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Raman spectra of the water stretching freguencies in rare earth

chloride solutions as a function of concentration
#Hilliam Charles Mundy

Under the supervision of F. H. Spedding
From the Department of.Physics'
Iowa State University

Raman data was obtained for both polarizations of the OD
stretching spectral band of water and six concentrations of
agqueous soiutions of LaC13, GdC13 and LuCl3 in which 5% of
the water was D,0. The six concentrations of the rare earth
salt solutions were approiimately O.S; 1.0, 1.5, 2.0, 2.5 and
3.0 molal. For comparison, Raman data was also obtaiamed for
the OH stretching frequency of water and aqueous GdCl3,
having siwmilar concentrations as indicated above, in which
95% of the wvater was D20. All of this data was taken at roon
temperature.

Both the OD and OH spectral bands are superimposed on a
finite background. For the solutions in which 5% of the
water was Dzo; it was assumed that the background could be

approximated in the OD spectral regiom by the spectrum of so-

lutions of the same concentration made with 100% Hzo. Like-



Vi

wise, for solutions in which 95% of the water was ﬁzo, go1u-
tions made entirely with deuteraﬁed water were used to ap-
proximate the bhackground in the spectral region of the OH
band. |

The resulting data was'corrected for the intensity re-
sponse of the detection system ahd is listed with estimated
standard deviations. ﬁepolarization ratios were calculated
which demonstrated that these ratios vary with Raman frequen-
CY.

At least four normal Gaussian curves or three skewed
curves were required to fit within experimental error the
data for water as well as the solutions. But it appears that
these fits are nothing more than curve fitting equations.

A differential analysis technigque was developed which
allovwed +he identification of distributions of the stretching
vibrations associated with water molecules which are Cclearly
affected in different ways by the rare earth and chloride

ions.



INTRODUCTION
' Water Strucfure

Knowledqe concerning thevstructﬁre in liquid vater is
importgnt for many areas of cﬁemical, biclogical, geological
and metecrological research (43, 49, 51, 60, 77). The indi-
vidual water molecule is well characteriied and many of its
troperties can be cosputed vith resuits in good agreement
vith experiment. 'But in many respects the behavior of liquid.
water is very puzzling (36, 50). Water is anomalous in
nearly all of its physicochemical properties when compared to
similar liquids. The higher melting and boiling point, the
unusually high heat capacity, the decrease in volume when
melting and the decrease in viscosity with increasing
pressure are some of its unusual charaéteristics (28, 51, 60,
76) . These unique properties indicate that there is a funda-
mental diffetgnce between water and most other 1liquids. No
definite model exists yet that correctly explains all these
Froperties of water. It is felt that the unusual nature of
vater results from the dipole moment of the water molecule
and from the fact that water molecules can form as many as
four hydrogen bonds with each other. This allows the forma-
tion of a spatially extended network of interconnected mole-
cules (15, 36, 75). Experiﬁental data, such as x-ray
diffraction, seem to confirm that close.neiqhbors are not

randomly distributed but have short range order (73).



The nature of the Observed structure depend$ on- the time
scale employed and is discernible only if the average life-
time of a structure exceeds by an order of magnitude the
period cf the vibration of the bonds that define the struc-
ture (6; 27). Implicit in this statemént‘is the fact that
different experiméntal methods may indicate different struc-
tures for a systen.

A satisfactory theory of the structure of liquids has
lagged far behind that of other states of matter because of
the intrinsic difficulty of cha;actecizing fiuids (8, 9, 23).
In gases the kinetic energy of tue nearly free mdlecules
dominates the behavicr of the system; in solids it is the
periodicity of the potentiél energy in which lattice vibra-
tions cccur that is most importaht. But in liquids these two
energies may be similar in magnitude.

The theory of water has been hampered by a lack of a
general theory of the liquid state even for simple or normal
liquids (27, 60). In addition, the directionality of intér-
actions in liquid water exerts an influence on local order
which 1s not present in other liquids, thus making its theé—
retical treatment even moré difficult (57, 84). And a theory
for water will depend on the type of theory adbpted for hy-
drogen tonds, since the hydrogen bond plays a fundamental
rcle in the structure'of any aggregate that uafer molecules

can form (6). The pctentials between molecules are non-



additive to a‘siQnificanf degree, with the hydrogen bona de-
pendinq in a complicated way on both the number and configu-
ration of neighboring bonds (82). Also the céhesive energy
between pairs of-moleéules is an order of magnitude largef
than for liquified ncble éases‘(35). ‘Thus, the statistical-
mechanical approximations that can be applied to equilibrium
and transport properties of liquified inert gases can not be
applied to iiquid Qatér (23) . This makes it difficult to
fornulate a theory of liquid vater (36) .

Existence of a structured or ice-like component of water
has long been postulated to aCCOUnt.for the phenomenon of
maximum density in liquid water (34). As early as 1880,

H. A. Rowland suggested that liguid water contained ice, and
in 1892 W. C. Roentgen described water as a saturated solu-
tion of ice in a liquid composed of simpler molecules (26,
35). After the turn of the century, water was generally con-
sidered to consist of a mixture of different water polymers
with varying degrees of association (5). .These theories ex-
plained qualitatively some of the properties of water but
gave little guantitative results.

A paper by Bernal and Fowler in 1933 was the first sig-
nificant quantitative contribution to the theory of 1liquid
uater‘(7, 19, £7). They suggested that the unusual nature of
water was due, not only to the dipole character of the indi-

vidual water molecule, but even more to its geometrical
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structure. A comparison of x*rdy diffraction of ice and
vater led them to propose a model for water consistihg of
molecules held together in an irreqular tetrahedral arrange-
pent by hydrogen bonds asvin ice and in addition a certain
fracfion'of monbmers. They assumed that upon melting the
structure of water was transformed from an ice-tridymite-like
form, which persisteé in some degree up to 4°C, to a quartz-
like structure at ordinary temperatures. In the structural
change, nearest neighbor distance remained about the sanme,
tut the next nearest neighbor distances decreased by about
0.4®. This accounted for the abrupt change in density when
water melted. The structured water was quessed to be like
quartz, which was tetrahedrally coordinated, because of the
similarity in the x-ray patterns.

In retrospect Bernal noted that he was originally
inspired by the analcgy between the scattering patterns of
liquids and the corresponding soliids (8). He stated that he
presently felt that this was a delusive approach which
impcsed a greater degree of corder tham actually existed in
liquids - that liquids were not just a blurred solid.

Most recent models of liquid water emphasize extens;ve
hydrogen bonding and formation of spatial networks (76).
These theories range from the concept that the orientation of
colliding dipoles may be correlated for short times (26) to

the idea that each mclecule may be boaded to 1ts nearest



neighbors and they to theirs; so that the entire volume in a
certain sense forms a single loosely bonded'molecule (29) .

A number of models have been préposed for liquid water.
They can be classified in twc basic categories - continuum
.model and ‘mixture model (60) .
| In the continuum model, thg entire liquid is cpnsidered
tc be homogeneous, having an irregular extensively hydrogen-
tcnded structure (27, 77). The hydrogen bond is regarded as
teing bent (as if it were eléctrostatic) rather than broken,
and there is a continuous distribution of hydrogen bond ener-
gies and decmetries (19, 57).

The basic premise of the mixture model is that liquigd
water is conmposed of a small nunber of distinctly different
short-lived species cf water molecules characterized by dif-
ferent numbers of hydrogen bonds (30). Generally the hydro~-
gen bond is reqarded as no longer éxisting when it is bent,
since substantial covalency, which is very directional, is
assumed for the bonds (19).

In general, the mixture model is attractive to many
chemists. They find it useful for qualitatively interpreting
thermodynamic properties of water and the behavior of aqueous
sclutions. On the other hand, chemical physicists, who see
difficulties in conceiving how one molecule in a liquid
should avoid being subject to the same strong forces that act

on other molecules in the same system, tend to support the



continuum.model (36) . All the models ccnsidered so far ére
intuitive, and none havé a firm theoretical and physical
basis (60). |

E;perimentalli several models, which differ siqnificant-
- ly at the molecular levei, more or less satisfactorily4éhp-
port a number of thermodynamic,-spectrdscopic and transport
properties of water (27, 99).' For instance, radial distribu-
tion curves obtained from x-ray diffraction data can be re-
produced by most models (74) . This pointé'up one of the
principal problems in developing a model for liquid water.
It is difficult to find an experiment which uniquely deter-
pines a model (64). Any model wkich invokes very different
environments, continuous or discrete, for wvater molecules in
liquid water can acccunt qualitatively fcr most of the prop-
erties of liquid water (60).A So far, no unequivocal experi-
mental criteria relating to the prdperties of water deternine
a choice between the uniform and nonvuniform models, and none
of the models proposed so far is entirely satisfactory (4C,
102). Even amon§ the mixture models there is disagreement
about the number of mononeric molecules in water. »Estimateé
range from 2.5% to 70% (102). In spite of much tﬁeoretical
and experimental work, the structure of liquid water is still
not well understood (15).

Speciroscopists are also divided as to whether spectral

data support the continuum or mixture concept of liquid
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water. Unfortunately, the vibrational spectrum of ;iquid
water is copplex and difficult to interptet, but it is ex-
pected to supply an iﬁportant restraint on the selection of
water models (60).

Water in its vapdr phase has three normal modes of vi-
tration: a bending mode around 1600 cm—!, a symmetric and an
antisymmetric sttetchinq vibration around 3650 cm—?! and
3750 co—=1 (27). .In addition, there are pure rotational bands
in the far infrared. The condensed liquid and ice phases
have broad bands in similar regibns of the spectrum. Since
the water molecule maintains its identity in the condensed
rhases (60, 67, 84), it is assumed that the bands in liquid
water and ice correspond to the normal modes of the isolated
water molecule. The frequency displacements of the bands
from their isolated values are presumably due mainly to the.
static field effect cf neighboring molecules (27). While the
kreadth of the spectral bands associated with the stretching
frequencies is primarily due to different local streangths of
the static field, inter- and intra-molecular coupling, and
perhaps Fermri resonance, contribute to the widths of these
bands. Relaxation times may also augment the band widths
(27, 30, 59). Due tc the asymmetrical nature of the HDO mol-
€ecule, the intramolecular modes are decocupled, and many of
the overtones and combination lines are well separated so

that in general Fermi resonance does not occur. Further, the



spectra of dilute HDC in Héo or Dzo aré essentially free fronm
intermolecular coupling of vibrations (30). As a result[4the
shape of the bands of HDO are simpler4than those of Hzo or
D,0 and may be intergreted in té:ms of the local environmept
of the molecule (27, i11, 114) ., |

The stretching frequencies of vater are highly sensitive
to the strength and extent of hydrogen bonding{ so the vibra-
tional spectra of these frequencies are strongly dependent on
the environment of the bond (27, 30, 73). Thus the OD spec-
tral band of HDO ip B, 0 (or the OH band of HDO in DZO) ought
to provide information about the nature of structure in
liquid water, even for lifetimes as short as 10-13 seconds
(30) .

Raman Spectroscopy

The Raman effect is an inelastic scattering of photons
by molecules, atoms c¢r crystals. It can be visuaiized as the
abscrption of a photon by a system, leaving the system in aﬁ
excited virtual state from which it relaxes immediatély {ac-
cording to the Heisenberq'uncertainty principle) to a final
eigenstate that is different from the initial one and
emitting a photon in the procéss. The frequency difference
ketween the incident amd scattered photons correspoads to the

energy difference between the associated eigenstates of the

systenm.



In 1928 Sir C. V. Raman of India reported the discovery
of this type of light scattering for which he received the
Nobel gprize in physics in 1930 (85,l86, 58) . Independently,
and almost at the same time, Mandelstam and Landsberg of |
Russia obseried the Same type of scattefing (12).

Stimulated by the Compton effect, Smekal in Germany had
predicted this scattering effect in 1923 (94). He suggested
that a light quantum might inelastically scatter from an atomn
cr molecule. vConservation of energy requires that

’

1/2mv2 ¢« E + hy = 1/2mnv*2 + Ek + hv'.
n - ‘
Momentum considerations show that 1/2mv2 and 1/2mv'2 differ

no more than one part in 10°. So to a good approximation:

En+h\)=Ek

where En and Ek are the initial amd final eigenstates of the

system; v and v*' are the frequencies of the incident and

+ hv!

scattered photons.

Raman and infrared spectra of a sample frequently look
simvilar. However, there are important fundamental differ-
ences (95). C;assically, the intensity of the normal Raman
effect is proportional to the‘chanqe in the polarizability
tensor of the system during the transiticn, whereas the
infrared intensity is proportional to the change of the
vector dipole moment of the system; hence, different selec-
tién rules apply (39). And since 'the Raman intensity depends

on a, tensor, information is contained in the polarization of



s

10

the scattered light which is due to the anisotropy of the
polarizability change. _This Raman tensbr can be decomposed
intc an isotropic temnsor and an amnisotropic tensor. This |
aids in identifying the éymmetry of the sc;ttefing systen.
Raman spectroscopy is valuable in investigating vibrationai
and rotational energy levels of molecules in liquids and
gases and for the.determinatién of lattice vibration frequen-
cies of solids. In spite of the fact that the Raman effect
is very veak (the sgattered intensity is six to ten orders of
pagnitude less than tgé incident intensity), it has the prac-
tical advantage of bringing the infrared spectrum into the
visible and avoids infrared techniques (93).

After the initial discovery of ghe Raman effect, there
was much activity and development of instruments, techniques
and phenomenological theory for this field of spectroscopy
(95). Mercury lamps became the most common light sources,
and fast prism spectrographs were developed. However, in
spite of ingenious filters, it was difficult to reduce the
intensity of extranecgus iight below that of the Raman
specﬁrum. Also, because.of the weak nature of the Raman
effect, frequently hours and even days cf exposure time were
~needed to obtain discernible exposures. During this time,
infrared techniques were improved. Hence, BRaman spectroscopy

fell largely into a state of disuse.
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In the 1960's three instrumental developments generated
new interest in this field. The innoyations were lasers, sen-
sitive lo; noise photoelectric detection systems and high
speed double monochromators (58, 111).

The laser has several advéntages over the mercury lamp
'as an excitation source. In addition to selections of lasers
that opefate at many different wavelengths, the laser bean is
norwally polarized, monochromatic and directional. Since the
laser has negligible beam divergence and the radiation is
usually plane polarized, by virtue of tﬂe optical gecmetry of
the laser cavity, it is easy to measure the polarization of
the Raman scattered radiation. Because the laser beanm is
very'monéchromatic, it is possible to detect Raman lines
which are very close to the Rayleigh line and to do profile
studies of Raman spectral lines. Also, the monochromatic
beam can be focused to a very small spot, giving a high powver
density and permitting efficient collection of Raman light
even from very small samples.

Photomultiplier tubes and fast electtoﬁics have been de-
velored that are capable and sensitive enough to detect indi-
vidual optical photons. This shortens the scan tinmes needed
to detect Raman lines by several orders of magnitude when
compared to traditional photographic methods. In addition,
these electronic detection systems are linear in signal re-

spcnse over a range c¢f six orders of magnitude or amore.
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Finally, double (and triple) monochromators have been
developed, so that the intensity of stray incident light is
reduced by tea orders of magnitude or more for a
monochromator setting just one nanometer (nm) awvay from the
frequency of the incident light. |

'Sevéral gcod reviews have apbeared in the literature
which cover in greater detail laser BRaman instrumentation and

techniques (44, 45, ug, 78).
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LITEBATURE REVIEW

This revievw is confined primarily to spectroscopic in-
formation relevant tc the stretching frequencies of the water
Bolecule in liquid water and agqueous solutions.

ﬂixturé Model

Walrafen was amcng the first to interpret spectral evi-
dence in terms of the mixture model, first by his studies of
the librational and hindered translational modes, but even
more persuasively with his laser Raman spectral studies at
diffetent'temperatures of the 0D stretching frequency of
dilute solutions of PEDO in water (107, 108, 109, 110, 111,
112, 113, 114, 115, 1i6). The appearance of a frequency at
which the intensity in the spectral band was independent of
temperature (an isoskestic point) and the fact that the 0D
band could be approximately resolved into two Gaussian compo-
nents, wvwhich had opposite intensity'dependence on tempéra--
ture, vwere suggested to be strong reasons for assuming that
vater was composed of twvo classes of water molecules (111).
The Gaussian at the lower ffequency {around 2520 cm—1), the
intensity of which decreased with increasing temperature, was
associated with hydrogen-bonded OD units. The other curve
.(at about 2650 cm—1!) was identified with non—hydrogen-bonded
0D units which, however, were involved in other strong inter-
actions such as dipole-dipole forces (18). Walrafen consid-

ered that the stimulated Raman spectra of normal and heavy
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water justified the‘decomposition thatAhe used and supported
thé idea that distinguishable molecular sbecieSrexisted in
liquid water (18, 23). PFurther, he.obtained results for the
QT stretching vibration of HTO in Qater which he claimed. vas
consistent with'the above analysis (117). He noted, though,
that there was a marked differencg between the shapes of the
CT stretching contour and those oé the OD and OH stretching
bands. |

The fact that the component spectral bands were Gaussian
in shape and fair;y troad, was explained by him to be due to
seall random distortions invdlving different major classes of
interactions. In the case of the hydrogen-bonded interac-
tions, small random distributions of b-o distances and
O-H---0 angles vere suggested to be the causé of the spectral
shape. For non-hydrcgen-bonded holecules he felt that random
dipole-dipole interacfiohs may have accounted for the breadth
of the band (114). sSimilar results were obtained for the OH
band of dilute solutions of HDO in deuterated water.

While the infrared spectrum is not as structured as the
pore complicated Raman bands (presumably because of more
stringent selection rules) (66), Vand and Senior were able to
verify by means of differential techniques that the infrared
spectrun of the OD stretching frequency was also
asymmetrical, reéolvable into two components and had ‘an

isosbestic point when the temperature of the sample was var-
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ied {92). They also did a simple calculation which showed
that in general an isosbestic ébint might occur in a system
having any number of components, but that it was most likely
tc be characteristic of a two component system that was in
equilikbrium. Eveﬁ for this simple syétem, it hadlto be
assumed, in addition to the equilibrium between the two com-
ponents, that the half-widths and positions of the component
spectral bands remained constant for changing temperature (or
any other parameter, such as éressure or solute éoncentration
for vhich an isosbestic point was observed) (112). Their
conclusion was that if it could be demonstrated that a spec-
tral envelope was decomposible into two sub-bands, then an
isosbestic pcint indicated that the system was composed of
two types of molecules in equilibriﬁm,vith each other. So
they supported Walrafen's contention.fhat liquid water con-
sisted cf two classes of water molecules.

Recently, O'Ferrall, Koeppl and Kresge did normal mode
vibraticnal analysis of liquid water (69). The fully bonded
species of water was approximated by a nine-atom model
consisting of a water molecule (or its equivalent) surrounded
tetrahedrally by two oxygens and two OH groups. Lowver states
of hydrogen bonding were represented by removing one or more
of the surrounding oxygens and OH groups. Stretching force
constants were chosen to reproduce the frequencies reported

by Walrafen. It was found that the vibrational frequencies
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were only slightly affected by the hydrogen bonding of the
.0xygen 1lone pairs of the water molecule, and this effect
could be neglected. Consequently théy'found four principal
frequencies for the GD (or simiiarly for the OH) stretching
frequency.of HDO. These were identified with 1) the HDO mol~-
€ecule having no hydrogem bonds, 2) the OH unit of the HDO
noleéule being hydrogen bonded, 3) tﬁe 0D unit of the mole-
cule being hydrogen bonded, and 4) both the 0D and OH units
having hydrogen bonds, i.e., a fully bonded molecule. The
first tvo situations involved non-hydrogen-bonded OD units,
and for the OD stretching vikrations their frequencies were
calculated to be 264C cm-! and 2650 cm=1., The other pair of
frequencies were associated with hYdrogen-honded OD units
alsc having frequencies closé together - 2490 cm—1! and

© 2505 cm=! ~ but well separated from the former pair. Because
the frequencies within the pairs were sc close,'they were
grouped into two classes of water. Walrafenm also suggested
on the basis of the stimulated Raman spectra of normal and
beavy water that each of the classes of water moiecules gave
rise to one intense spectral band and one very weak component
at a slightly lower frequency (18). Thus he felt that the
contiibution of the‘two smaller components to the total in-
tensity of the band was so small that they.  did not destroy
the isosbestic point which indicated that the system was com-

posed of predorminantly two components.
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Continuum Model
‘ In spite of these 'arquments, many spéctroscopists_do not
accept the mixture concept (36).

Inf:ared'specfra of ice II show that four distinctly
teéolvable and relatively narrow peaks are apparent in the oD
stretching frequency of HDO in water (10,'86). On the basis
of this evidence, Bertie and Whalley predicted that there
would be four discrete 0-0 distapces in ice II.!
Crystallographers subsequently verified this (54). So it
seemed natural to them to explain the single peakea broad
band of the same stretching frequency in ice I ¢to the known
random distributions of the 0-0 distances in that type of
ice. And then it seemed plausible to extend the concept and
associate the even broader band of liquid water with a
continucus distribution of 0-0 distances (27).

Yelling and Courchene demonstrated that the infrared
band of the OD stretching frequency in ice I at -7.6°C was
sympmetrical and could be fitted with a single Lorentzian
function with a half-width of 31 co—1 (119, 102). It vas
found that this same band in liquid water at 4°C was also
symmetrical, but it required a Gaussian curve with a half-

"width of 150 ca—! for a satisfactory fit. According to then,

11t was assumed that all of the molecules in ice vere
fully hydrogen bonded (27).
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it took\ten to fifteen closely spaced Lorentzians to achieve
a ccmparable fit to that of the single Gaussian. So they
concluded that the spectral band of liquid water consisted of
a large number of overlapping Lorentzian bands arising frcm a
continucus_distributidn of perﬁﬁrbed OD (or OH) oscillators
(112) . They noticed that at higher tempétatures the OD spec-
tral band became asymmetric.

Wyss and Falk reported that at room temperatures the
uncoupled OD infrared band wvas asfmmetrical (118). Butvfrom
considerations of the asymptotic behavior of the shift in
frequency from the corresponding frequency in vapor as a
function of qeometrical parameters, they shpued that a
continuum model could display asymmetry, have inflections and
even an isosbestic point in the spectral band; In their ar-
gument they utilized functions (dependent oﬁ temperature,
frequency and sample density) to formally relate Raman scat-
tering cr infrared intensities to the density of vibrational
states. This gualitatively explained the measurable differ-
ence between the Raman and infrared spectrum of water (57,
118) .

Weak isosbestic points have been observed in the
infrared spectra of certain solids (ice, d-ribose, d-galactos
and pentaerythritol) (31). It was suggested that these were
obviously not dependent on equilibrium between hydrogen-

tonded and non-hydrogen-bonded groups.
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Perram showed that it was ﬁossihle to decompose a singlé
Gaussian curve into‘tuo Gaussiaas ﬁhat were displaced
synmetrically one from the other by about 25% of the half-
width of the band. The new Gaussians had approximately the
same half-widths as the original Gaussiah. Thus, he.felt
that Walrafen's decompbsition of the water band was probably
arbitrary.

Enpirically a ccrrelation exists between OH stretching
frequencies and 0-0 distances in hydrogen bonded systems (62,
83). Assuminq that this relation for crystals was also true
for hydrogen bonds ip liquids and assuming that the intensity
of the Raman band at each frequency was proportional to the
number of oscillators having that frequency, Wall and Horpig
converted the Raman spectrum of the OD and OH stretching fre-
quencies into distribution functions of the 0-0 distances
(103) . They reported that this distribution agreed substan-
tially with the distributions derived from x-ray scattering
and supported the suggestion that structural disorder was the
cause ¢f the breadth of the uncoﬁpled OD and OH spectral
bands (19).

Ford and Falk asserted that overtonés, combination and
bot bands (transitions from thermally excited rotational
states), as well as life time broadening, contributed
nedligibly to the OD or OH spectral band-width of the HDO

stretch band. They concluded that a continuous distribution
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cf 0-0 distance was respoasitble for the breadth of the bands
(32).

Wall took tge Fourier transform of the OD and OH spec-
tral bands 6f HDO to ohtain time éorrelation functions of
these btands (105, 106). From theoretical considerations he
interpreted the results to indicate that intermolecular vi-
trational modulation was responsible for the observed band
width. So he concluded that the spectral envelope associated
with the HDO stretching frequencies was a superpositicn cf
many molecular oscillator bands.

Walrafen, who, as noted above, advocated the mixture
nodel of water, noted in his recent report that pressures up
to 7.2 kbar did not significantly affect the Raman OD
stretching frequency. Hé recognized fhat‘this indicated that
structural inhomogeneities in water must occur primarily in
small regiomns since lgrqe, distinctly dissimiiat regions
having greatly different densities should yield large
rressure effects. And he admitted that the Raman pressure
data appears to be consistent with a.redistribution of angles
‘and distances (115, 116). These findings agreed with Frank
énd Roth's earlier okservaticns of the infrared spectra of
the OD band at high fressures (33). It was their conélusion
that few if any non-tonded water molecules existed in the
liquid and that there was no evidence of small clusters of

vater since separate bands failed to appear in their pressure
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sfudies of water.

Rahman and Stillinger did a molecular dynamics study of
a model of liquid water consisting of 216 molecules at a tem-
perature of 34.30C. They claimed that their results agreed
moderately ueli with tbhe direct combarisons that could be
made with experiment (84). Their calchlétions»indicéted'that
1) the neighbors around a water mole€cule tended‘to be
tetrahedrally criented as expected, 2) there were substantial -
deviations away from linear hydrogen bonds, 3) there were no
recognizable larqge clusters of molecules, 4) no patterns of
known ices or clathrates appeared, 5) dangling bonds did
exist which could account for the shoulders and inflections
evident in the infrared and Raman spectra,vsj no separation
of molecules into network and interstitial species was
apparent, 7) all rotétional angles about the hydrogen bond
axis existed anmd 8) no significant network intefpenetrations
were observed. They felt that the theoretical correlation.
functions resulting from this calculation indicated that
liquid water was a random, defective and highly strained
network of hydrogen bonds that filled space rather uniformly.
Even for a wide choice of effective pair potentials, they
alvays cbserved a single maximum in the coordination numbers,
which implied that there were no two classes of molecules in

liquid water.
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This computation is consistent with an earlier report by
Schiffer and Hornig that vibratiqnal dynamics calcﬁlations.
for liquid ua;et demcnstrated that most of the hydrogen bonds
. Were qreatlf'distorted (89). They felt that the Spectrgl
énvelope associated.uith'the OH (or 0D) stretching frequency
was due to a distribution of different potential eneréy envi-
ronments for the HDO molecule which resulted from collisions
in molecules. Thereby three types of environments could
result from collisions: 1) near linear O-H---0 systems with
different lengths; 2) highly non-linear O-H---0 bonds with a
distribution of bond angles and 0---0 distances and
3) perturbations of electron demsities in the hydrogen bonds
caused by lateral collisions. All of these effects were,
they.expected, to be associated with a continuum of energies,
not discrete states.

In 1972 Curnutte and Bandekar reported normal vibration-
al computations based on the continuum model of water (21).
These calculations fcr the OD and OH stretching frequencies
of HDO reproduced nearly all spectroscopic features,
including inflections, shoulders and iscsbestic points. They
suggested that the difference in the spectral band shape be-
tween the calculated bandé and observed bénds might be eyi-
dence of the existencé of bent hydrogen bonds in liguid
water, which they did not assume. It could also be a fault

of their assumption that the efficiency of scattering or ab-
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sorpticn was constant. for éll frequencies.”
Solutions

Fron the above discussion it is clear that it is diffi-
cult to find a'uniéue model for liquid vater in generaler
for theAvibrationai spectrun of.uater specifically (47, 60).
In fact, it is not even established whether different species
cf vater molecules can be detected in the vibrational
spectrum of water. If electrolytes are added to the water,
the interpretation becomes more complei (49, 503; Some feel
that until a.few of the unique properties of water are better
understood, it is premature to expect to model the specific
properties of ions in aqueous solutions (19). However, an
important criterion in considering models for liquid water is
their applicability to solutions (74). Any definitive theory
of water mﬁSt be able to describe the changes that occur in
the solvent when either electrolytes or non-electrolytes are
added, for it seems that the special features observed of
solvents in water are associated with the specific structure
of water (101). A

"The Raman spectrum should offer a useful technigue for
characterizing the water of hydration in solutions (104). As
poted earlier, the stretch frequency cof water is sensitive to
the local environments, and the frequencies are primarily de-
termined by the nature and character of the imﬁediate

hydrogen-bonded neighbors. The information which might be
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obtained from the Raman spectrum of water in ionic solutions
wculd be related to the duratiom, extent and strength of the
ion-water interaction (104).

It would seem that in a dilute solution, there should
A exist two general classes of uatér moleéules, 1) the water of
hydration or affected water that is in the immediate vicinity
of the anions or cations and 2) the water tha£ is so far away
from the ion that it is unaffected (104). Since the water of
bhydraticn is structured d;fferentlylthan the unaffected
water, it perhaﬁs would be expected to show a range of fre-
quencies resolvable from those of pure water. However, only
slight modifications in the OD or OH spectral bands occur for
most hydrated salts (1, 14, 56). Only the anions c1o4— and
EF4* have been reported to give clear evidence for separate
’species (1) This is consistent with the infrared investiga-
tions of simple hydrates (NaCl-ZHzo, NaI-ZHZO, CuC12-2H20,
CaSO4-2HZO, Li2504-H20, SrC12-2H20 and CaC12.6H20) which
reveal that water molecules in many of these crystals have
intermolecular energies close to those found in liquid water
(89). So the water stretching frequencies in these systeams
fall in the same region as in pure wvater, and this suggests
that the local envircnment of the water molecules is not
greatly different for liquid water and many hydrates.

'Consistently, it has been reported that the cations have

small or negligible effect on the spectral frequencies of
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vater (1, 16, 19, 92, 107, 109, 114, 118). This is said to
te related to the lower polarizabilities of cations, compared
to that of the anions, vhich is due to the fact that the in-
teraction between cations and water is chiefly ionic. Also,
‘the insensitivity-of tﬁe-OH stretching frequency to the
nature of cations 1is consiétent with the normal mode calcula-
tions discussed earlier, which showed fhat bonding at the ox-
ygen lone pairs neqgligibly affected the stretching frequen-
cies (69). However, Deloze and Brown recently claimed that
their infrared work indicated that cations and not anions
vere chiefly responsible for structure making or kreaking
features of salt solutions (24). And Hass and Stein demon-
strated that there was vibrationmal coupling of Hzo and D20 to
electronic levels of G643+ in aqueous pérchlorate solutions
(42) . They stated that this proved the existence of a quasi-
molecular éntity consisting of the rare earth ion and its
hydrated shell.

Walrafen reported that large effects are caused by Cl-—
on the libraticnal and hindered traamslational spectra of
water (107, 109, 114). These changes supposedly indicated
that the O-H-~-Cl- bonds were less polar than the O-H---0
bonds. Also he asserted that the depolarization ratios of
these bands confirmed that the O-H---Cl— units were nearly

linear. !
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He associated principal effects of Cl-"én‘ihe stretching
frequencies of water with the hydration of the Cl- ion (114).
The integrated intensity of the stretching band increased,
but no separate resolvable peaks occurred (115, 118) . Thus
it vas suggested, as already indicated above, that the hyd;o-
gen bond energy was similaﬁlfor both oxygen and Cl-.

Wyss and Palk reported that for one mole of NaCl in
eleven poles of water having a small fraction of HDO, the
infrared spectrum showed an increase in peak intensity, de-
crease in half width and an upward shift in frequency for the
OD stretching frequency (118). They expected these band pa-
rameters to vary almcst linearly with sclute concentration.
Othervwise they observed no new features in the IR spectrur of
HDO. Since no new bands are resolved, they felt that the
O-H¥--Cl- groups must haye a distribution of frequencies sih-
ilar to that of O-H---0 groups. This was taken to mean that
no distinct hydration sphere existed in aqueous solutions of
NaCl.

In a Raman spectral study that included nearly saturated

3

3 and PrCl3, Wall and Hornig repcrted that no evidence

for water of hydraticn appeared (104). They observed no

soluticns of KC1, HgClz, ZnC12, BeC12' Snclz, CuClz, Alcl.,

lacCl

satellites, and no band distortion or broadening produced by
these ions is apparent. In their estimate, this placed a

limit on the duration, extent and strength of the ion water
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interaction. Purthef, for different gotassium:halides, the
frequency of the 0D stretching band increased in the order
F- < Hy0 < €1~ < Br~ < I~. They felt, like Wyss and Falk,
that this demonstraged that the anions were affecting the
frequency of water rather than changing the relétive popula-
tions of vater molecules'associated with a few species in the
liguid.

Adaps, Blandamer, Symoans and Waddington compared the two
anions, C104- and BF,~, that made distinct resolvable
stretching bands (1). There was a slight but definite dif-
ference between the tvo newly formed bands. They believed
that this indicated that the new bands were due to an anion .
effect onAthe stretching frequency of wvater and were not due

to water molecules that have beconme non-hydrogen bonded.
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EXEERIMENTAL INVESTIGATION
Equipqent

For the majority of the Raman expériments reported here,
a Spectra-Physics model 165 argomn ion iaset with an
advertised pover output of four watts uas used as an excita-
tion source. This laser vas provided with a prism at the
rear of the laser cavity to permit disérete selection of any
of nine -argon laéer frequencies which are in the blue and
green region of the spectrunm. 'The band width for any of
these frequencies operating in the TEnoo mode was about
0.2 ca=1! (5 x 109 hertz). The laser came with a power
stabilizer that maintained a constant laser output to within
0.5%. For most of the work reported here, the 488.0 nm laser
line'uas used at a power of 1.5 watts. Some of the early
work recorded for vater was donme on an older argon laser
(Spectra~Physics model 140) using the 514.5 nm laser line at
a power of about 0.9 watts. For both of these lasers, the
emerging beam was vertically polarized and was directed in a
horizontal plane.l.

Follovwing the laser was a mount for a 90° polatizatioh
rotataor (a guartz half-wave plate). By taking spectral data

with and without this optical component, Raman spectral data

1See Fig. 1 for schematic of equipment.
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was obt;iﬂed for two péiéfizations.l In order to ascertain
that the rotator vbrked and was properiy.oriented, it was -
tested with the aid cf a polatizer; When thé optical rotator
wvas inseftéd into the optical path of the system, the laser
power was increased éo that there still was 1;5 waits of
laser power entering the Raman sample chamber. This was
verified by an independent laser power meter.

In ﬁhq Raman sanple compartment, which was constructed
at this laboratory, the laser beam was first deflected to a
vertical path so that it was parallel to the entrance slit of
the moncchromator. Then it was focused by an anti-reflection
coated lens uhich.had a focal length of 3.0 cm. This bi-
convex lens was designed for minimum spherical aberration so
as to give a nearly diffraction-limited focus. With this'
lens the diameter of the laser beam in the sample was approx-
imately S50 microns over a distance of a couple of
pillimeters. X-Y-Z adjustments vere provided for this lens.

The liquid samples were contained in a one milliliter
cylindrical quartz silica cell obtained from Spex which was
pounted in one of their sample holders. The laser beanm

passed along the axis of the cell.

1cardamone, Hunt and Stevens verified that there wvas
.only one depolarization ratic for pure liquids far from their
critical temperature, and hence there were only two indepen-
dent polarizations of the scattered light (17).
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Scattered light from the sample was collected by a three
inch non-reflection coated.lens at riqhﬁxanqlés to the laser
beam. The lens was located so that it magnified its object
by a factor of four and focused the image on the slit jaws of
the moncchromator. The aperture of this lens apéroximately
ﬁatched the acceptance solid angle of the monochtomator,
which was about 0.014. All oé theée‘optiEal arrangements
vere designed to achieve optimum illumination geometry (3, &,
91) . |

At the entrance to the monochromator, a short Glan-,
Thompson polarizer vwith anti-reflection coatings was
positioned. Normally, this was kept in a fixed orientation
and the polarization rotator described earlier was consist-
ently used tc obtaim the two polarizaticns og the Raman
spectra of a solution. It was verified that similar results
were obtained whether the rotator was kept fixed (that is not
placed in the laser beam) and the polarizer'rotated 90° pe-.
tween measurements or the polarizer kept fixed and the
rotator inserted between measurements. The latter p:ocedhte
vas followed for these experiments for sake. of simplicity.
The polarizer was aligned in the mount by reflecting the
laser team through it into the monochromator to the electron-
ic detection systen énd obtaining a null. ﬂheh'the optic
qxis of the polarizer was perpendicular to the electrié

ﬁector of the laser leam, then the intensity of the
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transmitted light was three orders of magnitude less than
when they were parallel. As an additional test, the
depolarization ratio was determined for the 450 cm—! line of

ccl A value of 0.0076+0.0005 was obtained, which compared

4°
favorably with values of 0.0039-0.0075 given in the litera-
ture (71, 90).

Immediately following the polafizer and mounted on the
entranée slit of the momnochromator was a wide band filter
{S00-650 nm) which was choseﬁ to be opagque outside of the
spectral regiom in which Raman data was taken.

The dispersing element used in this Raman system was a
Spex 1400 double grating monochromator. Both gratings were
ruled with 600 grooves per millimeter and vwere blazed at
1.6 microns., These gratings were used in third order for
all of the experiments reported here. Because of the use of
the broad pand filter, no order overlap cccurred in the
relatively narrow spectral region investigated.

The radiation emerging from the exit slit of the

monochromator was focused onto the cathode of an ITT FW-130

photomultiplier tube which had an S-20 frequency response.
This was a specially selected tube which had a photon dark
current of about 130 ccunts rer second at 229C when operated
at 1500 volts. Although this dark current could be reduced
by an order of magnitude when the tube was cooled to 0°C, it

was sufficient to use¢ the tube at roonm temperature for the
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experiments reported hgre. Povwer was supplied to this tube
by a Keithléy model 246 high voltage power supply.

OQutput from the photomultiplier tube was passed through
an r-f decoupler intc the preampiifier—discriminator of an
SSR 1100 se;iés photcn counter System. The tﬁbé, its socket,
the r-f decoupler and the preamplifier-discriminator were
shielded by an alumiopunm housing thch was grounded. The
ratemeter was used in its digital mode to operate a CMC model
707 BN‘frequency-period electronic counter. The counting
system was able to respond linearly to the random pulses from
tbhe photomultiplier tube up to about 500,000 counts per sec-
cnd, rates more than an order of magnitude greater than maxi-
mum readings taken for data. This was determined by coapar-
ing the diqifal readings with simultaneous analogue readings.
The electronic counter was the first element in the systen
that went ncn-linear.

V' Calibration .

A neon lamp was used to wavelength calibrate the
monochrcmator, using 26 of the neon emission lines listed by
Lcader (63). The calitration was made before, during and
after the experiments were conducted, a total of six times
cver the entire frequency range of interest. The systematic
difference between the initial and final checks was about
1 cn—!, and the repeatability for consecutive calibrations

was 0.5 cm—!. The entrance slits were adjusted to a width of
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200 microns, which corresponded to the diameter qf the laser
beam image. The intermediate and exit slits were opened to
400 microms. With these slitwidths, the effective half-width
frequency band-pass of the monochromator for a fixed grating
positioh in the spectral region of interest was dbohtb

17 cm—1 or less.! When this is convoluted with a spectral
band having a half-width of 150 cn-1 or more, the effect on
the observed band is negligible (38, 52, 53). So the ob-
served spectral band is a very good approximation to the real
tand shape for the data in this report.

The intensity response versus frequency of the entire
system froam sample location to counter was calibrated using a
tungston ribbon filament lamp which was temperature
calibrated in a 8641 Mark I Precision Automatic Optical
Pyrometer (Leeds and Northrup). The filament of this bulb
was located at the sample position and operated at a tempera-
ture of 2666120°K. Since only relative Raman intensities
were sought, it was permissitle to reduce the slitwidths of
the monochromatcr so that the detected spectral intensity of

the standard lamp was compatible with the detection system.

10f course, for fixed slitwidths the band-pass was a
function of monochromator setting, as shcown in Pig. 2. But
since the monochromator was intensity calibrated with fixed
slitwidths, the relative intensities across the entire spec-
tral band ouqht to be correct.
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Fig. 2. The effective spectral half-width of the
monochromator as a function of the Raman shift for
A) the 488.0 nm and B) the S14.5 nm exciting laser
lines and with the monochromator entrance slit set
at 200y and the exit slit at 400y.
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Calibration was done four times before Raman data ;as taken,
once in the midst of data colléction and three times at the
conclusion of the ruhs. There were nolsystematic differences
apparent among the separate calibration scans, 5nd the aver-
-aqe standard deviétions for the intensities taken at 58 dif-
ferent frequencies in the speétral region of interést was
0.33 in counting units, where the detected intensity of the
sgectra of the lamp ranged from 40 to 70 in the same units.!

The actual relative intensity of the standard lamp as a
function of frequency was calculated frcm the equation

I(v) = Ke(v)vFexp(-1.438,/T)

where the constant K was chosen so that the magnitude of the
calculated intensity was comgarable to.the experimental in-
tensity in the frequency range of interest, values for the
emissivity, e(v), which takes into account the fact that the
lamp was not a black-body, were obtained from devos (25),
v was the frequency in ca—?! and T was the temperature in
Kelvin units. Corrections for the absorption of the glass
envelope were approximately constant over the small range of
spectral frequency scanned in these experiments. Hence, this

effect was included in the constant K. The relative error in

10ne counting unit was equivalent to 1000 counts per
second on the electronic counter. 1In these units, the dark
current of the photomultiplier tube was 0.13.
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the calibrated intehsity due to the error associated with the
filament temperature uas4negligible. |
Solutions

Stock rare earth solutions vere prepared from highly
purified rare earth oxides obtained.from the rare earth sépa-
ration group of the Ames Laboratory of the U. S. Atomic Ener-
gy Commission. These oxides vere estimated to contain no
pmore than 0.08% rare earth impurities, and other inorganic
impurities wvere less than 0.04% of the total content.
Sliqhtly insufficiént acid was added to the dry oxides, and
the excess oxide was removed by fiitering the solutions
through a fine sintered glass filter. These stock solutions
were then adjusted‘to their equivalence pH by adding dilute
acidf Then they were.heated for several hours to dissolve
any remaining oxy-chloride or colloidal oxide. After the so-
lutions cooled, the pH was adjusted again to the equivalence
pH, and again the solutions were heated for several hours.
This‘procedure was repeated until the stock solutions main-
tained their equivalence pH. The concentrations of the stock
solutions were determined by EDTA and chloride analysis. So-v
luticns made from these stock soiutions vwere prepared by
ueiqhinq various amounts of fhe stock solution into stoppered
flasks. From the amount of stock soluticn weighed out the
proper amount of HZO and D,O needed to obtain the desired

2
solvent mixture was determined and weighed into each flask.
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311 veights were corrected to vacuum. From the corrected
weights of the stock solution, H20 and DZQ in each flask the
concentration of rare earth salt per mole of soljent mixture
vas calculated for each solution.. | |

Solutions in which 95% of the water was Dzd werelpre-
pared from anhydrous rare earth chlorides.‘ Under a dry
helium atmosphere appfopriate amounts of anhydrous salts vere
élaced in previously weighed stoppered flasks and then
weighed. Then the appropriate amouats of'Hzo and DZO were
weiqhbed into the stogpered flgsks tb obtain the desired
sclvent mixture. From the weights corrected to vacuum, the
concentrations of the clear sclutions of the rare eaith
chlorides were determined. To ensure that no suspended mate-
rials were still présent, each soluticn was pressure filtered
through a 25 my Millipore filter directly into the sample
cell which was subsequently capped with a quartz flat.

The deuterium oxide used in making these solutions was
obtained from J. T. Baker Chemical Company and was reported
tc have a minimum 99.75% atom per cent D20. This estimate
was consistent with the observed Ramanlintensity of. the OH
spectrum made of a sample taken directly from the bottle,

All of the normal water used was conductivity water which had
a specific conductance of less than‘1x10-° nho per cn.
From siople prolkability considerations of water or solu-

tions in which 5% of the water is Dzo, 95% of the D20 is con~-
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vgrted to HDO by exéhange with Hzo. Hence, at equilibrium,
9.5% of the water will be HDOC, 6.25% will be D20 and the
repaining 90.25% will be H,0. The resulting equilibrium con-
stant will be 4.00. Of the HDO, 66.34% will have normal
water molecules for its four nearesf néighbors° The
remaining HDO's will have one or more HDQO's or DZO's among
its four nearest.neighbors. There is a 90.25% chance that an
820 will be bonded tc the OD unit of the HDO molecule. All
of this assumes the chemical identity of hydrogen and
deuterium, i. e. that no selective properties exist; Identi-

cal consideration would be true for OH units of HDO where 95%

of the water is D20°
However, Bonner stated that the equilibrium constant for
H20 + 020 % 2HDO
was 3.80 at 259C (13). Using this for a sample of water,
95% of which is HZO and the remaining 5% is D,0, calculations
show that at equilibrium about 94.76% of the D20 reacts vwith
H20 to form HDO.

Walrafen reported that for 3.1 M and 6.2 M 020 in H20
and 2.8 ¥ and 6.5 M H,0 in D,0 the Raman frequencies of the
maximum intensities and the relative intensities across the
OD or OH stretching trand were essentially the same which in-
dicated that intermolecular interactions as well as
intramolecular cohplings were negligible (114) . Hovever,

Ford and Falk noted that the half-widths for their infrared
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ice spectra of 0.3% HDO in Dzo and 0.5% HDO in Hzo_was
measurably narrower tham similar vork which had involved
5-10% HLO in water (32, 10, 41). They interpreted this to
mean that in water with 5% or more, of DZO, HDO coupled vibra-
tions were éffecfing the spectra m;ashrements.

Unless noted otherwise;'in all sclutions used in tbé ex—
perisents reported here, about 5% of the total water (by num-

ber of moles) was Dzo or H O for the study of the OD and OH

2
stretching frequencies respectively.

There is a marked visual difference in the OD aad OH
stretching ﬁand contours (114). While it is felt that the
substitution of D for H affects the properties of water very
little (102), the smaller dissociation constant, greater
viscosity, heat capacity, melting point and temperature of
maximum density indicate that the hydrogen bonds are slightly
strcnger for deuterium than for normal water (19, 22, 43, 46,
€0, 79, 87, 100, 102). So, heavy wvater is commonly regarded
as beinqg more structured than normal water. It was felt that
the overall effect of deuterium substitution could be due to
two effects: 1) Contraction of the 0-0 bond length due to an
increase in dipole moment and 2) The zero point energy dif-
ference causing an expansion of the 0-0 distances (102).
Vinogradov and Linnell stated that at 0-0 distance of about

2.7 8 these effects should be equal and cancel each other.

The expansior term was expected to predominate at shorter
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bond lengths, and the contraction term should domingte at
lcnger bcnd lengths leading to a shortening and strengthening
of the hydrogen bond when deuterium was spbstituted. Since
liquid water has an average 0-0 distance greater than 2.8 &
(73), the above analysis uouid also indicate thaf deuterium
ought to have stronger hydrogen bonds than normal vafer.

From a consideration of the difference between the apparent
activation energy for deuterium and normal water and from gas
electron diffraction techniques, it was suggested that the
enerqy difference in the two hydrogen bonds was 0.27-0.30
Kcal mole-t!' (2, 33, 65, 102). Generally, the OD stretching
vibration is studied in preference to the OH frequency be-
cause of the difficulty in maintaining a constant low concen-

tration of H20 in 020 (14) .
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DATA

Raman data was obtained for the 0D stretching spectral
band of water and six cbncenttations of agueous solutioms of
LaC13, GdCi3 and Lucl3 in vhich 5% of the water vas D20. The.
six concenttétidns of the rare earth salf solutions weré.ap-
proximately 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0.ﬁola1. Por com-
parison, Raman data was also obtained for the Oﬁ stretching
frequency of water and agqueous GdClB, having similar concen-
trations as indicated above, in which 95# of the water was

D,0. The temperature of these solutions was allowed to come

2
to equilibrium with the thermostated room which was, vhen
data was taken, kept at 2209+19C. A thermocouple used in sev-
eral test solutions verified that the temperature of the so-
lution in the laser heén was less than 0.55C above room
temperature. The solution obtained its equilibrium tempera-
ture within several mindtes after the laser was turned on.
Measurements and Error Analysis

Intensity readings were taken for bcth polarizations at
frequency intervals of 10 cm—t. The électronic coun ter was
activated for ten seconds at each frequency for each scan.
For the OD stretching frequency, the spectral region was
scanned from 2150 cm‘llto 2800 cm—=1. PFor the OH stretching

frequencies scans were made from 3050 cm-1 to 3800 cm-1.

Scans were made for €ach concentraticn two or more times,
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Both the OD‘and'dﬂVSpectral bands are superimposed on a
.finite background. For the solutions in which 5% of the
‘water was DéO, it was assumed that the backgrodpd could be
approximated in the OD spectral regiom by the spectrum of so-
lutions of‘the same concentration made with fOQi Hzo. Like-
vise, fcr solutions in which 95% of the water was D20, solu-
tions made entirely with deuterated water were used to ap-
proximate the background in the spectral region of the OH
‘band. Evident in the spectrum of Héo in the low frequency
region of the OD stretching vibration is the high frequency
side of the combination band. The tail of the HZO stretching
tand is apparent in the high frequency region of the 0D
stretching band. The spectra of DZO in the spectral region

cf the CH stretching vibration is essentially flat except for

the tail of the D.,O band on the low frequency side of the

2
region scanned. The integrated intensity for consecutive
runs of the same undisturbed solution ncrmally varied less
than 1%. However, the integrated intensities of separate
runs of twvo different samples of the same solution vere dif-
ferent on the average by approximately 2.5%. Since compari—
sons were to be made of relative intensities, the integrated
intensity for ihe several scans of a solution were mormalized
to a common value (normally the averaged integrated iﬁtensi-

ty), then averaged and a variance‘obtained for the intensity

at each frequency. A similar procedure was followed for cor-
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Fig. 3. A typical Raman spectrum of the OD stretching vibra-
: tion of HDO in a 3.2 m solution of GdCly with its
corresponding background which needs to be
subtracted.
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responding background scans. These intensities were then
ccnverted into intemnsities per mole of DZO for solutions
which ueée used for spectral scans of the OD'stretchinq fre-
quency and to intemsities per wmole of H20 for solutions .that
were us€d for the OH frequency-studies.

The corrected relative molar intensity of the spectrun
at each frequency was then determined by the relation

I=(R-B)L/SL

vhere at each frequency

I - the corrected relative molar intensity of the
Raman band

R - the experimental molar band intensity

B =~ experimental background readings

L - the calculated lamp intensity

SL - the observed standard lamp intemnsity.?!
The variance associated with the corrected relative molar in-
tensity of the Raman spectral band at each frequency was ob-
taiped from the relation

02(I) = [L/SL]2 {o2(R) + og2(B) + [[B-B]/SL]2¢2(SL)}
where at each Raman frequency |

o (I) =~ the stamdard deviation cf the corrected molar
intensity at each frequency ’

o (R) - the standard deviation the experimental molar
intensity of the band

1See Fig. 4 for the ratio, L/SL.
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o (B) ‘- the staﬁdatd deviation of the experimental
background data

o(SL) - the standard deviation cf the experimental

' standard lamp intensity = 0.33 as explained
earlier.

A term associated with the error in the caléulated lamp in-
tensity, o(l), was neglectéd since this error was several
orders of magnitude smaller than the above terms, as indicat-
ed earlier. 02(I) is subsequently referred to as the "Yesti-
rated variance%, and o (I) ;s called the “"estimated standard
deviation®.

Also, at the same time, all observed Raman frequencies
vere corrected to freguencies in vacuum, using tables and
equation #5 in Loéder (63). See alsé reference (97) .

After these calibrations, corrections and calculations
of estimated variances were completed, the data was entered
into a non-linear least-squares fitting routine to obtain a

suitable veighted fit of the data to an analytic function
(37, 80). The analytic functions used were a combination of
two or more Gaussian or skewed-Gaussian functions qf the form
A = Ioexp('“ln(2)(v-vo)2/A2) ; Gaussian
§ = Ioexp(-aln(2)(v—vo)z/(A-s(v-vo))Z); skewed-Gaussiag
where
I, is the maximum value of the Gaussian
v, 1is the éeak Fosition in units of cm—1

4 is the half-width in units of cm—!

S is the unitless skewing parameter.
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The parameters associated with each Gaussian were adjusted
to ocbtain a least-square fit. A factor multiplying the back-
ground was also used as a parameter in the fitting procedure.
This adjustment was permitted because of the fact that the
collection efficiency fér sepafate runs differed with a stan-
dérd deviation of about 2.5%. : And it vas also a recognition
of the fact that the data used for the background was an ap-
proximation to the ccrrect hackground. The final parameters
of the least-squares Gaussian fits heré used to determine the
total integrated intehsity under the spectral band. |

Independant of thé least-squares fit routine, this
computcr program was also designed to calculate.the frequency
of the experimental fpeak intensity of the data by taking nu-
merical derivaties, using a convolution procedure described
by Savitzky and Golay (88), and interpolating to find the
frequency for which the derivative was equal to zero. Then,
also by interpolating, the magnitude of the peak intensity
vas obtained which was used to find the width of the experi-
mental spectral band at half maximum intensity - commonly
called the half-width.

The reduced chi-square statistic was utilized to indi-
cate if the anmalytic function suitably fit the data (11). If
the variance between the data‘and the least-squares
functicnal fit is called the "calculated variance", then tﬁe

reduced chi-square can be described as the ratio of the cal-
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culated‘variance to the weighted average of the estinmated
variances. If the analytié fit to the data is suitable, this
ratio should be about one.. For values of chi-square much
larger than one it is probable that the chosen function does
not fit within the noise level of the experimental data and
is not descriptive of the data. When the ratio is much less
than one, then this may be evidence that the function is
accommodatinq itself to noise in the data as well as fitting
the data. Tables are given in standard statiétical texts
that assign percentage probahilifies to values of chi-square

fcr different numbers of data measurements (11).
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RESULTS

Spectral data associated with the isotropic and aniso-
tropic BRaman tensors! were separately obtained for both the
0D and OH stretching vibrations of HDO in water and aqueous
rare earth chloride solutions, the water content of uhich.uas
predominantly_ﬂzo or Dzo respeciively. This da@a is subse-
quently referred to as belonging to the isotropic or aniéo—
tropic 0D of OH bands. Unless stated otherwise, the
fredopinant species of water comprises about 95% of the total
number of water molecules used in preparing the sample.
Ofien a sample will be referred to as HZO-SSDZO, LaCl -S%D O

3 2
or Gdc13—5%H O, where the approximate mole per cent of the

2
lesser water species is uSed.to identify the water content of
the solution.2 Except for some of the isotropic OD band of
;he vater samples, all of the data was taken with the
488.0 nm argon ion laser line used as the Raman excitation
source.

The standard deviations and the error bars of band in-

tensities and depolarization ratios at each frequency are the

1See page 9.

2Naturally, as explained in a previous section, when
equilibrium is achieved among the H;0, D30 and resulting HDO
zolecules, mcst of the lesser molecular species will react to
become participating components in HDO molecules.
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estimated! standard deviations of the mean values of the data
at that frequency. These esiimated standard deviations of
the mean are determined by dividing the estimated standard
deviaticns of the data by the square-root of the number of
data averaged. By contrast, the error bars and standérd de-
viations listed with all of the peak intensifies, half-widths
and integrated intensities are strictly a measure of the es-
timated_standard deviation of the data from the average. df'
course, all of these standard deviations do not account for
systematic errors that may exist. The fitting of the back-
ground to the spectfal band data is expected to be the
largest source of systematic deviations. However, the main
features and analysis of the data in this report were largely
insensitive to small adjustments of the background.

Another cause of undetermined variance could be the ex-

change of D.O vwith atmospheric Hzo. This was especially a

2
problem with solutions in which all cr most of the water was

D,0. But the fact that the analysis of this data was con-

sistent with that for soluticns in which 5% of the water was

D20 indicates that this problem did not hide features of

interest. There was no apparent change with time in the

1The estimated standard deviations, determined from a
finite gumber of measurements, is to be contrasted with the
standard deviation resulting from an infinite number of meas-
urements.
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vater composition of solutions in which 5% of the water was

C,0.

2
' Also, differenf indices of refraction fortthe different
solution concemtrations could have had systemafic effects on
the amount of the Raman light sca£teted into the acceptance
solid angle of the monochromator. However, when the laser
bean in the sample was casually vieﬁed through a low power
picrosccpe, there wvas no evidénce of any observable change in
beam diameter or focus for different concentrations of the
solutiocn.

Water

Isotropic OD band.

The average corrected intensities of the scans of this
band along with the expected standard deviations}of the aver-
ages are tabulated in Table 1. 1In the first column of this
table are the wave numbers, corrected to values in vacuum, to
be associated with the Raman shifts. The second column has
the average intensity, at each of sixty-six Raman displace-
ments, of six scans made with the 488.0 nm laser line. The
calculated position of the peak intensity is 2519.2:0.7 cm-t,
and the half-width of this bamnd is 183.610.74cm'1. This data
was compared with the averages of nine scans of the same OD
stretching vibration but excited by the 514.5 nm argon laser
line. With the integrated intensity normalized to that of

the above data, these intensities are listed in the fourth



Average intensities of the OD stretching frequencies of

the isotropic and anistropic spectrum of HDO in water
using the 488.0 nm (B) and 514.5 nm (G) laser line.

Table 1.

Polarization:

Anisotropic

~-==——eee-——eme=——ee——== ISOtropic —--=m--me-mee e mee e

5% (B)

10% (G)

. 3%(G) .

5% (G)

5% (B)
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Table 1 (continued).

— -— - -— - ——

Polarization:

S e em— e e Isotropic —-=-=----cmmmcc e - Anisotropic

5% (B) 5% (G) 3% (G) 10%(G) 5% (B)

ca-1! Int SD Int SD Diff Int Diff Int Diff Int SD
2406.5 191.6 1.2 193.6 1.1 -2.0 185.3 6.3 213.8 -22.2 22.3 0.2
2416.5 229.0 1.4 231.2 1.3 =-2.2 221.1 7.9 254,.2 -25.2 26.0 0.3
2426.5 272.1 2.3 272.3 1.7 -0.2 259.1 13,0 295.9 -23.8 30.8 0.4
2436.5 322.3 2.3 317.7 1.7 4.7 302.5 19.8 336.1 -13.8 ~ 36.4 0.2
2446.5 377.1 2.6 370.3 1.8 6.8 357.0 20.1 391.9 -14.8 42.6 0.4
2456.4 432.5 2.8 430.2 2.4 2.4 417.9 14.6 443.7 -11.2 48.7 0.4
2466. 4 486.9 3.2 486.6 2.6 0.3 474.7 12.2 498.3 -11.4 54.9 0.7
2476.4 535.6 3.4 539.7 2.8 -4.0 527.8 7.8 550.7 -15.1 61.4 0.6
2486.4 581.3 3.5 586.3 3.2 -5.0 584.6 -3.3 589.7 -8.4 67.0 0.5
2496.4 618.2 3.4 620.9 3.3 =-2.7 621.8 -3.6 619.4 -1.,2 71.2 0.5
2506.4 643.2 3.6 644.7 3.4 -1.5 656.9 -13.8 637.2 5.9 75.5 0.4
2516.4 652.5 3.6 652.7 3.6 -0.2 662.7 -10.2 639.9 12.6 77.6 0.5
2526.4 649.8 3.5 650.0 3.4 -0.2 655.9 -6.1 630.7 19.1 77.5 0.6
2536.4 634.8 3.5 635.2 3.2 -0.4 641.7 -6.8 609.4 25.4 75.5 0.6
2546. 4 605.1 3.3 609.7 3.2 -4.6 614.1 -9.0 585.7 19.4 73.0 0.5
2556.4 569.0 3.4 573.9 3.0 -4.9 584.1 -15.1 548.6 20.4 68.5 0.6
2566.4 531.9 3.1 539.7 3.6 -7.8 544.4 -12.5 512.2 19.7 64.0 0.4
2576. 4 494.3 3.0 494.5 2.6 -0.2 499.9 -5.6 472.6 21.7 58.5 0.5
2586.4 453.1 2.7 452.2 2.9 1.0 455.9 -2.7 431.0 22.1 53.8 0.4
2596.4 412.9 2.4 409.4 2.2 3.5 409.8 3.1 390.8 22.1 47.7 0.4
2606. 4 375.5 2.4 372,17 2.0 3.5 . 378.6 -3.0 351.5 24.0 42.8 0.3
2616.4 340.9 2.0 337.8 2.0 3.1 340.4 0.5 319.7 21.1 37.7 0.3
2626.4 310.3 2.1 308.8 1.8 .4 307.4 2.9 293.9 16.3 33.4 0.3
2636.3 282.0 1.9 282.3 1.6 -0.3 281.4 0.6 269.3 12.7 29.1 0.2
2646.3 256.5 1.6 257.6 1.8 -1.1 256.4 0.0 244.0 12.4 25.3 0.2
2656.3 232.0 1.6 233.2 1.3 -1.3 238.8 -6.8 217.9 14,1 22.5 0.3
2666.3 205.2 " 1.4 207.8 1.2 -2.6 211.0 -5.8 197.0 8.2 19.3 0.3

he



Table 1 (continued).

Polarization:

----------------------- Isotropic -----—--=--ecccecmrc—o Anisotropic

5% (B) 5% (G) 3% (G) 10% (G) 5% (B}

ca—1! Int SD Int SD Diff Int Diff Int Diff Int SD
2676.3 174.0 1.4 177.3 1.0 -3.3 177.5 -3.4 166.8 7.3 16.8 0.2
2686.3 140.2 1.2 139.1 1.0 1.1 139.8 0.3 131.8 8.4 14.6 0.1
2696.3 107.0 0.9 103.7 0.8 3.3 103.3 3.7 96.8 10.2 12.2 0.2
2706.3 78.2 0.7 76.7 0.7 1.4 78.7 -0.6 70.5 7.6 10.1 0.3
2716.3 57.0 0.6 57.3 2.1 -0.3 63.5 -6.5 54.5 2.5 8.3 0.2
2726.3 41.8 0.6 42.5 2.2 -0.7 4.7 -2.9 38.4 3.4 7.1 0.2
2736.3 30.2 0.6 31.5 0.5 -1.4 34,2 -4 28.7 1.5 - 6.1 0.1
2746.3 21.2 0.5 22.0 0.5 -0.9 26.6 -5.4 18.6 2.6 5.2 0.1
2756.3 14.5 0.6 15.3 2.0 -0.9 21.0 -6.5 12.7 1.8 4.7 0.2
2766.3 9.5 0.6 9.5 0.9 0.1 11.3 -1.8 6.6 3.0 4.3 0.2
2776.3 ~ 6.3 0.6 6.6 2.7 -0.2 8.5 -2.2 4.4 2.0 3.7 0.2
2786.3 4.4 0.7 4.9 1.0 -0.5 8.6 -u4.2 3.1 1.4 3.3 0.2
2796.3 1.9 0.6 1.3 1.5 0.6 2,0 -0.1 0.1 1.8 3.0° 0.2

1)
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column. The resulting peak position is 2518;811.2 cm—1; the
half-width is 181.7%+1.4 cm—1. Differences between these two
data sets, listed in the sixth column, demonstrate that there
are no systematic variations and that their intensities at
each Raman shift are generally within expetimentél error.
This indicates that there are no apparent systematic errors
in the intensity or frequency calibration of the
ponochrcmator. The slightly larger deviations belonging to
the data taken with the 514.5 nm laser line are attributed to
the smaller intensities obtained at the longer wave lengths
due to the dependence of the Raman scattering efficiency on
the fourth power of the frequency of the exciting light and
to the reduced quantum efficiency of the photomultiplier tube
in the red part of the spectrum. The slightly narrowver half-
width of the spectral band excited by the green laser light
may well be due to experimental error. On the other hand, it
may be partly due to the smaller spectral slit width of the
monochromator at longer wavelengths as shown in Fig. 2.

One and two scans respectively were made of water
samples, 3% and 10X of vhich were DZO' Taken with the
€14.5 nm laser line also, their integrated intensities are
normalized to the common value of the previous data and re-
corded in the seventh and ninth columns. The variations be-
tween these intensities and that of the 5% 020 data of the

fourth column are listed in the eigth and tenth colunmns.

J
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Systematic discrepancies are apparent which indicate that the

presence of D,0 and the effects due to coupled OD oscillators

2
are still making smail contributions to the band intensities
in the 5% solutions. 1In spite of these small contributions,
‘all of the remaiding data wés faken of solutiéns inluhich fhe
lesser uatér species represented about 5% of the total water,
in order to - obtain a suitable signal to noise ratio across
the entire band. It is felt that the accuracy thus gaiﬁed
perits the compromise. While the shapes‘oﬁ the resulting
bands are perhaps slightly different than for the pure HDO
spectrum, it is expected that this will have negligible |
effect on the relative differences of the spectrum for dif-
ferent concentrations of aqueous rare earth chlorides.

-Using a non-linear least-squares routine, attemgts were
pade to obtain amnalytic fits to the isotropic data using prif
marily sets of two, three and four Gaussians. Reasonablé
fits were not obtained with less than a set of four normal
Gaﬁssians or a set of three skewed-Gaussians. While only one
set of four Gaussians and one set of three skewved-Gaussianhs
vield fits with chi~square 1§ss than or equal to one, there
were other combinaticns of Gaussian curves with completely
different sets of parameters which gave fits with chi-sgﬁare'
‘less tham two. Visually these appeared to be good fits. 1In
addition, a fair fit, with chi—séuare.about tvo, was obtained

with a set of three product ‘functions (72). Therefore it
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appears that nothing more thap curve fitting egquations have
been obtained, and unless some physical theory provides suf-
ficient criterion for determining an equation, all such
results are meaningless.
| Interestingly endugh, vhen the component peak positions
and half-widths of four Gaussians were kep£ coﬂstaqt a@
values reported by Walrafen (i16), poor fits to this
isotropic data were obtained. It is not known if he correct-
ed his intensity readings for the response efficiency of his
instrument or if he used a polarizer. 1In order to check if
the latter was the only difference between his data and that
lreported here, the isotropic énd anisotropic déta (discussed
next) were added at each fregquency and the correspondihg
~ standard deviations determined. Again the resulting band
différed from the spectrum‘calculated using his parameters.
The average difference was about an ofder of magnitude larger
than the estimated average standard deviation for this data.
So it appears that the ability to fit the water band
vith a combination of a few standard functions is not suffi-
cient by itself to determine the number of éo-called species

in water.

Apisotropic OD band.
Four scans were made of this band, and the data are
listed in the eleventh column of Table 1. The corresponding

estimated standard deviations of the averages are in the last
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column. This band has a peak pbsition at 2521,61+1.6 cm—1 and -
a half-width of 174.3:1.2 ca-1.

Smooth curves drawn through the data for the isotropic
and anisotropic intensities of the OD stretching vibration
are superiﬁposed in Fig. 5. The depolarization ratio is |
plotted at the top of the same figure. The calculated
depolarization ratio of 0.119%+0.0u1, near the posifion of the
Feak intensities of the spectra, compares with a value of
0.13 given by Cunningham (20). This ratio dips to a value of
0.096+0.002 near 2666 cm—! fcr the measurements reported
here. Hence, the depolarization ratio is not constant across
the OD band, as Cunningham cautiously suggested.

Isotropic and anisotropic OH band.

Averages of these data are tabulated in Table 2 along

with their expected standard deviations.! The position of
maximum intensity for the isotropic spectrum, which is the
average of seven scans, is 3437.9+1.35 cp-1. For the aniso~
tropic spectrum (average of six scans) the position of peak
intensity is 3422.2+2.8 cm—!. The half-widths are

296.2+2.4 cn—! and 265.5¢2.4 cm—! respectively. The intensi-

ties of these two polarizations are graphed in Pig. 6.
. . !

1The 0.25% H,0 in the scans of 99.75% D,0 was apparent
in the spectral scans to be used for background. This was
corrected for both polarizations by extrapolating the data
for the 5% and 0.25% scans to 0% HZO.
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Table 2. Average intensities of the OH stretching frequencies
of the isotropic and anisotropic spectrum of HDO in

vater..

Polarization: Isotropic Rnisotropic
cm—1? Int SD Int SD
3046.1 5.1 0.4 -0.0 0.4
3056. 1 5.4 0.3 0.2 0.4
3066.1 6.8 0.4 0.8 0.4
3076.1 7.7 0.2 0.9 0.3
3086.1 9.8 0.3 1.1 0.3
3096.1 10.6 0.5 1.1 0.3
3106.1 12.7 0.5 1.9 0.2
3116.1 .1 0.3 1.8 0.4
3126.1 16.& 0.3 2.8 0.4
3136.1 19.5 0.3 3.1 0.2
3146.1 22.1 0.4 3.6 0.2
3156.1 25.5 0.4 4.4 0.3
3166.1 29.3 0.4 5.3 0.4
3176.0 33.3 0.3 6.0 0.2
3186.0 38.2 0.4 6.7 0.2
3196.0 42.8 0.4 7.7 0.2
3206.0 49.0 0.4 8.9 0.2
3216.0 55.5 0.6 10.3 0.3
3226.0 63.0 0.6 11.4 0.2
3236.0 71.7 0.5 13.2 0.2
3246.0 81.0 0.6 4.7 0.2
3256.0 91.4 0.7 16.8 0.2
3266.0 103.8 0.7 18.7 0.3
3276.0 117.0 0.8 21.2 0.2
3286.0 137.4 0.7 23.5 0.3
3296.0 145.1 0.8 26,1 0.3
3306.0 160.5 0.9 28.9 0.2
3316.0 176.4 1.0 31.5 0.4
3326.0 194.1 1.1 36.9 0.3
3336.0 211.0 1.1 37.7 0.3
3346.0 ' 227.2 1.2 40.9 0.3
3355.9 243.7 .13 44.3 0.4
3365.9 260.1 1.4 46.4 0.4
3375.9 273.7 1.5 48.9 0.4
3385.9 285.8 1.6 51.2 0.3
3395.9 295.9 1.6 52.1 0.5
3405.9 302.6 1.7 53.8 0.4
3415.9 307.2 1.6 55.0 0.4
3425.9 309.8 1.6 54.6 0.5
3435.9 310.6 1.6 S4.4 0.3
3445.9 307.7 1.6 53.1 0.4
3455.9 303.2 1.6 52.7 0.4
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Table 2 (continued).

Polarization: Isotropic Anisotropic

cp—1 . Int Sb Int SD

3465.9 296.5 1.6 50.8 0.4
3475.9 © 288.5 1.5 49.4 0.5
3485,.9 278.3 1.6 46.9 0.4
3495,9 267.6 1.7 45.2 0.4
3505.9 256.9 1.5 42,7 0.4
3515.9 244,17 1.4 40.1 0.3
3525.9 232.0 1.3 37.6 0.3
3535.8 219.6 1.2 3.9 0.3
3545.8 208.1 1.2 32.3 0.3
3555.8 195.6 1,2 30.4 0.4
3565.8 185.9 1,2 27.6 0.2
3575.8 175.¢ 1.1 25.5 0.3
3585.8 166.5 1.0 23.2 0.3
3595.8 157.7 1.0 21.8 0.3
3605.8 148.8 1.1 19.6 0.2
3615.8 138.6 1.0 17.9 0.3
3625.8 128.0 0.8 15.7 0.2
3635.8 114.2 0.7 13.4 0.2
3645.8 95,1 0.6 10.8 0.2
3655.8 74.6 0.5 8.6 0.2
3665.8 55.0 0.4 7.1 0.1
3675.8 39.4 0.4 5.6 0.2
3685.8 27.8 0.4 4.2 0.2
3695.8 20.2 0.4 2.9 0.1
3705.8 13.8 0.2 2.6 0.2
3715.8 9.9 0.3 1.5 0.1
3725.8 7.4 0.3 1.3 0.2
3735.7 5.6 0.2 1.4 0.2
3745.,7 4.2 0.2 1.1 0.2
3755.7 3.4 0.2 0.8 0.2
3765.7 2.4 0.2 0.8 0.2
3775.7 2.4 0.2 0.9 0.3
3785.7 2.2 0.1 0.6 0.2
3795.7 1.6 0.2 0.6 0.2
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As expected, these bands are much broader and have dif-
ferent relative shapes than the cqrresponding OD spectral
bands. Surprisingly though, the integrated intensity for the
| isotropic OH band is about 29% less than for the OD ‘band.
ﬁnder the anisotropic.bands, the integrated intensities are
similar for both of the isotcpes.

The depolarization ratio near the peak intensities for
the OH spectral band is 0,17610.002, a larger value than that
for the OD vibration. However, Fig. 6 shows that this ratio
for the OH band as a function of wave number has a similar
shape to that exhibited in'Fig. S for the 0OD vibration. A
pinimum of 0.114%0.002 occurs for the depolarization ratio of
the OH kand at 3646 cm~t. The siwmilarity of the shape of the
depolarization ratios for the two isotopes verifies that this
ratio is not constant across the OD or OH spectral band of
HDO. This will be seen to be consistently true for all of
the solution data discussed next.

Rare Earth Chloride Solutions

Data similar to that obtained for water was aquired for
bcth polarizations of the OD and OH stretching vibrations of
HDO im aqueous solutions of GdCl3 at six concentrations and
for the OD stretching vibration of HDO im aqueous solutions
of LaCl3 and LuCl3 at five concentrations each.' A linear

growth in integrated intensity with increasing molality for

all solutions vwas characteristic of both polarizations of the
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OH and 0D spectral bands. This is exhibited in Figs. 7 and 8
along with estimated error bars and the linear least-squarés
fits. The linear eguations are generally within experiﬁentai
errors of the integrated intensity data, and the s;atter
about them‘is apparently random. These facts were assuméd to
justify a renormalization of the integrated intensities of
all the spectral data to the appropriate least-squares values
fo facilitate the comparison of the changes in spectfal fea-
tures with changes in comcentration. The average intensities
at each frequency, iﬁcluding all of the previously discussed
vater data, have been recorded after this remormalization had
been done.!? The fact that the slope for the equation ob-
tained for the OH spectra is steeper than that for the 0D
band is a surprise as is the small integrated intensity of
the OH band in water when compared with the OD band.

LaCl3-5% DZO.

The isotrcpic intensities for these solutions are
supplied in Table 3. The 0.56, 1.00 and 2.52 molal concen-
trations vwere scanned three times each and averaged, the 1.51
molal solution five times and the most concentrated solution

cix times.

l1Recall that all intensities given, in fact are directly
proportlonal to the intensities per number of 0D or OH
oscillators.



Table 3.

Average intensities of the OD stretching frequencies of the

isotropic spectrum of LaCl4-5%D,0.

0.500

molality 1.000 1.503 2. 3.003
cn—1 Int SD Int SD Int SD Int SD Int SsD
2146.6 2.0 0.6 3.5 0.9 4.3 0.6 5.0 1.7 4.0 0.6
2156.6 3.7 0.4 4.8 1.2 5.4 1.1 7.7 1.5 5.2 1.0
2166.6 3.9 0.5 5.6 1.0 6.9 0.7 7.1 1.1 6.3 1.0
2176.6 4.1 0.7 7.2 1.0 5.8 0.9 8.4 1.1 7.4 0.8
2186.6 5.8 0.7 8.6 0.6 8.3 0.6 9.9 0.6 9.0 0.6
2196.6 6.6 0.8 10.1 0.6 10.3 1.2 11.2 0.9 1.1 0.7
2206.6 8.8 0.8 12.4 0.2 12.6 1.0 12.4 0.8 1.7 0.7
2216.6 11.7 0.6 15. 1 0.4 14.0 1.1 14.3 1.1 15.0 0.6
2226.6 12.8 0.6 17.2 0.8 16.6 0.6 17.8 1.8 18.4 0.6
2236.6 14.7 0.2 17.9 0.4 18.4 0.5 22.7 1.7 21.2 0.7
2246.6 16. 4 0.9 20. 4 0.6 21.7 0.4 24.3 1.7 24.9 0.7
2256.6 20.3 0.4 23.6 0.7 24.0 0.5 25.1 - 1.6 27.7. 0.5
2266.6 23.0 0.3 27.0 0.6 27.7 0.5 28.9 1.9 32.0 0.9
2276.5 27.6 0.4 31.0 0.4 31.6 0.4 32.8 - 2.3 36.4 1.0
2286.5 31.0 0.5 35.0 0.6 36.7 0.6 38.6 2.2 43.0 1.1
2296.5 35.1 0.8 40.9 1.1 41.3 0.7 45.3 1.2 49.9 1.0
2306.5 41.0 0.6 45.2 0.5 46.4 1.1 53.5 0.8 57.5 0.9
2316.5 47.5 0.6 52.4 0.6 55.2 0.8 62.5 1.6 67.6 0.8
"2326.5 - 56.2 0.6 61.6 0.8 65.2 0.7 72.2 0.8 78.1 0.9
2336.5 65.8 0.6 71.7 0.9 76.1 0.8 82.5 1.0 90.4 1.2
2346.5 76.6 0.5 82.4 0.8 88.9 0.8 97..1 1.5 105.9 1.0
2356.5 88.5 0.9 94.5 1.2 103.6 1.0 115.0 1.2 122.7 1.4
2366.5 104.0 0.7 111.3 1.4 118.6 1.0 134.6 1.2 11,0 1.4
2376.5 122.4 1.0 130. 4 0.9 139.6 1.1 156.4 1.7 164.5 1.4
2386.5 144.0 0.9 152, 6 1.2 163.8 1.2 181.8 1.7 191.6 1.6
2396.5 170.3 1.2 178.9 1.0 190.4 1.3 210.0 1.3 221.1 1.5
2406.5 201.6 1.2 208.4 1.6 222.3 1.7 2u43.2 1.6 256.7 1.8
2416.5 237.2 1.7 242.5 1.5 258.9 1.6 2.0 298.1 1.8.

89



Table 3 (continged).

molality 0.500 1.000 1.503 2.515 3.003

cm—1 Int SD Int SD Int SD Int SD Int SD
2426.5 280.0 1.8 283.6 1.7 300.9 2.2 326.2 2.1 344.9 2.3
2436.5 = 326.4 1.8 330.2 1.9 346.9 2.2 376.2 2.4 400.2 2.5
2446.5 379.7 2.2 382.5 2.1 399.8 2.2 432.7 2.8 457.3 2.8
2456.4 433.2 2.5 435.4 2.9 453.0 2.7 490.8 2.9 518.8 2.9
2466.4 485.2 3.1 488.4 2.9 505.7 3.0 545.6 3.3 577.9 3.3
2476.4 534.3 3.0 537.8 3.2 558.2 3.1 601.1 3.4 631.6 3.7
2486.4 582.2 3.3 586.8 3.2 610.0 3.5 658.0 3.8 687.1 3.9
2496.4 623.8 3.6 632.1 3.7 656.1 3.7 710.0 3.9 732.8 4.0
2506.4 653.9 3.7 663.3 3.7 692.4 3.9 746.6 4.5 766.1 4.2
2516.4 667.7 3.8 686.5 3.9 715.5 3.9 769.9 4.4 785.0 4.3
2526.4 675.5 4.0 695.6 . 3.8 726.5 3.9 775.0 4.2 787.8 4.3
2536.4 662.6 3.8 688.8 3.8 718.1 4.0 763.8 4.4 774.1 4.4
2546.4 640.6 3.5 667.3 4.0 697.8 3.9 739.1 4.3 743.5 8.0
2556.4 606.6 3.3 632.3 3.4 660.8 3.7 698.0 4.2 699.0 3.9
2566 .4 566.3 3.2 594, 2 3.2 615.4 3.4 649.6 3.5 653.1 3.7
2576.4 524.8 2.8 550.6 3.1 572.1 3.1 602.2 3.2 602.9 3.3
2586.4 481.1 2.7 503.4 2.8 520.2 3.0 548.5 3.1 549.0 3.1
2596.4 436.9 2.3 457.2 2.5 469.5 2.8 493.1 3.0 495.6 3.1
2606.4 397.7 2.2 412.0 2.3 420.4 2.3 442.2 2.8 442.7 2.5
2616.4 356.4 2.4 372.5 2.0 375.6 2.1 392.9 2.4 393.1 2.2
2626.4 321.7 1.8 333.1 1.8 334.0 2.1 346.3 - 2.2 345.5 1.9
2636.3 291.4 1.7 299.4 2.0 297.0 1.8 299.1 2.0 298.5 1.9
- 2646.3 261.5 1.6 264.5 1.6 260.3 1.6 254.1 2.0 252.1 1.9
2656.3 233.0 1.4 231.0 2.1 222.8 1.5 211.8 2.2 207.5 1.5
2666.3 201.4 1.2 195.2 2.2 184.3 1.3 169.9 1.9 164.8 1.2
2676.3 165.9 1.1 159.6 1.6 148.3 1.6 132.0 1.7 128.8 1.1
2686.3 131.6 0.9 126. 8 0.8 114.0 1.6 101.2 1.9 101.1 1.0
2696.3 99.8 0.7 97.0 0.6 86.3 1.2 78.2 2.1 77.9 1.1
2706.3 73.2 1.1 72.2 0.9 65.0 1.3 58.8 1.4 1.1

59.2
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Table 3 (continued). .

molality 0.500 1.000 1.503 2.515 3.003
ca—1 Int SD Int SD Int SD Int SD Int SD
2716.3 55.6 0.9 52.7 0.5 48.6 0.9 44.7 1.3 . 46.9 1.0
2726.3 41.0 1.1 39.7 0.7 36.1 1.2 3.9 1.2 35.7 1.0
2736.3 31.2. 0.9 27.9 0.3 26.1 0.9 25.6 1.8 28.3 0.9
2746.3 21.9 0.8 21. 4 0.4 18.2 0.4 18.0 1.9 23.0 0.9
2756.3 14.8 0.7 15.4 0.5 14.1 0.7 13.3 1.5 18.1 1.0
2766.3 10.2 0.8 9.8 0.6 9.4 0.7 10.0 1.6 14.2 1.2
2776.3 7.7 0.7 6.9 0.8 6.7 0.8 6.5 1.0 12.1 1.5
2786 .3 4.8 0.4 5.3 0.2 5.1 0.8 5.5 1.8 10.3 1.6
2796.3 3.3 0.5 3.4 0.8 3.9 0.5 4.8 1.4 10.0 1.6

oL
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Averages of the ahisotropic intensities are tabulated in
Table 4. The data for the first two concentrations are the
results of two scans each, and the remaining concentrations
vere scanned three times each.? |

GdC13-5$DZO and 5%H20.

Gadcolinium was the only one of the three salts for which
scans vere made of both the 0D and OH bands. The results for
the isotropic spectrum of the OD vibration, which are the av-
erages of five scans made for each concentration, are listed
in Table S. The corresponding data for the anisotropic
spectrun, averaged from two scans of each concent£ation, are
tabulated in Table 6.2 Likewise, the averages of three scans
for each concentraticn are listed in Table 7 for the
isotropic OH spectrus. Except for the most concentrated so-
lutioh for which three scans were made, two data sets for

each of the concentrations were averaged for the anisotropic

1Scans were made only of five concentrations of
LaCl,~-5%C,0, and no cata were discarded in the preparation of
thesg Tables. ‘

2The resembling small backgrounds used for the aniso-
tropic lacCl, and LuCl3 data were used for the anisotropic
GdC13-5%DZO bands.



Average intensities of the OD stretching frequencies of the

anisotropic spectrum of LaC13-5%D20.

Table 4.

1.503 2.515 3.003

1.000

0.500
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Table 4 (continued).

e e e

molality 0.500 1.000 1.503 2.515 3.003
cm1 Int SD. Int SD Int SD -

2426.5 37.7 0.5 42.4 0.5 54,0 1.9 69.6 1.7 80.9 1.1
2636.5 43.5 0.5 49.4 0.4 62.6 1.4 79.8 2.0 93.3 1.7
2646.5 50.4 0.9 58.3 1.5 72.0 0.9 93,2 1.9 109.4 1.8
2U56.4 57.3 0.4 67.3 0.8 79.8 0.8 106.7 1.8 126.2 2.1
2066.4 64.7 0.5 75.9 0.6 89.3 0.8 119.7 1.7 139.7 1.9
2476.4 72.1 0.4 84.0 0.9 100.4 1.1 132.4 1.8 151.9 1.5
2486.U 78.3 0.6 93.1 0.7 108.1 1.2  .146.5 1.2 167.3 1.5
2496, 4 85.8 1.4 100.2 0.7 117.2 1.5 154.8 1.5 176.3 1.2
2506, 4 89.9 0.5 105.6 0.7 125.1 1.3 160.5 1.3 182.0 1.4
2516. 4 94.8 1.0 111.5 0.9 130.5 1.1 164.7 1.5 182.9 1.4
2526.4 95.5 0.7 113.7 0.8 130.0 0.8 162.3 1.2 181.5 1.2
2536. 4 94.0 0.6 111.3 0.9 131.0 1.3 157.3 1.0 173.6 1.2
2546. 4 90.6 0.5 106.8 0.8 127.0 1.0 149.6 1.1 162.0° 1.5
2556, 4 86.2 0.5 101.5 1.0 115.8 1.0 135.9 1.2 146.4 1.6
2566.4 79.6 0.7 93.4 0.7 105.5 0.8 122.8 1.8 132.7 1.7
2576.4 70.8 0.6 84.0 0.6 94,3 1.1 108.9 1.0 115.4 1.5
2586.4 63.8 0.9 75.0 1.2 82.0 0.9 95.2 0.9 101.0 1.8
2596 .4 56.0 1.0 65.2 1.1 70.7 1.2 80.4 0.8 84.4 1.6
2606. 4 48.6 1.2 56.6 0.3 60.0 1.6 68.0 0.5 70.4 1.1
2616. 4 41.5 0.3 48.2 0.4 50.8 1.7 56.0 1.3 59.1 1.3
2626.4 36.1 0.3 42.1 0.4 42.4 0.8 47.6 1.0 48.3 0.8
2636.3 31.7 0.6 36.2 1.2 36.4 0.8 39.2 0.9 38.4 0.5
2646.3 27.0 0.4 30.8 1.0 29.3 0.6 31.7 1.0 30.2 0.7
2656.3 23.4 0.3 26.7 0.9 23.4 1.0 26.1 1.1 26.3 1.6
2666.3 19.7 0.8 22.0 0.6 19.6 1.0 22.5 1.0 19.5 1.5
2676.3 16.9 0.2 18.7 0.7 16.2 0.8 17.0 1.8 15.8 1.4
2686.3 1.1 0.2 15.4 0.7 14.5 0.9 13.9 1.8 13.5 1.3
2696.3 12.1 0.2 12.6 0.2 11.3 1.0 1.2 1.1 10.2 0.8
2706.3 9.4 0.2 10.5 0.3 9.2 1.0 9.5 0.6 7.2 1.2
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Table 4 (continued).

1.503 2.515 3.003

1.000
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Table 5 (continued).

molality 0.445 0.974 1.523 2.749 2.549. 3.192
ce—1 Int SD Int SD Int SD Int SD Int SD Int SD
2426.5 282.9 2.1 290.4 2.0 308.4 1.9 332.7 2.1 351t.1 2.3 390.8 2.5
2436.5 328.0 2.4 335.6 2.1 351.1 2.2 376.3 2.4 397.9 2.5 4u3.6 3.8
2446 .5 380.6 2.3 387.6 2.7 400.1 2.6 425.7 2.7 450.8 2.6 495.9 3.5
2456. 4 431.8 2.7 436.2 2.5 449.7 3.2 480.0 2.8 500.4 3.4 550.8 3.4
2866 .4 483.7 2.7 488.8 3.3 500.3 3.2 530.7 3.6 555.2 3.3 600.8 3.5
2476 .4 535.3 3.2 539.4 3.2 581.4 3.7 580.2 3.6 605.5 3.7 645.8 3.7
2486 .4 583.2 3.7 586.2 3.5 599.9 3.6 628.1 3.5 653.2 3.8 691.0 4.4
2496.4 622.5 3.8 627.3 3.6 642.3 3.8 669.8 3.9 692.1 3.8 726.1 4.3
2506.4 649.8 3.8 659.8 3.8 677.3 4.0 704.3 3.9 725.5 4.3 750.9 4.3
2516.4 667.9 3.7 681.7 3.9 702.17 4.1 725.8 4.1 742.0 4.2 7562.0 4.3
2526.4 671.3 3.7 689.6 3.8 710.6 3.8 733.9 4.0 747.4 4.1 759.1 4.3
2536.4 659.7 3.7 682.2 3.9 707.2 4.0 723.8 4.1 736.,7 4.2 742.2 4.5
2546. 4 636.8 3.7 662.0 3.7 685.5 3.9 700.5 4.0 710.3 3.9 710.1 4.5
2556.4 601.3 3.2 628.1 3.7 652.1 3.8 662.6 3.7 670.7 3.8 669.7 3.8
2566.4 561.3 3.2 588.2 3.2 607.7 3.7 621.0 3.6 624.9 3.6 623.8 3.5
2576.4 520.9 2.9 543.0 3.0 562.5 3.3 571.3 3.5 580.2 3.5 575.1 3.3
2586.4 477.2 2.7 495.6 3.0 512.7 3.0 520.0 3.0 526.3 3.5 521.0 3.1
2596.4 429.7 2.5 448.1 2.8 459.7 2.8 468.3 2.9 471.1 3.0 467.7 2.8
2606.4 386.8 2.3 402.1 2.5 411.9 2.7 413.3 2.4 41g.4 2.3 41y.4 2.5
2616.4 347.4 1.9 360.8 2.4 365.2 2.4 369.2 2.2 368.8 2.6 363.7 2.2
2626.4 3t14.6 1.8 321.4 2.5 324.0 2.3 325.6 2.%  323.7 1.8 317.8 2.2
2636.3 283.5 1.9 286.9 1.9 286.3 1.9 283.1 1.7 281.3 1.8 273.2 1.8~
2646.3 254,6 1.8 254.9 2.2 249.4 2.1 24,3 1.3 21,0 1.6 233.6 1.5
2656.3 227.3 1.4 222.2 1.6 215.4 1.5 207.5 1.2 203.0 1.4 191.4 1.3
2666.3 196.7 1.3 190.4 1.1 179.7 1.3 170.7 1.1 165.0 1.0 154.9 1.2
2676.3 - 164.6 1.0 156.8 1.4 145.4 1.1 135.7 1.0 129.6 0.7 122.4 1.5
2686. 3 131.9 0.9 124.9 1.0 113.2 0.8 106.7 1.0 102.6 0.7 4.3 0.9
2696.3 99.3 0.9 94.2 (0.7 86.7 0.8 82.6 0.9 79.0 0.7 73.4 0.7
2706.3 72.2 0.7 69.8 (.4 64.0 1.3 62.4 1.2 60.2 0.7 55.6 1.3
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Table 5 (continued).

molality 0.445 0.974 1.523 2. 143 2.549

ce~1 Int SD Int SD Int SD Int SD Int SD
2716.3 53.3 0.7 51.5 0.9 47.7 0.9 48.4 0.6 44.7 0.
2726.3 38.6 0.7 38.1 0.5 36.3 1.2 35.7 0.9 34.5 0.
2736.3 27.6 0.6 28.4 0.8 25.2 1.7 28.2 0.8 25.3 0.
2746.3 19.2 0.8 20.3 0.8 17.3 2.0 21.3 1.4 19.4 0.
2756.3 13.8 0.6 4.3 0.5 11.6 2.0 15.7 1.3 14.6 0.
2766.3 10.0 0.2 10.9 0.2 8.7 2.0 9.2 0.9 11.5 1.
2776.3 5.8 0.5 7.3 1.2 6.5 0.4 8.3 1.5 8.7 O.
2786.3 4.9 0.6 5.6 0.6 3.8 0.5 6.5 0.9 6.3 0.
2796.3 2.6 0.5 4.4 0.9 4.7 0.7 7.2 1.6 5.4 0.
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Average intensities of the OD stretching frequencies of the

anisotropic spectrum of GdC13-5%DZO°

Table 6.

nolality

0.974 1.523 2.149 2.549 3.192

0.445
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Table 6 (continued).

molality 0.445 0.974 1.523. 2.149 2.549
cm—1 Int sSh Int SD Int SD Int SD Int SD SD
2426.5 38.2 0.7 45.9 0.7 56.3 1.9 68.8 0.9 82.5 3.5 0.8
2436.5 44.0 0.6 52.7 0.7 64.3 2.0 792.1 1.1 93.t 2.7 1.6
2446.5 51.5 0.6 60.0 1.0 73.3 2.0 90.0 1.0 104.9 2.7 1.1
2456. 4 58.6 0.8 68.4 0.7 82.6 1.5 101.8 1.0 119.1 2.7 1.4
2466 .4 65.9 1.0 77.0 0.8 91.4 1.4 112.2 1.1 130.8 " 2.5 1.4
2876.4 72.7 0.5 86.0 1.0 101.7 1.2 125.2 1.0 183.0 2.5 1.3
2486.4 79.6 0.5 94.7 1.1 111.8 1.2 133.3 0.8 153.1 2.9 1.0
2496.4 86.8 0.6 103.0 1.1 120.9 1.2 143.3 t.4 161.8 1.6 1.2
2506.4 92.6 0.6 108.9 0.7 129.1% 1.0 . 149.5 1.1 167.5 0.9 1.8
- 2516. 4 95.4 0.6 112.8 0.8 132.6 1.0 154.3 1.3 168.5 1.7 1.4
2526.4 97.2 0.6 115.2 0.7 135.6 1.1 156.5 0.9 168.5 1.6 1.3
2536, 4 96.3 0.8 114.7 0.7 132.7 1.1 152.5 1.3 161.5 1.2 1.1
2546 .4 92.8 0.6 109.5 0.7 126.8 1.2 143.2 0.8 153.1 1.2 1.0
2556.4 86.9 0.8 102.3 0.7 116.1 1.1 132.3 1.1 139.5 1.4 0.9
2566.4 79.8 0.7 94.7 0.9 105.8 1.1 119.3 1.0 125.1 1.8 1.0
2576.4 73.6 0.5 84.7 0.7 95.0 1.7 106.0 0.8 110.8 1.8 0.9
2586.4 65.8 0.4 75.7 0.6 82.4 1.4 93.0 0.7 96.2 1.9 1.2
2596.4 58.0 0.4 65.3 0.7 70.7 1.1 80.1 0.5 79.8 2.9 1.0
2606.4 49.5 0.4 56.1 0.6 58.8 0.8 66.8 0.6 . 66.5 2.5 1.3
2616.4 42.1 0.5 47.0 0.8 49.4 1.2 54.7 0.3 54.6 2.5 1.1
2626.4 36.5 0.4 39.9 1.0 40.8 1.0 46.6 0.3 45.3 1.9 0.9
2636.3 30.8 0.4 33.2 0.5 33.6 0.9 37.4 0.3 36.8 1.9. 0.3
2646.3 26.7 0.3 27.5 0.5 26.0 1.5 30.5 0.3 28.7 1.6 0.7
2656.3 22.6 0.3 23.4 0.4 21.6 1.4 24,7 0.3 22.8 1.5 1.6
2666.3 18.7 0.5 18.6 0.7 17.2 1.1 19.0 0.7 18.0 1.1 1.6
2676.3 15.5 0.2 15.5 1.0 13.2 0.4 15.9 0.8 13.7 1.3 1.5
2686.3- 13.0 0.2 12.6 0.9 10.2 0.8 12.3 0.2 10.6 1.4 1.3
2696.3 10.2 0.4 9.9 0.7 7.6 0.5 10.2 0.1 7.0 1.1 0.9
2706.3 8.3 0.8 8.0 0.5 6.0 0.2 8.0 0.6 5.1 0.9 1.1
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Table 6 (continued).
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Table 7. Average intensities of the OH stretching frequencies of the
isotropic spectrum of GdC13-5%H20. :

solality 0.64044 0.974 1.523 2. 145 2.547 - 3.198

ca—t Int SD Int SD Int SD Int SD Int SD Int SD
30u46.1 6.4 0.9 6.7 0.4 9.6 0.6 11.7 0.7 1.7 0.7 12.3 0.
3056.1 7.5 0.5 8.6 0.2 11.7 0.3 14,0 0.4 15.2 0.4 16.2 0.
3066.1 9.5 0.3 0.4 0.2 14.3 0.3 16.8 0.5 18.5 0.5 20.8 0.
3076.1 1.1 0.4 12.8 0.2 17.5 0.4 20.6 0.6 22.4 0.5 25.3 0.
3086.1 12.5 0.6 15.1 0.3 20.5 0.5 24.6 0.8 27.17 0.7 30.5 0.
3096. 1 4.4 0.7 17.8 0.6 23.2 0.8 28.1 0.9 31.9 0.6 35.8 0.
3106.1 17.0 0.2 21.1 0.6 28.0 0.8 32.9 1.1 36.7 0.7 42.7 1.
3116.1 20.5 0.9 23.0 0.2 30.0 0.7 37.2 0.7 41.8 0.3 48.5 0.
3126.1 22.8 0.5 28.0 0.3 36.4 0.4 44.1 0.6 49.0 0.5 57.8 0.
3136.1 26,3 0,2 31.9 0.6 41.2 0.7 50.7 0.8 57.4 0.6 66.8 0.
3146.1 28.7 0.3 35.7 0.3 46.6 0.7 57.3 0.6 63.3 0.7 76.5 0.
- 3156.1 33.4 0.4 41.9 0.7 52.5 0.9  65.4 0.6 73.7 0.9 87.7 0.
3166.1 38.2 0.5 7.5 0.6 59.7 0.7 74.7 0.7 83.4 1.0 100.0 O.
3176.0 43.9 0.5 53.9 0.7 66.7 0.6 83.8 0.5 93.6 0.8 112.3 0.
3186.0 49.2 0.5 61.1 0.6 75.8 0.9 93.6 0.9 106.6 1.0 127.3 1.
3196.0 55.2 0.4 67.3 0.7 83.3 0.6 103.7 0.9 117.2 1.2 1.0 0.
3206.0 61.6 0.4 75.7 0.7 93.5 0.7 115.6 1.1 130.8 1.2 156.8 1.
3216.0 69.3 0.4 85.5 0.7 104.0 0.8 128.3 1.0 ws.7 1.1 173.8 1.
3226,0 77.9 0.5 94.3 0.6 115.7 0.8 142.2 1.4 160.2 1.7 193.1 1.
3236.0 86.9 0.6 105.5 0.6 127.8 0.7 156.5 1.2 177.6 1.2 214.0 1,
3246.0 97.7 90.6 118.1 0.9 142.1 1.3 171.9 1.3 194.8 1.7 233.8 1.
3256.0 109.8 0.6 130.4 0.7 155.9 0.8 188.4 1.1 214.0 1.6 256.0 1.
3266.0 122.2 0.7 144.2 0.9 171.5 0.9 205.9 1.1 233.4 1.6 278.4 1.
3276.0 134.2 1.1 159.8 0.9 188.0 1.1 225.7 1.5 254.4 1.4 301.5 1.
3286.0 147.5 1.2 175.0 1.4 204.4 1.5 263.3 1.3 273.9 1.4  323.1 1.
3296.0 i64.0 1.1 190.4 1.0 220.8 1.5 262.2 2.3 293.8 1.6 345.3 1.
3306.0 180.2 1.1 207.3 1.1 239.9 1.4 281.8 1.7 314.2 1.7 368.4 1,
3316.0 197.2 1.2 224.6 1.1 257.0 2.0 303.0 2.1 336.8 1.7 2.

392.7
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Table 7 (continued).

molality O.u4uu 0.974 1.523 2.145 2.547 3.198
cp—1 Int Int SD Int SD Int SD Int SD Int SD
3326.0 216.1 3 246.0 1.2 278.7 1.6 324.7 1.9 361.0 1.9 417.1 2.2
3336.0 233.5 7 265.4 1.7 298.4 1.6 - 3u8.0 1.8 384.6 2.1 438.9 2.3
3346.0 250.6 7 283.5 1.7 320.7 1.9 369.7 2.1 407.1 2.5 462.6 2.3
3355.9 269.6 8 302.8 1.6 341.0 1.9 389.9 2.1 426.2 2.6 481.6 2.5
3365.9 287.2 6 321.0 1.6 360.6 2.1 410.5 2.1 445.3 2.4 501.17 2.7
3375.9 303.9 5 337.9 1.8 379.4 2.0 428.8 2.1 461.6 2.5 515.9 2.7
3385.9 316.8 8 354.0 1.9 393.4 2.0 a44.1 2.2 477.0 2.6 527.0 2.8
3395.9 327.1 8 367.6 2.3 407.7 2.0 456.7 2.3 487.9 2.5 536.6 2.8
3405.9 337.4 3 376.1 2.0 418.0 2.4 466.0 3.1 494.5 2.9 540.1 2.9
3415.9 344.1 8 385.9 1.9 425.9 2.3 470.6 2.8  498.1 2.7 540.0 2.9
3425.9 347.1 2 389.9 2.0 430.6 2.3 471.1 2.5 497.8 3.0 535.3 2.8
3435.9 347.4 7 391.2 2.3 428.8 2.4 470.1 3.0 493.5 2.8 528.7 2.8
3445.9 345.5 7 386.2 2.0 423.7 2.2 462.9 2.5 485.3 3.1 517.0 3.0
3455.9 340.9 0 381.7 2.1 418.1 2.8 453.0 2.6 473.0 2.5 S04.1 2.6
3465.9  332.5 7 373.9 2.1 405.2 2.2 439.3 2.3 4s8.7 2.8 486.9 2.7
3475.9 321.9 7 360.9 3.0 393.2 2.2 421.9 2.3 440.7 2.9 466.2 2.5
3485.9 310.7 0 347.7 2.4 376.9 2.1 403.8 2.3 419.9 2.9 41,4 2.4
3495.9 297.9 8 333.9 1.8 359.8 2.1 385.3 2.0 400.6 2.8 419.7 2.6
3505.9 283.9 8 316.5 2.3 341.9 1.8 364.3 2.0 374.1 2.1 394.7 2.1
3515.9 270.0 5 298.4. 1.5 318.8 2.3 335.0 3.5 348.9 1.9 366.1 1.8
3525.9 254 .1 4 279.7 1.7 298.6 1.5 314.9 2.0 323.7 1.9 340.7 1.8
3535.8 239.2 9 260.7 1.4 277.9 1.5 293.6 - 1.8 299.7 1.9 312.6 1.8
3545.8 225.2 4 243.9 1.5 258.9 1.3 272.3 1.8 276.9 1.5 287.0 1.7
3555.8 210.2 8 226.2 1.2 239.4 1.3 250.3 1.3 252.8 1.7 261.2 1.6
3565.8 196.4 4 210.5 1.3 220.7 1.2 233.0 3.5 231.5 1.4 236.8 1.3
3575.8 185.0 1 196.9 1.2 204.3 1.1 209.6 1.2 211.3 1.2 214.0 1.3
3585.8 175.0 4 183.5 1.2 188.1 1.3 191.8 1.3 191.2 1.0 192.7 1.3
3595.8 162.5 1 168.5 1.1 172.3 1.3 172.8 0.9 171.9 1.1 170.4 1.1
3605.8 150.9 2 156.1 1.0 156.4 1.2 153.6 1.0 151.2 1.0 148.1 1.0
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Table 7 (continued).

ﬁolality

0.974% 1.523 2. 145 2.547 3.198

O.4uy

83

VO MNITIONITIINMeETTOANM
£ ¢ o ©6 6 ¢ o o 8 o & o 2 e & 8 * o+ ¢ @

MOOOOCOOCOCOODOCOOODOOOC OO

586953368956“015093
L Y * 8 8 8 & ®© 9 T o 9 @
n309932573975“321100
HNOM~MWNMITM N

-

SCVWUIFFIFNIVOMIIINMIIMNTY
.e 8 o o e 6 & 8 2 0 e ° v ° o e 0 s o

NANODODOOQCOCOOOOOOOO0OO0O O

D

676255859881765831“
o s o 9 e e @ s ® o * 9 []
569“076“321110
M AN~~~

NeeOrooOOOCOOOO0OO0OOO0COO

“290“5“86287889“995
R T N ] T 8 e 0 & o @ e o ¢ o @
n331128805186u322111
HMEeERAR~UMMmM NN~

Lol d

3 o ¢ 8 o 0 8 8 o 06 0 o 8 0 o 0 0 0 v 0

NME"TO0O0O0COO0OO0OOOOO0DO0ODO0O00CO

MONDODIOVCrMFITO~RNNIASIFO
L I * o o e o o 9 [ I L ]
26186“321111
¢l

58
42
31
2
1

R 9 9 o e 0

Mro0 000000000 0CODOC O .

TN~
* @ " 8 0 e & L]

OWIPMNee=OO

22,
17
11.2

€2 e 9 o o 0 o & & % 8 * 6 8 o * o s @

51110000000000000000

00361“0853393““2068
= o o 0 9 ® o ¢ # & 8 o 0 0 e 8 b o
09690996Q7285Q321ﬂ00
HANONOMN™ ™

-

e 0 0 MPMPD®®P®D®W I~~~
- L] L) [ ] . [ ] » L] L 4 [ ] * . [ ] L L ] . L] [ ] [ ] .
I MLV V VLY VWY YN VN OGN
BraMINOEORO"NMIPNOSC O
VWOWOWOOWWOOOWOSSSSPSSSS

mAMmMAMmMAMmMMMmMMmmMmMmmAammMmm




Average intensities of the OH stretching frequencies of the

anisotropic spectrum of G4Cl_-5%H_O.

Table 8.

2

3

0.974 1.523 2. 145 2.547 3.198

0.444

molality
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Table 8 (continued).

zolality 0.44y 0.974 1.523 2. 145 2.547 3.198
cm—1 Int SD Int SD Int SD Int SD Int SD Int  SD
3326.0 44.0 0.3 56.1 0.4 70.2 0.4 87.9 0.5 100.1 0.7 120.5 0.7
3336.0 47.3 0.4 60.5 0.7 74.3 0.7 93.7 0.6 104.9 0.6 126.0 0.7
3346.0 51.5 0.3 64.9 0.3 80.3 0.9 98.1 1.1 111.6 0.8 131.6 0.8
3355.9 - 55.0 0.6 69.9 0.6 84.5 0.5 103.4 1.0 116.5 0.7 136.7 0.9
3365.9 58.9 0.6 73.3 0.6 89.0 0.6 108.0 0.7 119.7 0.7 - 139.8 0.8
3375.9 61.6 0.5 76.6 0.7 93.2 0.8 112.2 0.9 123.8 0.9 - 142.3 0.8
3385.9 64.5 0.3 79.8 0.8 96.3 0.6 114.4 0.9 125.3 0.7 184.5 0.9
3395.9 65.8 0.4 83.4 0.6 98.8 0.6 116.5 0.8 126.9 0.7 143.6 0.9
3405.9 69.2 0.4 85.3 0.6 100.4 0.6 117.9 1.3 127.6 0.8 143.1 0.8
3415.9 69.5 0.5 86.2 0.5 102.v 0.7 119.0 0.6 126.9 0.8 141.8 0.8
3425.9 69.4 0.5 85.9 0.5 - 101.2 0.7 118.0 0.7 125.2 0.7 137.8 0.8
3435.9 69.2 1.2 86.8 1.2 101.6 0.9 116.1 0.7 122.9 0.6 134.3 0.7
3445.9 67.8 0.8 85.0 0.4 98.7 1.2 112.8 0.7 119.7 1.0 130.4 0.8
3455.9 66.8 0.5 - 82.3 0.5 96.3 0.5 109.6 0.6 1M4.4 0.8 123.5 0.9
3465.9 64.7 0.4 79.0 0.6 91.3 1.1 104.0 0.6 108.7 0.7 116.6 0.9
3475.9 61.8 0.4 76.2 0.4 87.1 0.8 98.6 0.5 102.5 0.8 110.0 0.8
3485.9 59.2 0.5 72.0 0.6 83.0 0.5 92.7 1.1 96.3 0.5 103.0 0.9
3495.9 55.9 0.3 68.1 0.4 78.2 0.4 86.6 0.7 90.6 0.5 95.1 0.6
3505.9 52.6 0.5 62.6 0.4 72.1 1.0 79.1 0.7 82.4 0.8 87.3 0.6
3515.9 48.1 0.4 58.0 0.4 65.9 0.7 71.6 1.3 75.3 0.8 78.5 0.5
3525.9 4u4.8 0.4 53.1 0.5 60.7 0.4 64.5 0.5 67.7 0.7 71.2 0.5
3535.8 41.1 0.5 48.0 0.4 54.0 0.8 57.9 0.5 59.5 0.5 62.6 0.4
3545.8 37.6 0.4 43.8 0.3 48.6 0.6 52.1 0.4 .952.5 0.7 55.3 0.6
3555.8 . 34.2 O.u4 39.7 0.4 43.8 0.4 46.0 0.5 46.8 0.4 48.8 0.4
3565.8 30.5 0.2 36,7 0.5 37.2 0.7 40.2 0.4 40.4 0.3  40.9 0.5
3575.8 28.5 0.3 31.7 0.8 33.8 0.4 35.2 0.7 35.1 0.7 36.0 0.3
3585.8 25.0 0.5 28.4 0.2 29.8 0.9 31.2 0.3 30.0 0.2 31.0 0.5
3595.8 22.9 0.2 25.1 0.3 25.9 0.4 26.2 0.3 26.2 0.4 26.5 0.2
3605.8 20.2 0.2 22.0 0.2 22.2 0.5 22.5 0.3 22.0 0.8 22.0 0.2
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Table 8 {(continued).

0.974 1. 523 2. 145 2.547 3.198

0.444

molality
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OH spectra listed in Table 8.1

LuCl -5%D O.
ucl, -3%D,

'Three spectral scans vere made and averaged fof both po-
lariidtions of the,solutions 1istgd'in‘Tap1es 9A§nd 10.. Buis
for the isotropic spectra of the 2.0 nolél solution and the
anisotropic band of the 0.5 molal solution only two runs were
made.2 |

The first feature to notice in Pigs. 9 - 13 is that

though no dramatic changes axe'apparent as the concentrations

IThere was difficulty in preparing Gdcl3.aqueous solu~-
tions, in which all of the water was deuteriim, to be used as
backgrounds for the corresponding solutions used. to obtain OH
spectral data. In spite of precautions taken during the
preparation of these background solutions, sufficient H20 was
absorbed to give a Raman signal. Because there were no
overtone or combination bands in this spectral region, all
that kept the background from being constant was the high
frequency tail of the D,0 spectral band. Hence, guided by
the corrected 100% D gacquound used for the water data and
taking into account %he end points of the GdAdCl -SSH 0 solu-
tion data, curves vere obtained to be used as- gackgrounds for
this data. The use cf this adjusted background along with
the uncertainty about the amount of H,0 in the band solutions
may introduce systematic errors as large as 10% in the OH
spectral intensities. In spite of this possible inaccuracy,
the analysis of this data was consistent with that of the
5% Dzo solutions.

20riginally six concentrations of this rare earth vere
used. However, the data for the 1.5 molal solution uas
inconsistent with all the other concentrations and also with
the data for the other salts. This was the only data that
was discarded in the preparation of this report. It is
assumed that impurities or optlcal misalignment may have been
at fault.



Table 9. Average intensities of the OD stretching frequencies of the

isotropic spectrum of LnC13-5%D20.

molality 0.504 1.002 1.999 2.571

cm—1 Int SD Int SD Int SD Int SD SD

2146.6 6.8 0.4 S.4 0.7 7.7 1.5 6.6 1.3 0.7
2156.6 7.0 0.3 7.0 0.7 9.3 2.0 8.9 1.0 0.5
2166.6 9.1 0.5 8.4 0.7 11.6 1.7 12.6 1.0 0.9
2176.6 9.6 0.4 8.8 0.4 12.0 1.0 12.4 0.8 ‘1.8
2186.6 11.3 0.4 10.2 0.5 13.1 2.1 14.8 1.6 1.2
2196.6 12.5 0.7 12.7 0.6 15.9 0.3 16.2 1.0 0.7
2206.6 ~15.0 0.3 13.8 0.6 18.4 0.6 19.9 1.5 0.8
2216.6 15.3 0.7 16.9 0.3 21.5 0.7 22.7 1.1 0.7
2226.6 18.6 0.3 18.9 0.2 24,6 0.8 26.0 0.5 1.0
2236.6 20.6 0.2 21.7 0.6 27.2 1.4 30.7 0.8 0.9
2246.6 22.6 0.4 24.1 0.6 31.0 0.6 34,0. 0.6 0.6
2256.6 25.5 0.8 28.3 0.8 36.0 0.9 39.3 0.4 0.8
2266.6 27.5 0.7 31.8 1.0 41.0 0.6 44.3 0.6 0.5
2276.5 32.5 0.5 37.4 0.8 47.6 0.6 52.6 0.9 1.2
2286.5 37.2 0.5 42.6 0.5 53.9 0.4 60.0 - 1.0 0.6
2296.5 42.0 0.5 47.7 0.8 62.1 0.7 68.2 1.3 1.0
2306.5 48.8 0.5 54.7 0.6 70.5 0.5 79.7 1.0 0.5
2316.5 56.4 0.7 63.0 0.6 80.7 0.7 92.4 0.8 0.8
2326.5 64.3 0.5 73.6 0.7 93.2 1.1 105.3 1.4 1.1
2336.5 73.4 0.5 84.3 0.7 106.5 0.7 120.3 1.5 0.8
2346.5 84.5 1.0 96.6 0.9 121.8 0.8 137.0 1.5 0.9
2356.5 96.1 0.9 110.6 0.7 139.0 2.0 154.1 1.6 1.1
2366.5 110.3 0.8 125.2 1.0 157.0 0.9 176.7 2.0 1.4
2376.5 128.5 1.3 144.8 1.1 177.0 2.4 202.1 1.8 1.5
2386.5 151.8 1.3 167.3 1.3 202.4 1.8 231.0 2.1 1.5
2396.5 176.0 1.1 193.6 1.4 229.8 1.6 259.5 2.1 2.1
2406.5 206.6 1.3 222.7 1.5 259.9 1.5 292.0 2.0 2.2
2416.5 241.0 1.4 257.7 1.5 295.4 1.7 327.9 2.5 - 2.2
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Table 9 {(continued).

molality 0.504 1.002 1.999 T 2.5 2.9i6‘

cmn—i Int SD Int SD Int SD Int SD Int SD
2426.5 281.7 1.8 296.9 2.3 336.0 2.0 372.4 2.6 392.6 2.6
2436.5 327.3 1.9 341.6 1.9 378.5 2.3 418.4 2.8 4u1,.1 2.5
2446.5 379.3 2.2 389.2 2.2 427.3 2.5 467.6 3.8 489.5 2.7
2456. 4 428.6 2.4 435.5 2.8 475.2 2.6 516.0 3.5 540.4 3.0
2466.4 . 478.1 2.8 486.3 2.8 523.3 2.9 563.1 3.6 " 585.3 4.0
- 2476.4 526.9 3.0 529.8 2.9 571.2 3.6 605. 1 4.2 628.5 3.6
2486 .4 - 574.2 3.1 579.3 3.4 616.1 3.4 646.8 3.6 668.8 3.9
2496. 4 614,.2 3.8 624.3 3.5 659.7 3.6 683.0 4.2 700.2 4.0
2506.4 642.1 3.7 655.7 3.6 688.3 3.9 710.9 3.9 722.9 4.0
2516. 4 657.8 3.6 676.7 3.7 709.3 3.9 726.3 4.0 734.9 4.0
2526.4 662.1 3.8 686.7 4.4 717.8 3.9 726.8 4.0 732.0 4.0
2536.4 650. 1 3.8 678.2 3.7 710.0 4,2 716.7 3.9 718.9 3.9
2546.4 628.5 3.4 656. 2 3.7 686.2 3.8 686.4 3.7 689.2° 3.8
'2556.4 595.7 3.4 621.6 3.5 6u48.1 8.0 645.4 3.4 650.6 3.6
2566 .4 555.6 3.4 583.0 3.2 606.0 3.2 601.8 3.6 604.0 3.4
2576.4 518.0 2.8 539.2 3.7 557.2 3.8 553.8 3.3 555.0 3.0
2586.4 474.0 2.6 493.0 2.7 508.7 3.0 502.3 2.9 503.7 2.7
2596.4 431.5 2.4 443.2 2.5 454.8 5.2 446.1 3.7 448.6 2.4
. 2606.4 386.5 2.1 398.5 2.2 404.5 2.1 393.9 3.3 396.8 2.6
2616.4 347.6 2.0 357.4 2.0 354.2 2.1 345.7 3.0 3u48.8 2.1
2626.4 311.0 1.9 317.4 1.9 312.4 3.4 302.2 2.1 305.0 1.7
- 2636.3 282.3 1.8 281.8 1.5 273.2 3.0 261.6 2.6 262.9 1.4
2646.3 252.8 1.7 250.2 1.6 236.5 3.0 223.6 2.2 226.4 1.5
2656.3 226.5 1.3 219.1 1.2 199.7 2.2 187.2 1.7 187.7 1.6
2666.3 194.6 1.1 185.9 1.2 165.2 0.9 154.6 1.7 151.2 1.1
2676.3 162.2 1.1 152.2 1.2 133.1 0.9 122.1 1.7 118.2 1.7
2686.3 130.2 1.1 122.1 0.8 104.7 1.0 96.8 1.5 92.8 1.0
2696.3 99,4 0.6 93.13 0.5 80.8 0.9 75.1 1.7 72.4 0.9
2706.3 74.3 0.5 68.5 0.7 60.7 0.8 57.2 1.7 S4.9 0.6
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Table 9 (continued).

molality . 0.504

cm-1 Int SD
2716.3 54.0 0.
2726.3 39.9 0.
2736.3 29.8 0.
2746.3 21.5 0.
2756.3 16.0 0.
2766.3 11.0 0.
2776.3 8.1 0.
2786.3 4.4 0.
2796.3 3.7 0.
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Average intensities of the OD stretching frequencies of the

anisotropic spectrue of LuC13-51020.

Table 10.

1.999 2.5M 2.916

1.002

0.504

molality
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Table 10 {(continued).

polality 0.504 1.002 1.999 2.571 2.916
cp—1 Int SD Int SD Int Sb. Int SD ‘Int Sh-
2426.5 37.2 0.3 46.5 0.4 63.0 1.0 79.2 0.7 94.5 0.9
2436.5 42.8 1.0 52.17 0.6 70.9 0.9 89.0 0.7 106.5 1.0
2446.5 49.2 0.5 59.7 0.5 80.3 0.7 98.1 0.9 117.7 0.8
2456.4 55.7 0.5 67.7 0.8 88.7 1.0 108.3 1.2 127.7 0.9
2u66.4 62.2 0.5 74.8 0.8 97.1 1.0~ 118.7 0.8 137.2 0.9
2476. 4 69.2 0.5 83.3 0.6 105.3 1.1 126.2 0.7 146.3 .0
2486.4 75.4 0.7 89.3 0.6 113.4 0.8 133.5 0.9 152.2 0.9
2496. 4 81.4 0.7 97.8 0.7 122.0 0.9 140.4 0.9 158.0 1.1
2506.4 86.0 0.5 104.6 0.9 126.0 1.0 144,.2 1.0 160.0 1.0
2516.4 89.4 0.6 107.7 0.7 130.1 0.9 145.7 0.9 160.7 . 2.0
2526.4 90.3 0.7 110.5 0.8 130.0 0.8 143.4 0.8 156.8 1.5
2536.4 89.5 0.6 109. 4 0.9 126.8 0.9 138.3 0.9 150.0 0.9
2546.4 85.6 1.0 -104.3 1.0 121.4 0.8 129.9 0.7 140.1 0.9
2556.4 80.1 0.6 97.7 0.6 112.1 0.6 119.3 0.7 127.6 0.8
2566.4 74.5 0.5 90.1 0.6 102.3 0.9 108.0 0.6 115.2 0.8
2576 .4 68.9 0.5 81.5 0.8 90.9 0.7 96.3 0.6 102.9 0.7
2586.4 61.1 0.7 "12.2 0.4 80.7 0.5 83.5 0.8 88.1 0.6
- 2596.4 54.0 0.6 62.8 0.5 69.1 0.7 71.3 0.6 74.8 0.7
2606.4 47.1 0.4 54.3 0.8 58.4 0.7 60.2 0.8 61.8 0.5
2616.4 40.3 0.4 45.6 0.6 49.7 0.5 - 50.3 0.8 52.5 0.3
2626.4 - 34.7 0.3 39.1 0.6 41.9 . 0.3 42.0 0.7 44.1 0.7
2636.3 30.1 0.4 33.3. 0.3 35.4 0.2 35.3 0.4 35.5 0.4
2646.3 25.9 0.3 28.2 0.7 30.0 0.2 29.3 0.3 29.2 0.2
2656.3 22.6 0.5 24.3 0.6 25.3 0.4 24.3 0.3 24.3 0.6
2666.3 19.1 0.3 20.0 0.2 21.4 0.5 20.4 0.2 19.2 0.5
2676.3 15.9 0.4 17.5 0.3 18.4 0.7 16.9 0.2 15.2 0.6
2686.3 13.2 0.1 14. 4 0.3 15.6 0.2 14.7 0.3 13.0 0.2
2696.3 11.7 0.2 12.4 0.1 13.6 0.3 12.3 0.3 10.4 0.2
2706.3 9.8 0.2 10.3 0.5 11.5 0.4 10.8 0.4 9.7 0.7
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(continued).

1.999

Table 10

2.916

2.5M
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Fig. 9. Intensities of the isotropic Raman bands of the OD
‘ stretching vibrations of HDO in aqueous solutions of
Lacl3 for several concentrationms.
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'Fig. 10. 1Intensities of the isotropic Raman bands of the OD
stretching vibrations of HDO in aqueous solutions -
of Gdcl3 for several concentrations.
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Fig. 11. 1Intensities of the isotropic Raman bands of the 0D
stretching vibrations of HDO in aqueous solutions
of I.uCl3 for several concentrations.
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Fig. 12. Intensities of all the isotropic Raman bands of the
OH stretching vibrations of HDO in aqueous solu-
tions of Gdcl3. ‘
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of the samples are increased, the shouidet, which appears on
the high frequency side of thé isotropic water band,
gradually disappears for boﬁh the OD and OH spectral bands.
Alcloser inspectioh reveals that in general, for both'polari-
zations o all solutioms, the Raﬁan shifts of the peak inten-
sities first increase as anticipated, then unexpectedly de-
crease at higher concentrations. These results are graphed
along with error bars in Figs. 14 - 17. The connecting lines
are simply a visual aid. Plots of the haif-widths as a func-
tion of wmolality in Figs. 18 - 21 demonstrate how initially
both the 0D and OH bands become narrower, for both polariza-
tions of all solutions, and then broaden again at high con-
centrations. Such "complicated"™ behavior had not been antic-
_ipatéa. '

In addition to these unexpected results, the positions
of peak intensities and the treadths of the half-widths
differ for the three rare earth solutions in a comnsistent
manner at high concentrations. This is apparently a signifi-
cant, tbhough small cation effect.

Analysis

Though the differences in the spectral data among the
thrée salts and the changes in band shape, with changes in
concentration, are small, they are qutside of experimental
error. As an aid to analyzing the data, the following method

was develoﬁed: A graph was plotted:of the average intensity
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as a.function of concentration for a fixed Raman shift. For
Gdcl3-5%D20, fqr instance,'seien intensities, includiﬁg vater
for zero concéntration, were plotted for each of the 66 wave
numbers for which isotropic data was taken. The tesﬁlts are
illustrat~1 for several Raman frequencies in Fig. 22. Subse-
quently, a least-squares quadratic fit was made to each of
these plots. Statistical analysis indicated that a gquadratic
eguation was suitable for this data; -Then the slopes, or.
tangents, of these intensiiy curves vwere determined at each
concentration by taking the analytic derivative of.the
quadratic equations. The numerical vélue of this derivative,
at a given concentration and Raman shift, corresponds to the
average change in the molar intensity of the OD oscillator,
as the fraction of water molecules in contact with the |
electrdlytic ions increases. This number, hereafter called a
differential of intensity with respect to concentration, is a
funcfion cf concentration aqd the Raman frequency. Fig. 23
illustrates the differential plotted as a function of wave
nunber for each GdC13—51020 concentration inclpding uatér (or
GdC13-5%D20 at infinite dilution). These plots are to be in—
terpreted in terms of the Raman stretching frequencies of HDO
molecules which are affected by the cations or anions in the
soluticn.

It is generally believed that in dilute solutions Gdcl3

icnizes completely into Gd3+ and Cl-. But as the concentra-
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have been made in this laboratory on aqueous solutions of
Gd(ClO4)3. The differential amalysis of this data uncovers a
peak at virtualiy the same'fregﬁency as the one that has been
associated with the catlon above, uh11e the hlgh freguency
dlfferent"l band is much dlfferent in shape and p051t10n
than the above anion band. The fact that the two resolved
differential bands disappear and one emerges for higher con-
centrations, is attributéd to scatiet ;hich occurs from water
Bolecules which are adjacent to cations and anions at the
samé time. This is in agreement with the gemerally conceived
behavior of ionic solutioms.

To establish that these results wvwere not justlan arti-
fact of the quadratic fifs, cords were dravn between the in-
tensities of adjacemt concentrations of GdCl3—S$D20 and their
slopes used to plot ‘a “"difference" curve for the isotropic
data. Comparison of Fig. 24 with Fig. 23 demonstrates that
the features which afe being discussed are clearly |
discernible.

An;loqous results obtained for the isotropic épectrum Qf
the OH stretching vitration are displayed in Fig. 25. Aal-
though the differential bands are much broader so that two
differential bands are not resolved at lcw concentration,
their identity is established by the shoulder and associated
inflection on the low frequency side of the curve. At high

concentrations, only one band is obvious as before, and the
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frequency of the_peak is again betuéen the frequency of. the
twoAunresolved bands ottained at lower concentratidns.

When a similar analysis is made of the anisotropic
spectrum of the 0D strétchinq frequency of Gdélé, only one
differential“band is appafént at low concentrations, which
corresponds with the band‘having.ﬁhe highér frequency in the
apnalysis of the isotropic spectrum. With further addition of
Gdcl3 to the solution, the frequency of this band decreases
till, near saturated concentrations, it is located at a simi-
lar frequency as the corresponding diffetential_band of the
isotropic spectrum, as demonstrated in Fig. 26. As seen in
Fig. 27, parallel effects are obtained for the differential
analysis of the specthum of the OH strefching £requency'in
the aqueous anisotropié GdCl3 soluticns.

The same analysis was done for both polarizations of the
OD stretching frequency of the aqueous solutions of LaC13 and
LuC13, and very similar results were acquired as seen in
Figs. 28 - 31. It is instructive to sugerimpose the result-
ing curves for the three salts at infinite dilution and at a
concentrated soiution, as is aone in Figs. 32 and 33. This

3 3
is measurably differ-

makes it clear that while the results for GdCl., and LuCl_ are
nearly the same, the results for Lacl3
ent. And the difference at infinite dilution occurs in the

band at low fréquency which has been tentatively assigned to

vater molecules which are affected by the rare earth ioms.
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If this is a correct assignment, then in the above comparison
there is evidence that iatér molecules are affeéted
differently by the La3+ ion tham by the Gd3+ or Lu3+ ion.

. This could well reflecf a difference in cation hydration
ibiéh hés been reported previcusly by a number of
investigators (55, 68, 70, 96). Aécording to these studies,
la3+ seems to have a greater number of water molecules in the
first hydration sphere than Gd3+ or Lu3+t,

The differences, in the differential curves of LaC13,
GdCl3 and Lucl3 are consistent with the fanning out of the
peak frequencies of the spectral band of these salts at high
concentration noted earlier.

Incideqtally, the fact that four Gaussians or three
skewed—-Gaussians could continue to fit the spectrum of solu-
tions, in which there vere distinct bands associated vith
affected vater molecules, is an additional indication that
there is no physicai significance to the component functions
vhich fit the curves.

Finally, attention should be called to the consistent
similarity of the degpoclarization ratios for all of the solu-
tions displayed in Fig. 34. While the magnitude of these
ratios is dependent on the background subtracted from the
tand data, the shapes of the frequency dependence of the
'depolarizatiOn ratios were essentially insensitive to differ-

ent choices of background parameters.
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SbHHARY AND CONCLUSIONS
The following significant results and information.haié
beenr obtained in this work:
1) Accurate data for the OD and OH vibrations in wvater
and six concentrations of GdCl3 and for the OD'vibratiops in

five concentrations each of LaCl3 andALucl3 vere obtained,

which are independent of the exciting laéer frequency. Tbé
expected standard deviation of the average at each Raman
shift ués determined for both polarizations.

2) At least four normal Gdussian curves were required to
suitably fit the isotropic data, but it appears that nothing
sore than curve fitting equations have been obtained.

3) Parameters listed by wWalrafen for a four Gaussian fit
to the 0D stfetching band of HDO did not fit the data ob-
tained in this work. This may be because his data was not
correéted for the response efficiency of his detection
systen.

4) Comsistent depolarization ratios were obtained for
.the Oﬁ and OH stretching vibrations in water and Gdcl3 and

the OD bands in LaCl3 and Lucl3. All are similar in shape

and demonstrate that this ratio 'is not constant across the
HDO spectral bands. |

| 5) The depolarization ratio is larger for the OH band
than for the 0D band.. Also, for each of the solutions, the

madnitude of this ratio increases regularly with increasing
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salt concentration.

6) Within experimental error, the polar integrated in-
tensity'increases linearly with respect to the concentration
of the rare earth chleride.

7)Afhé frequéncy ﬁosition of peak intensity of the OD or
OH band increases with increasing rare eérth chloride concen-
tration at low concentrations. Then it decreases for all
salts at higher concentrations. Likewise as anticipated, at -
low concentrations tbkese bands become narrower, buf at'high
concentrations they broaden.

8) In addition, there is a cation dependent difference
in the peak positions and half-widths for both polarizationms
that is apparent at high concgﬁtrations.of the three rare
earths.

9) Differential analysis of the d&ta locates the fre-
quencies of the OD and OH oscillators that are influenced by
the cations and anions at low concentrations. A single dif-
ferential band at high éoncentration indicates that the water
molecules are being affected by both salt ioms. |

10) This differential analysis shows that the Gd3+ and
Lud+ cations have a similar effect on water, but there is a
neasurable difference for La3+¢, as would be expected from
thermodynamic data. |

11) No distinct cation band is visible in the differen-

tial analysis of the anisotropic data at low concentration.
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Two major features distinguish this report. PFirst,
reproducible calibrated data have been obtained for the 0D
and OH stretching bands in water and aqueous solutions. We
believe that this data is five to ten times more accurate
than anj reported heretofore. This accurate spectral data,
together with listed estimated standard deviatioas, shoﬁld be
.a rigprous tes; for theoretical models of water. It also in-
dicates that some widely quoted published results are of
questionable value. Furthermore, the data permit for the
first time an unequivocal demonsfration that the
depoiarization ratios of the OD and OH vibrational bands of
HDO do vary with Raman frequency.

The second prominent feature is the developament and use
of a differential aﬁalysis technique which allowed thé iden-
tification of distritutions of the stretching vibrations as-
sociated with water molecules which are clearly affected in
different vais by the rare earth and chlotide ions,

Separate independent experiments on aqueous G4 (Cl04),
support the validity of the differential analysis, exhibiting
not only the cation effect but also indicating that the Clo,-
ion complexes with wvater. Though different peak freguencies
and magnitudes occur, there is a qualitative similarity in
the differential curves of rare earth chlorides and

perchlorates.
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It appearsfthat it vould be fruitful to look at aqueous
solutions with anions in the same iso-electronic sequence as
cl-, i.e. I-, Br— and F-. This should help to increase the
interpretive power of the method of analysis developed ﬁeref’
For similar reaspns it should be valdable to make Raman scans
of solutions with méno— and divalent catioms. Finally, it
appears that this diftetential analysis may be applicable to
electrolytic and non-éleétrolytic aqueous solutions in gener-

al.
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