less well resolved. The angular
dependence (see Appendix II) of the IaCls solution spectra is shown
on the right with curves recorded at 1°C and scattering 3 s of
45, 55, 75 and 90°.

The areas under the curves on the left are normalized to a
constant value over channels 30-145 to emphasize spectral features in
the inelastic region. The righthand curves demonstrate that although
they are broadened, the frequencies in the inelastic region persist
with increased scattering angle and also allow a comparison of the
gquasi-elastic maxima with varying scattering angles. These curves have
been normalized to the same constant area but over channels 30-240.
This procedure results in a suppression of spectral features in the
inelastic regionj; note nowever the consistency of features in the
topmost left and righthand curves which are for the same data under

the two different normalization procedures.
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Figure 14

The time-~of-flight distributions of neutrons scattered at
an angle of 45° from 4.6m CsCl, CsI, KC1 and KSCN are compared at
temperatures of 25°C and 75°C. These salts (see text) are normally
considered to be structure-breakers. It should be noted that,
unlike water (see Figure 3 ), partially resolved torsional maxima
appear at 75°C the frequencies of which depend on both cation
and anion, and are asgsociated with primary hydration water in

Hz0O-ion complexes as described in the text,
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Figure 15

The observed values of T', the Lorentz-half-width at half
maximuwm, &as function of K%, the momentum transfer squared, are
shown for water and salts containing small or highly charged lons.
Note that at each temperature the curves of T' vs. K2 for all
these lie below that for water solutions. These results are for
It 6 molal solutions excepting for the 3.5m LaCls.

The values of T vs. K& obtained by larsson (19)
for water are also shown for comparison and appear in agreement with
those of the present measurement. (The 1°¢, 50°C, and 75°C data
were taken from Larsson's experimental curve(lB)J The full solid
lines through the data points represent fits to the data minimizing
(63)

residuals with the simple jump diffusion relationships

h -2

r= — (1-2—7p)
. l+TQDK
Q

The values of Dg and 1o Qf Table TTIwere &0 obtained. A partially
so;id and dotted line indicates a departure from the temperature
behavior.of the simplé jump model as described in the text. For
such data, only a value of D has been extracted from the relation
I = hK®D and the observed shape near the origin. The errors shown

represent the limits to which a value of T could be varied
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an ob

bt incurring variations outside of statistical accuracy between

served quasi-elastic maximum and the Lorentzian broadened incident

energy distribution (Figure 2 ). Small but real departures from a

true
Such
simpl

Appen

[orentzian shape especlally in the wings cannot be precluded.
departures could occur where the temperature dependence of the
e jump diffusion model is no longer valid (see discussion in

dix II).
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Figure 16

The observed values of I vs. K* are shown for water and
aquepous solutions of salts having iarge,'singly—charged ions
at l°C, 25°C, 50°C and.T5°C. The concentration of all the solu-~

tiows was 4.6m except for the KC1 at 1°C which was. 3.2m in concentra-

tion., At 1°C the T vs. K2 curves for these salts all lie systemati-

cally above that for water in contrast to the corresponding curves
for the salts in Figure 15. With increasing temperature the T vs. K®
crosp that for water and at 75°C with the possible exception. of

CsCl, lie below that for water.
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APPENDIX T

THE EFFECTS OF MULTIPLE SCATTERING AND CELL DESTIGN

Larsson(68) reported that upon running the spectra (at 30°
scattering angle) for a0.5 and 0.2 mm cell, that the intensity ratio is not
far from 2.5:1 over the entire energy scale as it should be for thin
samples . A 0.2 mm sample was then considered as a "real thin" sample.
In addition, a number of Quasimelastic studies have been made(69—Téging
effective cell thicknesses in terms of the number of hydrogens per square
centimeter which were equivalent to our 0.5 mm cell for water.

In the present investigation the choice of cell thickness and
design was based upon a number of considerations and measurements in addi-
tioﬁ to literature recommendations. In particular, the following features
should be noted:

(1) It was found that a thin cover plate of Al over a thin

layer of water or a series of caplllary grooves tended to

bow and increase the sample thickness especially at the

higher temperatures. Therefore, a cell désign gimilar

to that reported by Cribier and Jacrot(To)

was adapted
except that the water was contained in grooves precision
pressed into the Al cover plate which was backed by =a
flat sheet of Cd. When the Al plate was then fastened
in place the grooves served to strengthen the plate
against measurable bowing as well as to contain the

solutions. The spacings and collimations of the cell

were such that for the range of scattering angles used




(2)

no significant fraction of the neutrons incident
upon one water-filled groove.could, upon scattering,
pass through a second before going down the flight
path. Thus, the maximum thickness was 0.5 mm, while

the average thickness was about 0.42 mm.

A number of cell thicknesses between C.17 mm and
thickness above 0.5 mm have been measured. The com~
parison of the spectra of 0.25 with a 0.5 mm maximum
thickness cell ;hows that these spectra are identicai
in shape within statistics.

Care should be taken when reducing the cell thick-
ness to the 0.2 mm range that any differences seen with
varying sample thicknesses do not occur from signal-to-
noise ratios being uncertain and background corrections
which are made to all spectra; i.e., a background correc-

tion for a thin cell is much more important and must be

determined much more accurately than one for a thicker cell.

This became evident when the spectrum of the 0.17 mm cell
was measured. To ensure this not only the cell thickness

but also the cell geometry have been varied such that the

" signal-to-noise ratic also varied to a significant

degree, It wals required that not only should this

spectrum reproduce for two different sample thicknesses

“but for cells of these thicknesses having significantly

different backgrounds that any variations or similarities
in the spectrum were not fortuitously due to the way the

background was handled,

ii




iii

APPENDIX II

THE OBSERVED BROADENING OF THE INCIDENT LINE AND ITS RELATIONSHIP TO THEORY

As noted in the text, diffusi&e motions in water or.in the ionic
solutions result in a series of small energy transfers that effectively
broaden the incident neutron energy distribution and give rise to the so-
called "quasi-elastic” peak. In principle, highly accurate data would be
desirable to allow the following features of the "quasi-elastic maxima"
to be investigated in detail and quantitatively correlated with theoreti-
cal models,

(a) The functional form of shape of broadened distribution

(b) The half-width at half-maximum as a fuéctjlon of the

scattering angle

(¢c) The angular dependence of the area of this maximum

(4) The temperature behavior of both the area and the width.
In practice, precise data on the shape is difficult to obtain, and uncer-
tainties in shape, particularly near the "wings" of the broadened curve,
may result from the manner in which the contribution of the inelastic
portion of the spectrum is estimated and subtracted. In the present in-
vestigation (as discussed in detail in our Anmual Report for 1967) the
observed temperature and the angular dependences of this background were
well approximated by a spectrum of neutron éééttered from a "gas of

mass 18.," A similar behavior was also noted by Brockhouse(eg) and

\ .
others.<25/ This background results from small inelastic multiple transi-
tions between the closely spaced levels of the contimmum limit of the
anharmonic potential in which Hn0 molecules are bound. Upon subtracting

such a background, all the resultant quasi-elastic maxima were observed,



within

statistics, to be Lorentzian.

iv

However, small but significant devia-

tions in shape may exist, but be obscured for cases where the broadening

and the)

tures, ‘
[

] \
discuss

inelastic background are both large; for example, at high tempera-
nd, in certain cases, at high K values. Nevertheless (as will be

d below), such undetectable departures in shape may also correspond

to changes in the functional variation of the T vs. /K®/ curves with tem-

peratursg

until re

21
which can be detected. In addition, as reviewed by Iarsson,( )

cently there have been discrepancies outside of experimental error

on the measured values of the width ag a function of the angle for pure

water atj -25°C,

able to account for their observed angular variations of the widths.

Further, in view of the errors, a mumber of models appear

It

is therefore desirable to study a number of aqueous systems so that the

numerical values of characteristic parameters such as self-diffusion, co-

efficients and residence times which result from the application of a

specific
!

theory may be compared with values from other techniques,

For a model, the motions of a Ho0O molecule are in general speci-

fied by & space-time correlation function, G(;,t). G(?,t) states the

probability that a particle at T =

timk; t.

© will be at a position T at a later

Itnhas been determined that the cross section and hence the

intensity for neutrons scattered into a solid angle 9 after gaining or

losing an energy hw =

O

tion is given

- WV/ET' o [ + + @ “ )
&g f Na - 1(K.r-at) -
T = Vi 5 j dt f dre G(r,t).
- 0 - 0

Ef - Ep and a momentum of 1% from a molecular vibra-



The double fourier integral term is called, S(X,»), "the
scattering law" and depends only on the molecular dynamics of the system.
The problem then is to obtain for a model G(?,t). For an associated or
hydrogen.bonded liguid such water of any model should attempt to include:

(a) The intermolecular vibrations

(b) The diffusive motions

(¢) Correlations between diffusive and vibratory motions,
damping of low frequency modes into diffusive motions,
and anharmonicity and multi-phonon effects

(d) The possibility of combined motions of individual water
molecules as well as motions involving correlated motions

of groups of molecules,.

While G(¥,t) represents the general solution to the equations of
motions, it must, for any model, approach specific functional limits at

both very short and very long times. As the neutron interaction time is

1

o (where vo is the velocity of the incident neutrons) then for the

curves of T" vs, Ka, large X° values correspond to short times and small
K2 values will correspond to long times. For very short times (large K2

values) a particle in a liquid will approach the behavior of a free
( 1- 1 1
H3/2 vos - '/1:/3
where vo = (2kT/M)1/ 2 and M is the mass of the diffusing unit. This leads

- - _.
classical gas with G(r,t) =

) x exp (—rg/(vOt)E),

to a quasi-elastic width given by 2T' = 2.556(%§)ﬁK. In contrast, for

long time, classical diffusion is approached with

G(T,t) —e (b7 Dt)‘f’/'2 exp(-r2/2(Dt))
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self-diffusion coefficient. This gives a Lorentzian broaden-

ident line with a I = hDKZ. Thus, any correct model should in
e information on the mass of the diffusing unit for very large
allow a value of D to be obtained from the slope of T vs. K=
Then the Important differences between models and the dif-
ions bn the binding of Hs0 molecules to structured units and
ip of this binding to the diffusive kinetics will occur at
plues) intermediate to the above limits. In order to correctly
'"intermediate region" it would be necessary, for example, to
evin equation for the system

-
at®

&
dat

viscous damping coefficient, and MP(t), the stochastic driving

+ F(t) and to

n

inately, an exact knowledge of these latter quantities implies
tive and specific knowledge of water than is presently avail-
ice therefore, certain specific types of diffusive motioné are
leir corresponding T vs., K= dependences calculated and tested
surements. In the present experiment for water and ionic

first approximation, we have compared the observed dependence

a function of temperature with fhe delayed diffusion model.(65)(75)

hat the molecule reorients or jumps between sites with a

ith an average time between jumps given by
2
10:1/6'43—.

peumed that 1o is at least an order of magnitude larger than

period so that a molecule performs many oscillations between
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jumps. Between bonding sites the molecule moves as a free particle with
a transit time 11 = ,ﬂ(%)l/ 2, If this time much shorter than the
period between the jumps these motions can be negleected as the gas-like
motions are delayed by the fact that the molecules are first bound for

a relaxation time 1o. This "model” does not specify if the "jump" asso-
ciated with 1o is due to a reorientation of a molecule in the structure

" Such information

or if a water molecule breaks from the structure and " jumps .’
would be contained in the specific temperature dependence of 7¢ and D.

For arbitrary values of 11 and 1o, the broadening of the incident line is,
in general, not Lorentzian, When 1o << 1;, the "quasi-elastic” peak is
Iorentzian with T ='hDK?, corresponding to the long time limit discussed

above, In the limit 1o > 11, the diffusion takes place by a series of

activated Jjumps, the quasi-elastic maximum is again ILorentzian but now with

-2W
e

re o O ey
which again for small K= (i.e., long times) approaches'ﬁK?D or classical
diffusion. However, for large K=, T" approaches ﬁ/ro. Thus, as this T,
for large K*= values (i.e., short times)_does-not approach the necessary
limit of the classical gas, it must only be considered as.at best an
approximation for times intermediéte between the diffusion and gas model
limits. Indeed, these authors show that for large K* the guasi-elastic

peak 1s not Lorentzian broadened and the cross section is a series expansion

K2DPM
KT

in for which the above expression for T is the first term. Hence,
for very short times, the motions must correspond to diffusion of a gas

with a correlation time, Tg = g% as given by kinetic theory. From




fluctuation
(AXE)l/E _

momentum tra

viii

theory, a diffusing particle goes an average distance
2Dt)l/E in a time t. If a neutron is to be scattered with a

nsfer 4 by "interacting" over a distance (AX) with the diffusive

motion, the |interaction time tobs must be > 5%%; . For simple Langevin dif-
fusion,-ﬂr 5T where Ty is the characteristic time for diffusion to begin.(66)
|
i g
e DPKPRT . : . :
Then, when = = T is less than one, diffusive motions will be seen.
obs

When this ral
like motions
diffusive mo

like motions

tio is greater than one, indi#idual gas-like or free particle-
of particles wil% be observed. Thus for small K® values of
tions are observed while for large K= values of free particle-

are observed. Now if the Langevin diffusion is delayed by a

residence time, 1o, then the jumps will appear as diffusive motions with
(2 L Tobs > 1 = 2
D=1/6 — for s— or at small K° values. For large K2 values
TO TO 1/3 .[ K
again of indlvidual particle motions would be observed while for intermediate
i L] > > KT i -
times, l.ey )T 3 BRe tobs T all lines would be broadened accord

ing to ﬁhe ur In the above expressions

certainty principle, i.e., T = 4%/7o.

the mass M nded not be that of an individual water molecule rather it could

correspond ta the total mass of the water molecules within a range in which

they effectively move in a correlated manner. Thus, beyond this range the

vibrational modes would damp into diffusive motions. However, if discrete

"clusters" welre to exist, then this mass would be the "cluster mass."

However, 1t dpes not imply the existence of cluster.

In the data for water and ionic solutions at small K= values,

the values of|TI" appear to approach the origin linearly in accord with

T = hDK®, the|necessary behavior for the long time classical diffusion

limit of any ¢orrect correlation function. The problem is then at the




larger values of K2 at which data are taken whether within the error T is
uniquely-approaching the limit I = ﬁ/To of the delayed diffusion model or
if significant contributions of "free-particle” motions are in addition
contributing. Particularly at higher temperatures where the curves of

I' vs. K© become less "flat" and g is increasing, contributions from a gas
behavior may be significant. Unfortunately, for experimental reasons
measurements cannot always be extended to sufficiently large kK2 values so
that an approach to a constant value of I' is convinecing. Indeed, if the
curve does not bend sufficiently within the observed range of K= values, a

(63 (76)(17)

number of different models appear able to equally well account
for the functional dependence of;P vs. K=, For example, this has been
particularly true for data for pure water at 25°C. In principle, contri-
butions from free particle motions or deviations from the simple jump limit
might be detected by corresponding departures from a Lorentzian shape.
However, as discussed above, background subtraction and the accuracy of

the data may preclude such departures from a Lorentzian broadening being

detected. A more sensitive empirical determination results from the pre-

dicted temperature behavior as follows: We define the dimensionless

2 :
parameters T/kT = y and T < X Then, for the Jump diffusion limit
y = == ( i )
‘ TokT lﬁkg%%gx

For small K (i.e., small x) vy = x and is temperature independent .For large
X, ¥ —awh/ro/kT and as 1o would decrease (exponentially) with increasing

T, y would therefore increase. In contrast, the gas model would predict




x '

4

y = (2In 2X)1/2 (%1 ﬁ%)l/z so that, in contrast to the jump model, y
P g ‘ )

deQreases with increasing T.

1 ©5)

Egelstaff has proposed a general model for the intermediate

time range in liquids. In addition to the jump diffusion of individual
- molecules, strongly correlated globules of molecules are assumed to
cooperatively diffuse together. The ratio of "globule mass" to the

©7) (1)

molecular mass as noted by Sjbiander and by Larsson is related to
the relative number of degrees of freedom that may go into diffusive modes,
i.e., the larger the cluster the lower the number of such degrees of free-

dom. Thus, in their extensive studies of liquid pentane and glycerol

which are like water, the relative number of degrees of freedom is small
| .
at low temperature and increases rapidly with temperature corresponding

to 4 rapid breakup of the structured units with temperature. TFor the motion

of éhe "gllobules"
|
|

} y = (21n 2x)V/2 ( 2 . ElT' /2
v 2 + (n/lcr)?)H/2

This model also passes to the gas limit fér high temperature and to classical
diffusion|for long times or small XK= values. l/-rg =t is the "friction
constant" |and Ty = %; (M/Va)(Rg)a é%'where M and v, respectively are the l
masses and‘volumes of molecules and Rg is the correlation range. As for:
the gas mgdel, with increasing temperature, D/kT and hence g would in-
crease, and y would decrease. However, it should be noted that no specific
temperature-dependence is assigned to Rg which could decrease with increas-
ing temperpture and tend to reduce Tt For this reason, it is best to

compare obgerved changes in y at a series of temperatures the separations F




xi

of which are not very large campared to difference between the melting and
boiling points of water.
In‘general, the passage to a gas behavior 1is attributed to an

increase in Tg given above by

rg = & 04v,)(R)® D/kT

due to D/kT increasing with temperature. If we consider that at the in-
version point To.= Ty then we define a value of KCE = (kT/MCDg) where
M, = %g(M/va)Rgs. For K2>>Kc2 gas behavior is observed and ch would
decrease with increasing T due to increasing D. Thus, with increasing
temperature ch would decrease into measurable range of K= and gas be-
havior is observed. For a solution of a "structure making" salt where a
solid hydrate-like ordering of HpQ molecules may exist, diffusion of corre-
lated groups of HoO molecules may be restricted so that KC2 would be large
and the jump-diffusion of individual HgO molecules would primarily contri-
bute to the half-width T within our range of high K= values. In contrast,
the addition of a "structure breaker" like KSCN would increase the ability
of such correlated aggregates to diffuse and hence lower KCE.

The maxima in the inelastic region will also in part be broadened
by diffusive motions of the molecules. Thus, as discussed in the text, the
following general trends are observed in the spectra:

(a) The addition'of a salt that sharpens and intensifies the

quasi-elastic maximum also tends to sharpen the associated

inelastic maxima relative to pure water
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xii
Both quasi-elastic and inelastic maxima are sharper at

small angles and quickly broaden and decrease in intensity

with increasing angle

Maxima (within resolution) do not shift appreciably as
expected for coherent effects. Indeed solid salt hydrates
as for'pure water have been treated ag incoherent

(18)(79)

scatteres,

In general, the width of the inelastic maxima will be determined

by the resolution and width of the incident line and the relaxation

In addition, for an associated liquid such as water,

persions 1in size and type of the bonded clusters and in the asso-

ntermolecular frequencies may also contribute to broadening 1ines.

(20)

has argued that the large width of the torsional maximum

water could not be explained in terms of a Doeppler term or gas-

Ith for a mass of 18. He tentatively ascribed this width to a

ity of species of the type suggested by Cross et al.(Be) Although,
fed in this work, the presence of more than one torsional component
rt explain this. However, for certain of the solutions in the
aper the intermolecular frequencies appear better defined than
water (for example, gee the LaCls spectra of Figure 13) and the
broadening associated with a "high energy or gas-model limit”(SO)'
oo large to account for their widths (being 30 mev near channel 49
(21) who has recently

the gas-model limit is inadequate to explain the observed water
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The features a-c above are more in accord with the more general

(75) (67)_

features proposed for a number of recent models The self corre-

D — =
lation function is taken as Gs(r,t)ta'/-Gé(R,t) GZ(R-r,t) dr
where G—D describes the diffusive and G’ the vibrational motion. Upon per-
forming the double fourier transform an expression results for the scatter-
- D1y gv 'Y g ratd
ing law SS(K,a)=? SS(Km ) SS(K,(arm ) d»'., For the vibrational part

SZ(K,(m—w')) can be expanded in a multiphonon series, each term of which is

effectively further broadened by folding in the dispersion of the diffusive
energy transfers expressed by SS(K,Q'). The zero phonon term would give
rise to the quasi-elastic maximum discussed and the remaining terms to the

(80) (81)

inelastic spectrum. Further, as SjSlander and others have argued,
the zero and one-phonon terms would give rise to maxima superimposed upon a
relative smooth and continuously differentiable background arising from

higher phonon terms. Thus, for diffusive motions leading to a Lorentzian

D e ?r(x)
function the zero phonon term would give S (K,®) —————=* the one-phonon
: P (K) + of
term would be:
1(E.0) wa k2= 2V g(v)ay r(X)
§H (K@) KR VEHV/RTTT (@ PAT2(K)

where h® is the energy transfer and v is the frequency of the mode. The

width of a maximum would reflect both the frequency distribution (v) and

the diffusive broadening through r(K). At small scattering angles all
maxima should sharpen as;

(l) The contribution of higher phonon terms should decrease
with decreasing a.ngle.(82> Thus, zero and one-phonon
singularities would become more proncuned relative to

the background.
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(2) | 7(K) for small angles, hence, for small (K) would approach

‘hDK? and hence decrease, thus reducing the diffusive broad-

ening of all lines

(3) e the Debye-Waller factor would increase toward unity
with decreasing angle and intensify the area of the elastic

and inelastic components.

Thus, as observed, both quasi-elastic and inelastic lines should
be sharpept at small angles and rapidly de-intensify and broaden with in-
cre;sing pngle as a result of both increases in the number of highef phonon
ter@s and| in the diffusive broadening. Further, individual inelastic maxima
may;broaden at different relative rates as the Debye factor differs for

(20) (18)

and others have noted that even

indﬂvidual modes. Indeed, Springer

for}pure water more than one "effective Debye temperature is necessary to

accgunt for the spectrum."”

| The addition of small and/or highly charged ions to water can

sharpen inelastic maxima relative to pure water by one or more of the

followlng:
(l) Increasing 2W and relatively reducing high phonon contribution
(2) Decreasing the relaxation rate and the self-diffusion coefficient

hence decreaging any diffusive broadening.

(3) |Forming more unique associated species.than in pure water.

i This is particularly true at higher concentration of =alts

where the majority of the Ho0 molecules would be in the

iprimary hydration layer. Thus the frequency distribution

(hw) observed would not be an average over as wide a distri-

bution of species as for pure water.
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Coupling between diffusive motions and slow or low
frequency vibrations in the liquid phase could dampen
the low frequency tail of the gMw) for a mode and thus,
compared to a solid lattice, narrow the frequency

dispersion.
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