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I. REVIEW OF PROGRESS

ECEIVED gy
. DTiE. MAR g .
. | S 1970,
"Except for considerable data, both_infréred and Réméd,'which-hasMﬂASTER’
accumulated for the glassy mixture of Cé(N03)2 (45%5 and KNQ3(55%), ' - '
.most of the notable results of the. past two years under contract AT
(11-1)-1615 have been reported in. the foﬁr éapers listed under
"Publications" at the end of this proposal. Briefly, the rather diverse
.results can be characterized as being consistenfly;indica;ive.of a
.perturbed lattice. structure for the molten alkali metal niﬁrates.
This interpretation was originally emphasized.in al1968.pape1"1 which
appeared nearly simultaneously with a report that lattice phonon
features are carried’oyer-into thé far infrared.spectra.of.molten'sodium
and cesium nitrate.2 The interpretation has:been further substantiated
by Raman studies in our laboratory, as weil as thoée:of James3 and
Clark’,4 and, also, by isotopic dilution data from‘our'lab‘orato‘ry.'5
Angellret; al. have interpreted extensive far-infrared data for.
several inorganic glasses from-a similar viewPoint.6'

Thus, the concept emerging of the molten sait state is ﬁhat order
is. sufficient to support phonon wavés and pérmitAthe idgntifiéation of
vibrational modes Which differ in their phase»relationshipsvwithih
"unit cells.'" This view requires that such'liquids‘retain‘vestiges:of'
a lattice structure, but in no sense is.the~possibility of épecifip
interactions ruled out. Just as for solids, thé basic molécular uﬁit
may be either a simple, possiﬁly polyatomic, iOQA(eg.<N03i)'or a more
complex entity resulting from specific ihteractions.

Apparently some progress is béing made in characperizing melt
structures but there has beeﬁ no'equivalent appligatibn:of vibrational

spectroscopy to the chemistry-of molten salts, at least not in our
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‘laboratory, although it was expeéted'that our interest would shift in
this direction. The delay,ig not a résult of a shorfage?of interesting
chemical questions to be considéred,'but rathef from a fasciﬁaﬁion

with structural aspects.thgt has yet to be du}led. 0f course, it is
naturally anticipated that, when feasible structural studies have been
exhausted, chemical insights will evolve in a more logical and systematic
fashion.

The growing body of evidence that spectfoscopic properties'of
certain ionic melts béar a close analogy to those of the corresponding
solids.prompted the principlé investigator to spend a six month
sabbatical during the past year studying solid state spectroscopic
theories in the laboratorf‘of Professor J. C. Decius. Insights gaiped
during that pgriod have served to draw attention to other previously
unsuspected énalogies which may prqve'infdrmative regafdingAmelt
structures. Tﬁus, the emphasis in this proposal i§~on.determinihg the
significance of tHese apparent analogies, so that the emphasis continues

to be on structural rather than chemical aspects'bf molten salts.
II. PROPOSED RESEARCH

It hasrbeen mentioﬁed that,~11ké;$olids,-ionic ﬁélts afe»apparently
capable of supporting c'op‘ti_cal‘phonons2 and; further, featuréé in the
.infraredugnd Ramaq internal moag freqﬁéncyAfange‘séem £Q {édiéété a
dynamical coupling of internal modes of neighboring nitraté ioﬁs as’
in the solid state.1 Basically, the resegrch'pfbpésed herein ié.
directed to confirming or dispfovihg the exisfénée.bf yet énotﬁer

analogy that is suspected between the molten salt and solid state

-spectra. What is suggested here and will be-afguéd in tﬁexsuCceeding



paragraphs is that one can identify features produced by both-longi-
tudinal and transverse modes in the spectra of molten salts (both in

. the infrared and Raman);:-Further,‘the appéa;ance.of spectfal featu;es
prbduced by such modes and their‘subsequent misinterpretation has led
to serious misconceptions regarding: the degree.of anion distortion in
melté such as that of iithium-nitrate.

To understand the argumentsltﬂat fol;ow, as well as the proposed
experiments designed to teStvthese ideas, one must be aware of.seyeral
aspects of solid state spectroscopy:

1. Vibrational modes‘in crystals break down;into pure transverse, pure
-longitudinal. and mixtures thereof. Modes with wave vector pgrpendic-
cular to the dipole moment change a;éFpure transverse and are normally
responsible for gkﬁggggggn,loss from.an electromagnetic wave, On
the other hand, corresponding_toveach iﬁtefnal'anion mode for
éfystais such as the-trigonal forms of lithium, sodiuﬁ and potassium
nitrate, there is also a longitudinal optical mode with wave vector
parallel to the mode dipqle moment change.‘ Although 1ongituaina1
modes do not normaily causeAabsqrption loss,7,they;are detectable
by reflection meaSurements8 or by noting:refféttion loss in

L e e e oY SV
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-transmission measurements.

As an example of absorption ffom a_pufé transveése wave, consider

a light’wave incident'on a trigonal nitrateicrystal with the wave
vector parallel to the crystal’three-fold axis, Momentum conserva-
tion permits interaction with a.crystal mode with wave vector
-parallel to the-C axis.. The nitrate planar moedes, such as Vg>

3

have transverse components with the proper wave vector and with



dipole moment change perpendicular to the direction of wave

propagation. The latter condition permits effective coupling

-of the-u3 transverse wave to the infrared electromagnetic wave. On

the other hand, the v, (out-of-plane) mode that satisfies the momentum
conditions is the longitudinal node with wave vector and dipole

moment change both oriented along C No abéofption'is possible for

30

‘this pure longitudinal mode, assuming an infinite plane wave and

infihite cry‘stal.7 However, a vy mode, largely  longitudinal with
é slight transverse admixture, becomes active when the wéve
propagation is glightly off the three-fold crystal axis. The
transverse character is necessary for coupling of the mode dipole
moment change with the electromagnetic field, but the absorption
peak frequency approximates the longitudinal modal frequeﬁcy.

The frequency difference-between longitudinal (LO) and transverse
(TO) optical modes. is directly related to the magnitude of' the
dipole moment ghange of the mode.in qﬁéstion. For intense

absorption. bands such as 12} of the NO, 1ion.this splitting is of'

3
the order of 100 cm_l. The values for lithium and sodium nitrate
at 25° C are as indicated in Table I. This table shows that

the splitting is an order of magnitude smaller for the much-less

intense yp. mode.

2 _
. TABLE I
v3(T0) ' v3(L0) A
) g -1 S -1
L1NO3 . 1360 cm 1475 cm . 115 cm
NaNO, 1353 ' 1455 102
LiNO, ' 849 834 .15
NaNO, 840 836 4

3



Attenuated total reflection (ATR) bands: for the nitrate Uy mode

obtained with light, polarized in the plane of incidence and with

trigonal nitrate crystals having the nitrate ions oriented parallel

to the ATR prism surface are sharply peaked at.u3(TO) but also
have a high frequency wing with an inflection point at u3(LQ).(Fig. 1).

This observed quality of the-u3.ATR band is precisely what one

predicts from Fresnel's equations using a damped harmonic- oscillator

model and the appropriate band intensity parameter.10 Thus, both
u3(TO) and u3(L0) contribute to fhe ATR band profile.and can be .
immediately identified from it,

Orientational disorder in a solid. leads to a breakdown of selection
rulesllbsuch that not only k # 0 modes become optically active but
longitudinal as well as transverse modes may be activated. This
feature of the‘infrarea spectra of methylammonium halides has been
examined in det:ail,1Ib It seems quite probable-that activation as

a result of orientational disordering is'also important in determin-
ing the spectra of the high temperature disordered forms.of solid
trigonal NaNQ3 and KNO3. Thus, despite the preservation of a
three-fold symmetry axis and, presumably, the,degeneracy'of

the vy and U4'm°d¢s’ v, appears as a doublet in the Raman spectrum}12

3

Chisler, impressed by this u3‘sp1itting, in spite of the presumed

three-fold symmetry axis, has suggested that the anion distortion

_indicated by the Raman ddublet is the result of a Jahn-Teller

effect. - A.more likélyISOurce of the second Raman component is the

-activation of DB(LO) as a result of the relaxation of selection

rules accompanying orientational disordering. The latter view:is

supported by the reasonably close comparison of the magnitude of



the 5p1ittiﬂg;bfvthe Raman components with the known T - L
splitting of the low temperature form of NaNO3. Also, like- the
Raman doublet,12 the T - L;splitting is known to decrease in
frequency in.the series LiNQ3 - NaNO3 - KNO3 since the magnitude
of the T - L splitting is correlated with the N03- particle
density. Table II emphasizes the close comparison between the

- spacing of the Raman.doubiet and the.known T - L.splittings.

Warming of these nitrates decreases the Raman doublet spacing,1

TABLE II
. a b
Infrared (ATR) Raman
KNO, (130°) 1350 1430 1360 1420
NaNO, (25%) 1353 . 1455 1370 1450

a - from reference 10

b - peak freqﬁencies‘for'u3 Raman doublet from references 12 and 13.

a phenomenon that is expected from a T - L assignment since crystal
expansion decreases particle density and, thus, the T -'L. splitting.

5. Thé ATR spectrum: of NaNQB(p3 region) changes very-little upon the
order-disorder  phase.transition,which sgggests that'N03_ ion
distortion is-unlikely. By;attributing:the Raman doublet to the
T - L.split, anion distortion need not be invoked.

Points (1) throqgh (5) emphasi;é<that both the TO and LO modes

must be considered in the interpretation of solid state vibrational

spectra, particularly when intense absorption bands are involved, and the



LO mode, or admixtures of it with the TO mode, may become-of nearly
equal concern with the TO mode for orientationally disordered crystals.
The latter is a propositidn rather than a confirmedAfacgvat this stage.
With- one. other fact in mind, we arefprepafed to defend the proposition
that T - L effeéts rather than anion distortion are responsible for
certain features in the vibrational spectra of molten salgs (the
alkali metal'nitfate melts in particular).

The additional fact is that, when one- assumes an anion distortion
such as can be envisioned for the Cop complex

0

M-0-N
I

A

>0 ’

then a normal coordinate analysis reveals two relevant features:

split from such a distortion requires

14,5

1) to produce a 120 c'm-'1 12

that K . - K. = 2.5 md/K.

observed in the Raman spectrum of LiNO

.Since this is the splitting

3 melt;~an_interpretatioh

of the Raman doublet as the result of anion distortion requires
that the distortion be quite marked.
2) if, in this calculation, the total bonding in the anion is

kept nearly constant by requiring that § l(i = constant
: i A
regardless of the amount of anion distortion, the calculated

splitting in.u3 is nearly symmetric about the V3 frequency
-of the limiting free nitrate;14, Thus, if vy = 1350 Cm‘l is

assumed for the free NO ) anion, then u3ﬂy 1410 cm_1 and

3

"~ 1290 cm™ ! when Kip - Ky = 2.5 mdyne /K.

V3 1

With this backgound it can.be seriously suggested that certain of

the dominant features in the infrared and Raman spectra of molten salts



result from the extension to the liquid salt state.  of yet another solid

state property, the T - L splitting of vibrational modes, the reasons

behind this suggestion can be listed as follows:

1.

As can be seen in Figure 1, the ATR curve for molten LiNO3

- closely resembles that for solid LiNO, when the latter is

3

obtained using in-plane polarized light (TM) with a sample

"having NQ3 ions parallel ‘to the prism-sample interface.

. As mentioned, theory relates the high frequency solid state

V3 wing to u3(L0)- The wing and its extension is very similar
for the melt. Further, the extension of this wing falls off

in the sequence LiNO for the melts, as for the

3° 3 3

solids, in a fashion consistent with the expected decrease in

NaNO,, KNO

T - L splitting with the decrease in nitrate ion particle
density.

Dilution of molten LiNO, with LiCl is accompanied by a

3

decrease in both the splitting of the Raman V3 doublet com-

ponents and the extension of the ATR high frequency wing.

3

particle density which would be accompanied by a decrease in

Again, this is expected because of the decrease in NO

T -'L splitting, but cannot be understood.from a cation-
- distortion-of -the -anion viewpoint since. the cation identity

~ is unchanged.

The 120 cm-1 split for' LiNO_, (and the corresponding 80 cm

V3 3 )
split for NaNQB) requires, from an anion distortion view, a
strong distortion of the anion and would logically signal a

rather drastic overall structure change upon melting. Such a

strong anion distortion, corresponding to KII - KI a~ 2.5
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T: mdynE/X,ﬂis thus“inConsiStént with the negligible change in

.far infrared (phonon) spectra upon melting.2 On the other

hand, the preservaﬁion of lattice (phonon) modes in the melt2
might suggest that T and L.modal characteristics also be
identifiable in liquid salts.

As noted anion distortion alone should cause a reasonabiy
symmétric splitting of the-p3 degeneracy. However, the Raman
melt doublets have one component. fairly near the normal un-
distorted nitfate frequgncy;while the second component, just
like theAu3(L0) modg in the solid state, invariably appears
at a considerably higher frequency. From a.distortion model

this requires a significant increase in overall bond strength

:of the nitrate anion on melting. No reason for such an

increase has been put forth and such a strengthening is
inconsistent with the decrease in the symmetric stretching
frequencies.(ul) on meltjng.

The orientationally disordered solids may serve as a bridge

to understanding between the ordered solids and the more

-randomized melts. If one accepts that the high frequency V3

Raman components for these disordered solids (eg. KNO3 I and

NaNOBI) arise frOm;p3(L0) then_if is a more'modest’jump to
the assignment of the corresponding features in ;he Raman
melt spectra to modes.having longitudinal characteristics.
Such an assignment for thé disordered solids seems mAré
appéaling than other extant interpretations, and Chiéler has

already remarked on the-strong similarities between the dis-

-ordered solid and liquid Raman'spectra.12
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To this point, we have.only presented a new and somewhat radical
view of molten salt vibrational spectra in the fundamental range. It
is perhaps impossible to pinpoint a .definitive experiment to irrevocably
eéither affirm or rule out: the suggested T - L assignments, but there
are a number of rathér<obvious studies suggested by the T -;L view-
point. Only three- of these aré.considered here.

The dilution studies of LiNO3 with-'LiC1l mentiongd under point 2
above have been,limited by solubility to-less than 25% LiCl. This
dilution of the NQ3- particle density needs to be extended. This is
possible-by introducing a second more or leés innocucous-anion such as
Br . The collapse of the Raman.v3 doublet with dilution would offer
strong support for the T - L appfoach.

Should the second V3 Ramén(component in the disordered solid
nitrates have a longitudinal origin then one would expect the
relative intensities of the doublet cémponents to be stroqgly
-orientation.dependent. The necessafy ﬁaman orientation studies can
be easily completed'using a_laser source- -but to date?.the spectra
are limited to an instrument equipped with a helical mercury lgmp
-source.lz We - are prepared to maké the necéssary'laser Raman study.

vy » like4p3, shows a high frequency ATR wing in both the liquid and
solid lithium nitrate spectra.. This wing in the solid spectrum can be
theoretically related to the T - L split, but not in any straight-
forward manner for the liquid. However, inigial studies indicate that
vy is weakly EﬁEEEAactivated in the melt and may be peaked at a value
close to the longitudinal frequency that one might déduce from the
-1liquid ATR wing extension. This possibility needs further investigation

.perhaps using a more powerful argon laser source which we now. have
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-available in our- laboratory. Also, it would be exceedingly interesting
_to-look for 1) in the Raman of the OrienfatiénélIchisorde;ed_solid
nitrates towﬁake“comparisqns”withctheiknowniloggitﬁdinélﬁfrequenéies.
The.objectives stressed ih this propoéal may seem somewhat
'restricted since; again, most interest is expresséd in the alkali
metal nitra;es. In fact, however, since these<are the - best chéracterized
melts, they are the obvious objects of any study-involving novel concepts
of thé source of vibrational spectroscopic features. It is not possible
“to fore§ee the particular gain in understanding-of melt structures from
this study, even assuming that the suggestion of T - L mode differentia-
tion is affirmed. However, it is cléar that such an affirmation (or
negation) will serve as another piece in'tﬁe complex picture puzzle.of
the liquid state. Only when mére complete dynamical calculatiéns for
'systems.experiencing thfee dimensional disordériné are avéilab1e~wili
the significance. of the~identificgtion’of T and L modes (if such is
affirmed).be~appgrent. Dyson's one dimensional célculation may serve

-as a starting point: for:such a:dynamiéélrana1y9i5;¥5ﬁﬂ R

-



Figure 1. ATR curves for the y, mode of LINO,. The solid curves are for a sample with trigonal axis_Lto
ATR element and using radiation po?arized in the plane of incidence.
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FACILITIES:

Laboratory space with standard laboratory;featureé plus built-in
- vacuum racks is available. Instrumentation ‘includes a Beckman IR-7
infrared spectrometer with a CsI interchange, a Perkin-Elmer 12-C
infra?edspectrometerwith NaCl and CsBr optics, a Cary 14 recording
"spectrometer, a Beckman D. U. quartz spectrometer, a Varian A-60 nmr
spectrometer'énd_several gas chromatographs. The Bartlesville b?anch
of the Bureau of Mines has offered the use of their Perkin-Elmer far-
infrared double—beam~recording spectrometer. A new laser Raman instru-
ment built around the Jérre11~Ash 25-100 double monochromator is-also
-available, with both Argon and He-Ne laser sources.

A computer center equipped with an IBM 360-50 digital computer
offers its services. A thoroughly tested program for the least:-square:
-fitting of force constants to frequencies ih a normal coordinate
-analysis is-ready. for use. This program will handle several molecules
or isotopic species simultaneously and enables the use of a variety of
quadratic potential functions. A program for ;heoretica1~ana1ysis of

ATR infrared bands is also available.





