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CHAPTER I
INTRODUCTION
Scope of the Problem

Vibrational spectroscopy has been used extensively to investigate
the structure of aqueous electrolyte solutions and molten electrolytes.
Much of the work has been concentrated on molten and aqueous nitrate
systems (1) (2). Recently, however, some limited investigations involv-
ing chlorate systems have been reported (3) (4) (5) (6) (7). The vibra-
tional spectra of both the nitrate and chlorate anions are particularly
sensitive to various environments; thus, each of these anions is quite
valuable as a structural probe. Various structural models have been
suggested for the dilute and concentrated aqueous solutions and molten
salts, but only the models for the dilute solutions seem to be well est-
ablished. Most of the models are based to some extent on environmental
perturbation of the anion in order to explain certain of the observed
spectral features.

In determining the role that anion distortion plays in the spectra
for various environments, it is of interest to consider the maximum
possible distortion for a given case. For the alkali-metal nitrates or
chlorates, the maximum distortion should occur when the anion is assoc-
iated independently with only one cation. The vibrational spectra of
such monomeric species have been observed for the matrix-isolated vapors

of the alkali-metal nitrates (8) and indeed indicate a maximal distortion



of the nitrate anion. From this limiting case it is possible to make
correlations with the nitrate melt and aqueous solution systems. This
type of study has not been extended to the chlorates, and it would seem
that such an investigation is warranted. The major phase of the present
work will, therefore, be directed toward obtaining the vibrational spec-
tra of a series of monomeric alkali-metal chlorates by the matrix-isola-
tion technique. Although infrared spectroscopy is the method which has
been used almost exclusively for the vibrational study of matrix-isolated
species and will be the primary method used for the present investiga-
tion, attempts will be made to obtain Raman spectra of these species.
Some pertinent normal coordinate calculations will also be included in
this study.

In a later paper on the alkali-metal nitrates (9), it was reported
that reduction of the matrix gas to nitrate ratio well below the wvalue
required for complete monomeric isolation results in the formation of
aggregates of the isolated species. Comparison of the vibrational spec-
tra of these aggregates with published melt spectra indicated a glassy
rather than crystalline structure. It was further discovered that depos-
ition of the metal nitrate vapors at liquid nitrogen temperature, in the
abseﬂce of matrix gas, results in the formation of pure glass thin films.
The preparation of thin film glasses by wvapor deposition onto a cold
substrate affords the rare opportunity for determination of glass trans-
ition temperatures for the pure alkali-metal nitrate glasses, which up

to this date have only been determined "experimentally"

from extrapola-
tion of binary solution (hydrate melt) data (l0). The second phase of

the present investigation will, therefore, be concerned with the prepar-

ation of the alkali-metal nitrate thin film glasses and subsequent



determination of the glass transition temperatures by spectroscopic ob-
servation of the glass crystallization phenomenon. Attempts will be
made to extend these determinations to the alkali-metal chlorates as

well, if such thin film glasses can be prepared for these salts.

Matrix Isolation

Infrared Matrix Isolation

The matrix-isolation technique was originally proposed by Whittle,
Dows, and Pimentel (11) for the study of unstable species, primarily
free radicals, by infrared spectroscopy. Since that time, the method
has been applied not only to a wide range of unstable molecules, radic-
als, and ions, but to stable molecules as well. The matrix-isolation
technique involves the simultaneous condensation of an inert matrix gas
(M) and a molecular beam of the species of interest (A), and the temper-
ature must be low enough to provide a rigid matrix so that the molecules
of A cannot associate by diffusion.

Of prime importance in the matrix-isolation experiment is the choice
of a suitable matrix material. The material should, of course, be non-
reactive with the isolated species and reasonably transparent in the
infrared region to prevent complications in the spectra due to matrix
absorptions. The matrix material should also have a low sublimation
energy and a relatively high thermal conductivity so that heat produced
by the condensation at the cryotip can be dissipated rapidly. The matrix
materials most often utilized are the nobel gases (Ne, Ar, Kr, Xe) and
nitrogen. Very léw substrate temperatures are required for these mater-

ials and are normally obtained through the use of liquid helium (40K) or

liquid hydrogen (ZOOK). Recently miniature Joule-Thompson refrigerators,



which are capable of providing the necessary low temperatures, have

become available commercially and are being utilized to some extent in
matrix-isolation experiments.

The infrared matrix spectra are normally characterized by very
sharp fundamental features often accompanied by well resolved isotopic
structure. The rotational structure normally appearing in vapor spectra
is not observed, with the exception of some very small molecules which
can still rotate in the matrix cage. Although valuable moment of in-
ertia data is lost, the matrix spectra are much simpler and more easily
analyzed. The matrix spectra may often be complicated by multiple fre-
quencies due to multiple trapping sites. This effect is normally not
serious and can be easily recognized by varying the matrix material.
Frequencies in the matrix spectra may be shifted from vapor state values
due to interaction of the isolated species with the matrix. These shifts
are often negligible for nonpolar spebies but can be quite significant
for polar molecules.

The infrared matrix-isolation technique and its numerous applica-
tions have been extensively reviewed by various authors recently (12)
(13) (14) (15). This particular topic, thus, need not be devgloped any
further except for a brief discussion 6f the application to high-temper-
ature inorganic species which is, of course, pertinent to the present
problem.

The matrix technique was first successfully adapted to inorganic
molecules vaporizing at high temperatures by Linevsky (16). For this
particular application, the molecular beam of the species to be isolated
originates from a heated Knudsen cell. The experimental difficulties in

measuring the infrared spectra of wvapors at very high temperatures can



be avoided by this technique. Compliéations in the high-temperature
vapor spectra due to highly excited vibrational-rotational structure is
also avoided. The method is particularly well suited for study of spec-

ies with very low vapor pressures.

Raman Matrix Isolation

In general, both the infrared and Raman spectra are required for
absolute structural proofs and vibrational assignments; thus, the Raman
spectra of matrix-isolated species would in many cases be of great value.
However, until recent advancements in the technology of Raman spectro-
scopy, its use as a method for the study of matrix-isolated species was
out of the question. Even with the development of high power laser
sources and very sensitive detection systems, the task of obtaining good
matrix Raman spectra remains a formidable one.

Some success has been reported recently by several groups that have
been working on the Raman matrix-isolation problem. The general techni-
que and some of the more troublesome problems associated with it have
been discussed in several of these reports (17) (18) (19). The Raman
matrix technique, as it now stands, consists of depositing the matrix
film onto a highly polished metal surface and then using the single
reflection technique described by Levin (20) to excite the matrix sample.
Since Raman scattering is inherently a weak effect and the emissions from
a dilute sample are even weaker, pains must be taken to maximize the
Raman scattering and at the same time minimize the background signal.

The best results in regard to maximizing the Raman signal seem to
be achieved for the more transparent matrix samples. The angle of inci-

dence of the laser beam has also been shown to be an important factor



with maximum signals occurring for angles of incidence of 10 to 30° (18).
The two main sources of high background signal are fluorescence and pri-
mary reflective scattering. Fluorescence is normally due to vacuum
grease or other impurities, so careful pains must be taken to avoid such
contaminants. Primary scattering can be effectively reduced through the
use of the appropriate optical filters.

Although the film thickness required for Raman studies is two to
three times that required for normal infrared matrix work, laser heating
has not been shown to be a problem at least for the transparent nonab-
sorbing matrix film. The measurement of depolarization ratios, which
are particularly valuable in making band assignments, is possible for
matrix samples (18) (19). These measurements are normally enhanced for
the more transparent films.

Included among the systems which have been studied thus far by the
Raman matrix-isolation technique are such high-temperature species as
MX. and MXY (where M = Ge,Pb,Sn and X, Y = C1,Br) (19), SeO2 (21), PrF

2
(22), and MNO3 (where M = alkali metals) (8) (9). Other systems which

3

have been studied include the molecules XeCl2 (23), Xe03F2 (24), BeBZHS
(25), and LiO2 (26) and the radicals Br3 (27) and OF (28). Although the
single reflection technique has yielded significant results, the ulti-
mate answer to the Raman matrix isolation problem may lie in some type

of multireflection or beam trapping technique. Some work is currently

under way in this particular area (29).



The Symmetry and Selection Rules

for the Chlorate Anion

It has been well established by Raman, infrared, and x-ray methods
that the chlorate anion has a symmetrical pyramidal structure, thus, the

unperturbed anion belongs to the C symmetry point group. There are

3v
six possible vibrational modes for the tetratomic chlorate anion, and
these are classified as 2A1 + 2E by symmetry selection rules, the E
modes being doubly degenerate. The four fundamental frequencies are
both infrared and Raman active with the A1 and E modes being Raman
polarized and depolarized, respectively. Any deviations from these
selection rules, particularly splitting of degenerate modes, can be
interpreted as resulting from the lowering of the point group symmetry
by destruction of the C3 rotation axis. The C3V symmetry selection
rules for the chlorate anion are essentially obeyed at low resolution in
the dilute aqueous solution spectrum with fundamental frequencies corr-
esponding to those appearing in Table I.

As previously mentioned the alkali-metal chlorates are to be the
focus of the major phase of the present work. It should be possible, in
a manner similar to the alkali—métal nitrates (8), to vaporize the chlor-
ate salts (Li,Na,K) at temperatures just above their respective melting
points and subsequently matrix isolate the vapor species, of which the
monomeric form should be a major constituent. 1In the monomeric form
there will beé no intermolecular interaction; thus, the vibrational
spectrum should be free of any complications due to such interactions.

Providing the cation coordinates through an oxygen atom, the chlorate

ion should undergo a maximum distortion due to the association with a



single cation. In this case the C3V symmetry of the chlorate anion
would be lowered most probably to CS, and the vibrational spectrum

should show significant changes, i.e., frequency shifts and in particular
splitting of the degenerate v3 and v4 modes. It should be possible to
relate the extent of the splitting to the magnitude of the distortion
and, in turn, to the strength of the forces causing the distortion.

Such results should help to determine to what extent the interactions in

the melts and aqueous solutions involve distortion of the anion.

TABLE I

FUNDAMENTAL FREQUENCY ASSIGNMENT FOR THE
UNPERTURBED CHLORATE ANION

Mode Assignment Frequencya
(cm_l)
vl(Al) symmetric stretch 930
vZ(Al) symmetric deformation 610
v3(E) asymmetric stretch 982
v4(E) asymmetric deformation 479

a . . .
The Frequencies are Raman Dilute Solution Values from Reference

(30).

Alkali-Metal Chlorate Aqueous Solutions

and Melts

The vibrational studies involving the alkali-metal chlorate melts

and aqueous solutions have been very limited, particularly with respect



to the large amount of work that has been done on the alkali-metal nitr-
ate systems (1) (2). The chlorate melts have been examined by both in-
frared and Raman spectroscopy; however, as with the nitrate systems, the
interactions prevalent in these melts are not clearly understood. In
the infrared reflection work of Wilmhurst k3), LiClO3 exhibited the only
detectable splitting of degenerate modes, with a split of approximately
41 cm—l for v3 being observed. Since no splitting was observed for
either NaClO3 or KC103, associated species of type M-0-ClO, were ruled

2

out. It was suggested rather that the splitting observed for LiClO3

was due to removal of the C3 axis by the asymmetric cation field and

inhibition of free rotation about this axis. The observation of a low

frequency lattice-like band at 338 cm_1 for LiClO3 led Wilmhurst to

suggest a quasi lattice-like structure. The existance of such bands for

NaClO3 and KClO3 was postulated, but an instrumental cut-off at 220 cm_1
may have prevented their observation. It should be pointed out that
such a lattice-like structure as was suggested does not imply any long
range ordering like in the crystal.

Similar conclusions to those of Wilmhurst were later reached in the
Raman work of James and Leong (4). Only the Raman spectrum of LiClO3

melt exhibited any splitting of degenerate modes with v, being split

4
but not resolved. The v3 mode was also presumably split although not
observed due to the overlap of this mode by the very intense vy band.

It was further noted by these authors that the Raman and infrared fre-

quencies for the alkali-metal chlorate melts are possibly non~coincident,

thus implying that the vibrating unit possesses a center of symmetry.
With improved instrumentation over those authors of reference (3)

and (4), Bates, et al. (7), in their Raman and infrared emission work on
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NaClO3 and KC10_, showed that these melts also ekhibit the splitting of

3
the degenerate v3 and v4 modes. Weak bands were also observed between
ca. 80 and 200 cm_-1 in the Raman spectra of both molten NaClO3 and KClO3

and assigned to anion libration. A similar band at 140 cm—1 has also

recently been observed in the Raman spectrum of LiCl0O, melt by Oliver

3

and Janz (5). The combined spectral data for the chlorate melts seem to

indicate that the same type perturbations observed for the NO3 ion in

the alkali-metal nitrate melts are also observed for the C103— ion in
the alkali-metal chlorate melts. The origin of certain of these spec-
tral effects is still the subject of much controversy among various
groups involved in molten salt spectroscopy.

The aqueous electrolyte solutions potentially have the greatest
chemical significance; thus, an understanding of the interactions pre-
valent in such solutions is very important. There is an acute shortage
of vibrational data for the aqueous alkali-metal chlorate solutions.
Even so, the interactions in the dilute solutions appear to be well
understood. A solvent—anion interaction probably of an H-bonding
nature appears to be present even at high dilutions causing a signifi-

3

R . -1
a constant splitting of approximately 34 cm for v3 as the concentra-

tion range was varied from very dilute up to 5M. Apparently the dis-

cant splitting of v3 (5) (6). TFor LiCl0O,_., Oliver and Janz (5) observed

tortion is not great enough for v, to be observably split.

4
As has been shown for the alkali-metal nitrates (2), the inter-

actions in the more concentrated solutions are more difficult to inter-

pret. It should be noted at this point that vibrational spectra of the

ultra-concentrated solutions often mimic the pure melt spectra. The

only greatly significant data to be reported in the literature for the
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more concentrated alkali-metal chlorate solutions is that work of Oliver

and Janz (5) on LiCl0_, and that of Bates, et al. (7), on NaClO_, and

3 3
KClOB. Using a resolution of band contours technique, Oliver and Janz
observed an increasing split of v, from 34 (:m_l to 55 cm__l in the Raman

3

as the concentration range was in-

3

creased from 5M to 17.1M. Over the same concentration range a constant

aqueous solution spectra of LiCl1l0

split of ca. 20 cm—1 was observed for v4 with the higher frequency com-

ponent continually gaining intensity until it almost equals that of the
lower component at 17.1IM. Also the low frequency band at 140 cm—1 in
the melt spectrum is no longer observed. No definite conclusions were
reached regarding the interactions prevalent in the more concentrated

solutions of LiC1l0 however, the authors do state that for the more

3;
concentrated solutions a competition probably exists between water

3

+
the Li dions due to an insufficiency of water. Bates, et al. (7), have

molecules and C1l0O ions for sites in the inner coordination sphere of
obtained the Raman and infrared absorption spectra of saturated solu-
tions of NaClO3 and KClO3 and the v3 and v4 modes of ClOB— were obser-
vably split.

It is readily apparent that much more work needs to be done before
the concentrated solutions and melts are clearly understood. The pre-

sent work involving the matrix-isolated alkali-metal chlorates hope-

fully will be of some use in clarifying this situation.

Normal Coordinate Calculations

As mentioned previously, normal coordinate calculations will be
made on a model representing the alkali-metal chlorate monomer. Rather

than merely obtaining a fit of the observed frequencies, it is hoped
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that such calculations will yield reasonable estimates of changes in the
force field relative to the unperturbed (C3V) anion necessary to fit the
observed spectral splittings for the degenerate modes. Calculations of
this type have been performed on the matrix-isolated alkali-metal nitrate
monomers (8). Since there are obvious parallels that can be drawn be-
tween the nitrate and chlorate cases, it would appear that a brief re-
view of the results obtained for the alkali-metal nitrate monomers is in
order at this point.

The unperturbed nitrate anion has a trigonal planar structure and

belongs to the D symmetry point group. The nitrate anion, like the

3h

chlorate anion, is tetratomic and, thus, has six possible vibrational

] 1 |

modes classified as A1 + A2 + 2E . As is the case for the chlorate

anion the Vg and v, modes of the nitrate anion belong to the doubly de-

generate E symmetry species. These modes retain their degeneracy as

long as the C_, rotation axis remains intact. In the case of the matrix-

3

isolated alkali-metal nitrate monomer, the association of the nitrate

anion with a single cation effectively destroys the C_, axis, thus remov-

3

ing the degeneracy of the v3 and 2 modes. The magnitudes of the v3

splittings which are observed in the infrared spectra of the alkali-
metal nitrate monomers are given in Table II. Also given in Table II

are the variations in the force constants Kl and K2 determined by normal

coordinate calculations for the various alkali-metal nitrate monomers

utilizing a Urey-Bradley type force field, where K, is the stretching

1

constant for the two unassociated N-O bonds and K, is the stretching

2
constant for the lone associated N-O bond. The quantity (2K1 + K2) was

constrained to a constant value in the calculations in order to maintain

a fixed total amount of bonding. The difference in K1 and K2, given in
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the table by AK, can be seen to increase through the group from Rb to

Li. It was shown that this trend qualitatively agrees with the trend

established for the polarizing powers of the various alkali-metal ca-

tions.

AK is, thus, presumed to represent a rough measure of the cation

polarization of the anion. From these results, it is concluded that ca-

tion polarization is the dominant source of anion distortion for the

alkali-metal nitrate monomers.

TABLE 11
v3 SPLITTINGS AND FORCE CONSTANT VARIATIONS FOR
THE ALKALT-METAL NITRATE MONOMERSZ
+

M Av3 Kl KZ AK
-1 o) o 0
(ecm ) (mdyne/A) (mdyne/A) (mdyne/A)

Li 240 7.57 2.87 4.70

Na 201 7.12 3.77 3.35

K 171 6.87 4.27 2.60

Rb 163 6.82 4.37 2.45

8pesults from Reference (8).

Glass Transition Temperatures

The investigation of the glassy state is fast becoming an important

general branch of the physicochemical science. This rapid growth is due

primarily to the discovery and utilization of new types of glasses. It
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is now realized, also, that the glassy state occurs quite generally in
nature, and examples are known for every‘class of chemical substance.

At one time the glass-forming ability of a material was focused
primarily on structural aspects, whereas now it is realized that the
most fundamental aspect in determining the transformation of a substance
from a liquid to the glassy state is a thermodynamic one. Even with the
growth and new understanding of the glassy states, no rigid definition
which comprehensively covers all glasses has yet been established. Pro-
bably the most acceptable definition of a glass is any solid-like mater-
ial which is amorphous to x-rays and undergoes a pseudo-second order
thermodynamic phenomenon known as the glass transition (31). At the
glass transition the material undergoes a rather abrupt increase in its
intensive thermodynamic properties from solid-like to liquid-like values.
Also at the glass transition and temperatures below the glass transi-
tion, the viscosity of the material is very high, about 1013 poise (32).
Based on the observation first made by Kaﬁzmann (33), that in general a
super cooling liquid tends to lose entropy at a more rapid rate than
does the stable crystalline phase over the same temperature range, it is
readily apparent that.a process such as the glass transition must inevi-
tably occur so that the liquid does not reach a lower state of entropy
than the crystal before the temperature falls to 0°K.

The temperature at which the glass transition occurs is referred to
as the glass transition temperature (Tg) and is the most directly meas-
urable parameter associated with the transition. Since the process
occurs under non-equilibrium conditioms, Tg is not a true thermodynamic
transition temperature. Tg is, however, of thermodynamic interest due

to its close relationship to the theoretical or "ideal" glass transition
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temperature (TO), which is obtained by extrapolation of equilibrium
.thermodynamic data. Glass transition temperatures are also very useful
in predicting and interpreting other physicochemical properties such as
transport phenomena.

The definition of the glassy state as stated previously includes
not only glasses obtained by super cooling of liquids but those obtained
by other methods as well. As mentioned in an earlier section of this
chapter, the second phase of the present investigation will involve the
measurement of glass transition temperatures for the pure alkali-metal
nitrate thin-film glasses obtained by wvapor deposition. Although such
measurements are not directly related to the matrix-isolation problem,
there appears to be some justification for including such a study in the
present work. First of all, the preparation of the pure alkali-metal
nitrate glasses by the vapor deposition technique provides a rare oppor-
tunity for the measurement of glass transition temperatures, since prior
attempts to prepare amounts of pure glasses necessary for Tg measurements
have largely been unsuccessful. Secondly, little, if any, alteration in
the experimental set-up used for the matrix-isolation problem is requir-
ed,

Although glass transition temperatures are normally measured calori-
metrically, the Tg measurements in the present study are to be deter-
mined by spectroscopically observing the glass—crystallization pheno-
menon. The use of the glass-crystallization temperature as a measure-
ment of Tg for glasses obtained by methods other than supercooling of
the liquid can be justified. Sugisaki, et al. (34), observed for vapor-
deposited glassy methanol a glass transitioﬁ at 103°K denoted by a

sudden increase in heat capacity, followed very closely at lOSOK by an
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irreversible crystallization. The same authors observed a similar be-
havior for vapor-deposited glassy water (35) which exhibited a glass
transition at 135°K followed by an irreversible crystallization at the
same temperature. It has been noted by Angell (36) that crystallization
temperatures, which appear to precede any manifestation of the glass
transition, have also been observed by others working with glassy films
obtained by splat quenching from liquids as well as deposition from the
vapor. He also notes, however, that the difference should not be too
great. It has been postulated that Tg is probably the lowest tempera-
ture at which significant rearrangement of molecules or ions in the con-
densed phase can occur (10). The glass-crystallization temperature, thus,

should be a very close estimate of the glass transition temperature.



CHAPTER II
EXPERTMENTAL
The Cryostat

The experimental portion of this work consisted primarily of two
phases. The first phase involved the preparation of a series of alkali-
metal chlorate monomers using the high-temperature matrix-isolation-
technique and subsequent characterization of these species by infrared
and Raman spectral measurements. Also included in the matrix work are

some further studies involving LiNO, for comparison with the MC1l0_, data.

3 3
The second phase involved the preparation of the thin-film glasses of
the alkali-metal nitrates and subsequent determination of the glass
transition temperatures by spectral observation of the glass-crystalli-
zation process. Both experimental phases involved low-temperature de-
position of vapor species, thus requiring a cryostat of suitable design.
As previously mentioned in the introducﬁory chapter, miniature
Joule-Thompson refrigerators capable of providing very low temperatures
have recently become agvailable commerically and are just beginning to be
utilized in low-temperature spectroscopy. The cryostat utilized in the
present investigation was desinged around a Model CS-202 DisplexTM Hel-
ium Refrigerator manufactured by Air Products and Chemicals, Inc. The

Displex unit is a closed-cycle cryogenic system employing commerical-

grade helium as a refrigerant and is capable of providing various amounts

of cooling from 12° to 300°K. The entire system consists of a two-stage

17
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displacer/expander cryogenic cooler, an air-cooled, oil-lubricated com-
pressor module, and an electrical control panel. The displacer/expander
is connected to the compressor by means of flexible metal lines termin-
ated with self-sealing couplings. The unit is charged with helium at a
static pressure of ca. 220 psig. When the system is in operation, the
compressor discharge pressure reaches ca. 320 psig. A special charging
manifold is provided with the system for refilling with helium should it
become necessary.

A diagram of the Model CS-202 DisplexTM displacer/expander cooler
and the attached spectroscopic sampling assembly appears in Figure 1.
The displacer/expander weighs 16 lbs and can be mounted at any orienta-
tion. It has a net refrigeration at 70° to 800F ambient temperature
ranging from 5 watts at 77°K to 1 watt at 17°K. A variable internal
heater at the cryotip permits any temperature in the range from 12O to
BOOOK to be accurately‘established. The cool-down time from 3000 to
12°x requires 45 minutes under an insulation vacuum which must be main-
tained at less than 10_4 torr. The system is so designed that once max-
imum cool-down and the necessary deposition have been achieved, it can
be removed from the vacuum line for the necessary spectroscopic studies.
The compressor unit, which weighs 150 lbs, along with the electrical
control panel are mounted on a movable cart for mobility purposes. The
single most atéractive feature of the entire system is probably its sim-—
plicity and ease of operation. The operation details and instructions
and other pertinent information are provided in the technical manual
which comes with the system (37).

The sampling assembly as shown in Figure 1 consists of a copper

block which is attached to the cryotip. The Csl window needed for the
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Figure 1. The Cryostat Cooling and Sampling Assembly
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infrared transmission studies is held between the copper block and a re-
movable copper plate by means of four screws. Thermal contact between
the tip and the block, and the block and the window is maintained by
thin indium gaskets. A small copper wedge inclined at an angle of ca.
lOO is also attached to the copper block by means of a small screw for
the single reflection Raman studies. The leads for a gold-chromel

(0.7% Fe) thermocouple are imbedded in the copper block and packed with
indium for tempefature monito}ing.

The cryostat vacuum hardware‘which was designed for the present
studies is displayed in Figure 2. A brass shroud, which can be rotated
by means of a bearing assembly, is mounted on top of a stainless steel
shroud to which the displacer/expander is attached. The rotation of the
upper shroud provides the necessary orientational capabilities for not
only the sample deposition but also the infrared and laser Raman studies.
All seals in the vacuum assemblage including the outer optical windows
and the stainless steel oven port are made with O-rings. The windows,
two of which are fashioned from CsI and the third from Pyrex, are held
in place by threaded brass plates. The matrix-gas inlet consists of a
small-diameter brass tube inserted through the wall of the upper shroud
just below the oven poft. A Kovar-to-glass seal connects this tube to
the matrix-gas reservoir.

A detailed diagram of the oven assembly from which the salts are
vaporized appears in Figure 3. The Knudsen oven consists of a Pyrex
tube fitted with a 7/25 taper joint and is supported inside the bore of
a 29/42 standard taper O-ring joint by a stainless steel plug in which a
solid Pyrex rod fused to the male section of the 7/25 joint is inserted.

The cell is heated by a coil of No. 24 chromel wire having a resistance
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The Cryostat Vacuum Hardware
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of 9.5 ohms. The diameter of the effusion hole in the Pyrex oven is
maintained at about 3 to 4 mm. The entire oven assembly inserts into

the oven port which consists of a matching 29/49 standard taper joint.
Procedure

The typical matrix isolation experiment consisted of the simultan-
eous condensation of a molecular beam of the appropriate salt produced
from the resistively-heated Pyrex Knudsen cell albng with Ar or Xe onto
the CsI inner window and the mirrored Cu wedge which were cooled to ca.
12°K. The salt was generally dried overnight at ca. 200°C under vacuum
prior to deposition. The deposition times ranged from two to six hours,
depending upon the thickness of the sample desired. Since precise con-
trol of the salt beam densities was not possible, the optimum M/A ratios
were established by trial and error. As a general practice in the exper-
imental procedure, the matrix gas was allowed to flow for a few minutes
both prior to and after the deposition of the salts to insure good iso-
lation. A slight variation in the above procedure consisted of omitting
the deposition of the matrix gas which permitted the formation of the
pure glassy films of the salts. The vacuum pressure was maintained at
between 10_5 and 10_6 torr throughout the deposition process. Once de-
position was complete, the cryostat was removed from the vacuum line so
that the appropriate infrared and Raman spectral studies could be made.

A list of the salts which were studied at some juncture in the pre-
sent investigation are presented in Table III along with the approximate
deposition temperatures. All of the salts were commercial reagent grade
salts which were used without further purification. Also given in Table

III for reference are the melting points for the respective salts, and
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one can easily see that the vaporization of all salts were made from the

molten state.

TABLE III

DEPOSITION TEMPERATURES FOR THE ALKALI-METAL
CHLORATE AND NITRATE SALTS

Salt Dep. Temp. (OC) Melt. Pt. (OC)
LiClO3 355 128
NaClO3 355 248
KClO3 410 356
AgClO3 | 310 230
LiNO3 410 264
NaNO3 475 307
KNO3 500 334
TlNO3 255‘ 206

Due to the design of the Pyrex Knudsen oven, there was no place to
attach a thermocouple for direct measurement of temperature during depo-
sition of the salt. Deposition temperatures were, thus, established in-
directly from the settings of two variacs arranged in series which serv-
ed as the voltage supply for the oven heater. The primary variac was
permanently set at 15 while the second variac was variable with a full-

scale output of ca. 18.5 volts. A blank experimental run was made with
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an iron-constantan thermocouple inserted through the effusion hole of
the Pyrex Knudsen oven and packed snugly with glass wool. The tempera-
ture was observed to vary smoothly with changes in setting of the second
variac. Settings of 20, 50, 80, and 120 were found to correspond to

O, 3770, and 5080C, respectively.

temperatures of 800, 247

The matrix gases consisted of commercial grade Ar and research
grade Xe which were used without further purification. During deposi-
tion the flow of these gases was controlled by a Fischer-Porter 1/16
glass flowmeter fitted with a sapphire float. For the preparation of
samples with moderate thickness, the float was maintained at an average
reading of about 4, which for Ar corresponds to a flow rate of ca. 0.2
millimoles/min.

The infrared spectra of the various matrix and glass samples were
obtained by standard transmission methods. Raman scattering was obtain-
ed by the single reflection technique of Levin (20). The illumination
geometry which was utilized for the Raman studies is illustrated in
Figure 4. The incident laser beam was brought in through the Pyrex win-
dow and focused on the sample deposited on the mirrored Cu wedge. The
scattered radiation was collected at ca. 90° from the incident beam
through one of the CsI outer windows by an Auto Mamiya Sekor F 1.8
camera lens and focused onto the entrance slit of the monochromator.

As mentioned in the introductory chapter, high background signals
are often a problem that must be confronted when making Raman measure-
ments on highly dilute matrix films. Such a problem was encountered in
the present study of the matrix-isolated alkali-metal chlorates. 1t was
determined that the excessive background signals which were observed or-

iginated primarily from fluorescent sources. Reflective scattering was
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ruled out as a possible source after thetintroduction of an optical fil-
tering device between the condensingvlens and the monochromator slit
failed to significantly reduce the background signals. This filtering
device was a Model 7155 Oriel Filter Monochromator that is variable over
a wavelength range of 400 to 700 nm. Since all vacuum seals were essen-
tially greaseless, the fluorescence problem probably resulted from trace

amounts of decomposition product from the vaporization of the salts.
Instrumentation

The infrared spectra were recorded with a Beckman IR-7 spectrophoto-
meter which is a prism-grating instrument that covers the range from 600
to 4000 cm_l. A CsI interchange was available which permitted the fre-
quency range to be extended down to 200 cm—l.

Raman scattering was recorded on a system constructed around a
Jarrell~Ash 25-100 dual monochromator fitted with an ITT FW-130 PM photo-
multiplier tube and Hamner photon counting gear. The Raman spectra were
excited with a Coherent Radiation Model 52 argon ion laser using both

) -0
the 5145 A (green) and 4880 A (blue) lines.



CHAPTER 11I1I
EXPERIMENTAL RESULTS AND DISCUSSION
Matrix-Isolated Alkali-Metal Chlorates

The anhydrous molten salts of the alkali-metal chlorates (Li, Na,
K) have been found to volatilize in vacuum from a Knudsen oven with min-
imal decomposition except in the case of LiClO3.
’

above these salts have been characterized by infrared and Raman spectro-

The vapor species

scopy utilizing the matrix-isolation technique. The matrix-isolation
experiments wefe performed in both Ar and Xe in order to determine the
effects of different matrices. The spectra indicate that the alkali-
metal chlorate monomeric species is a major constituent of the wvapors,
thus making a detailed study of the monomer modes possible. The best

overall results appear to have been obtained for KCl0O, and, therefore,

3

will be discussed first in considerable detail.

Potassium Chlorate

The 850—1150—cm_l region of the infrared spectrum of KClO3 isolated

in Ar at 120K appears in curve (a) of Figure 5. For comparative purpos-
es, the infrared spectrum over the same spectral region for a pure thim
film of KClO3 vapor deposited in the absence of any matrix gas at ca.

100°K appears in curve (d) of Figure 5. Both of these curves exhibit

strong absorption in the 900-—1050—cm_l region which is attributable to

the v and v3 chlorate fundamentals. Decomposition appears to occur

28
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Figure 5. Infrared Bands for vy and V3 Modes of KClO3: (a)
matrix isolated in Ar at 12°K; (b) matrix sample
of curve (a) at 12°K after warming to ca. 359K;
(c) matrix sample of curve (a) at 129K after
warming to ca. 50°K; (d) pure film at ca. 100°K
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only to a very minor extent on volatilization of KClO3 as can be observ-

ed by the very weak feature near 1100 cm--1 in both curves (a) and (d).

This feature as will be shown later in the discussion of LiClO0 is a

3’
good monitor of the amount of dissociation which occurs on volatilizing
the alkali-metal chlorates.

The differences in curves (a) and (d) of Figure 5 are readily app-
arent with the matrix spectrum exhibitiné some very sharp band struc-
ture as compared to the rather broad features.of the pure thin film.
Curve (a) shows very little further change on increasing the M/A ratio,
thus indicating that maximum isolation has been obtained. Bands appear-
ing in curve (a) at 917, 927, 968, and 1017 cm ! can be attributed to
the KClO3 monomeric species on the basis of the diffusion results given
by curves (b) and (c) of Figure 5. These curves represent successive
stages of warm-up in the matrix for the isolated sample of curve (a).
The spectrum given by curve (b) was obtained after the sample had been
warmed to ca. 35°K while that of curve (c) was obtained after the sample
had been warmed to ca. SOOK. The set of bands previously mentioned
appear to be diminished considerably in intensity in curve (b). The
relative intensities of these bands do remain about the same as that
observed in curve (a), thus indicating that these features belong to
the same species. The 935—cm_1 band, which appears slightly weaker than
the 917, 927—cm—l coublet in curve (a), is quite obviously due to some
polymeric species, most likely dimer, since its intensity appears to be
somewhat enhanced relative to the monoﬁer features in curve (b). A
broad band which grows in at ca. 1000 cm_l in curve (b) apparently can

also be attributed to the same species. The observation of dimers in

the vapors of the alkali-metal chlorates is not at all unexpected since



31

such species héve been identified in both mass spectral (38) and matrix-
isolation (8) studies of the alkali-metal nitrate vapors.

All of the sharp band structure appearing in curves (a) and (b)
appears to have vanished in curve (c). The rather broad band structure
which remains can be attributed to the formation of small KClO3 aggre—
gates in the matrix. It should be pointed out that curve (c¢) closely
resembles the pure thin-film spectrum in curve (d). There is some in-
dication that the structure of the low-temperature thin-film vapor de-
posit and the matrix aggregates is of a glassy nature much like that
observed for the alkali-metal nitrates (9), although this has not been
definitely confirmed in the present investigation.

By comparing curves (a) and (b) of Figure 6 which represent the in-

frared spectrum of KC10, in Ar at different M/A ratios, other monomer

3

features can be identified. Curve (a) again represents a sample of near
maximum isolation, while curve (b) represents a sample with an Ar to

KClO3 ratio well below that of curve (a). The dimer species previously

identified is obviously present in much greater abundance relative to

the monomer in the sample of curve (b) as evidenced by the 900—1050—cm-1

region of the spectrum. The 935—c‘m_l dimer feature can be observed to
dominate the 900—950—cm_l region in curve (b), and, further, the 1017-

cm ~ monomer feature has all but been absorbed in the broad dimer fea-
ture centered at ca. 1000 cm_l. Shifting attention now to l+50--650—cm"1
region where thevv2 and v4 chlorate fundamentals are expected, bands at
495 and 611 cm—1 are observed to increase considerably in intensity re-
lative to bands at 479, 508, 622, and}627 c:m_l in going from curve (a)

to curve (b). On this basis and on the basis of band widths, the latter

set of bands mentioned above can be attributed to the monomer while
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Figure 6. The Infrared Spectra of KClO3 in Ar at 129K with Different

M/A Ratios: (a) Ar to KClO, ratio needed for near maxi-
mum isolation; (b) Ar to KClO3 ratio well below that
needed for maximum isolation



33

those at 495 and 611 cm~l can be attributed to the dimer. The infrared

spectrum of KC10, isolated in Xe appears in Figure 7. There is very

3
little difference in the overall appearance of this spectrum as compared
to that of KClO3 isolated in Ar. There are, however, some slight shifts
to lower frequency for most bands in changing the matrix material from
Ar to Xe as can be seen more clearly in Table IV. Table IV lists the

observed frequencies for KC10, isolated in both Ar and Xe along with

3
their assignments.

The Raman frequencies which are listed in Table IV are from curves
(a) and (b) of Figure 8. These curves, which represent the Raman spec-
tra of KClO3 isolated in both Ar and Xe in the 900—1020—cm-l region,
demonstrate the difficulty involved in achieving useful Raman results.
With film thicknesses of about four times that for the sample of curve
(a) in Figure 6, and with near maximum instrumental sensitivity, only
the stronger scattering modes, i.e., symmetric modes, are detectable for
the isolated KClO3 samples of curves (a) and (b). Such results are si-
milar to those observed for the matrix-isolated alkali-metal nitrates

(8) in which only the v, symmetric N-O stretching mode was observed by

1

the Raman effect.

In the KClO3 in Ar spectrum of curve (a), the strongest Raman

feature has a maximum near 939 cm_l which very likely corresponds to the
935—cm_1 infrared band and is, therefore, assigned to the vl chlorate
mode of the dimer. A weaker feature, appearing more or less as a wing
on the low-frequency side of the 939-—cm_1 band, apparently corresponds
to the 917, 927—(:m-l infrared doublet and is assigned to the vl chlor-

ate mode of the monomer. The only other Raman feature in curve (a)

appears very weakly near 969 cm-l. This feature must correspond to the
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TABLE 1V

OBSERVED FREQUENCIES (CM_l) FOR MATRIX-ISOLATED
VAPORS OF POTASSIUM CHLORATEZ

Infrared ‘ Raman b
Ar Xe (Ar Xe Assignment
479 480 ' v Monomer

bLa
495 492 v4 Dimer
508 502 vab Monomer
611 610 vz Dimer
6221° 622
vz Monomer
627 627
905
917 915N 927 927 v Monomer
927 926
935 933 939 935 v, Dimer
956 954
959 '
968 967 969 966 v3a Monomer
976
987
992 _
1000 999 v3 Dimer
1017 1009 v3b Monomer
d
1088 1092 v3 ClO2

a . , A . .
For relative intensities see appropriate figure.

b . . , . .
Modes involving predominately motion of the chlorate ion are

al

numbered the same as for the "free" c3v anion.
c . . . R
Brackets denote matrix site-splitting.

dSee LiClO3 results.
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1

very strong 968~cm - infrared band. Of the monomer features in the vy

and v, region, only the 968 and 1017—cm—l bands remain unassigned.

3

Since Vl has been assigned, the 968 and 1017—cm_l bands must correspond

to the two components of the doubly degenerate v3 chlorate mode. The

968—cm—l feature can further be interpreted as being the symmetric Vs

component on the basis of the Raman results. The assignments for fea-
tures in 900—1050—-cm_l of the KClO3 in Xe spectrum can be made similarly
with the aid of curve (b) in Figure 8 which exhibits the same general
features as curve (a).

The assignments for the remaining features in the 450—-650—cm_l
region of the spectrum in both Ar and Xe are easily made by comparing
the observed frequencies with those of the unperturbed chlorate anion
and with those of other members of the series. The bands in the 600-
650—cm_l region are assigned appropriately to the v, chlorate mode of
the monomer and dimer, while those around 500 cm—l are likewise assigned
to the v4 chlorate mode. ’Two components for the doubly degenerate v4
chlorate mode are observed for the monomer just as previously mentioned
for the V3 mode.

It can be concluded from the well isolated case that the KClO3

vapors consist of a mixture of monomers and dimers. The relative per-
centage of each of these species is difficult to estimate due to some
rather unusual behavior associated with some of the infrared features.
The VZ band of the dimer, for instance, dominates that of the monomer by
almost an order of magnitude as can be observed in curve (a) of Figure
6. Other dimer features, however, do not eXhiBit such dominance over
the corrésponding monomer feature. In fact, in the vy and Vg region the

monomer features appear to dominate those of the dimer. This particular
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behavior is not well understood. There is a much higher percentage of
dimer relative to monomer for the thicker matrix samples such as are
required for the Raman measurements. The additional dimers are apparen-
tly formed in the matrix through an inability to dissipate the added

heat load caused by an increased deposition rate and film thickness.

Sodium Chlorate

The infrared spectrum of NaClO_, isolated in Ar at 12°k appears in

3

curves (a) and (b) of Figure 9. As was observed for KClOB, the very

-1 . e .
weak features near 1100 cm in curve (a) indicate that only minor de-

composition occurs on vaporization of NaClO Very little change in the

3
spectrum is observed by further increasing the M/A ratio over that of
curve (a), thus indicating the achievement of maximum isolation. With
attention still directed to the 900—1100—cm.-1 region, three strong band
complexes at ca. 912, 972, and 1020 cm-_1 and a band of moderate strength
at ca. 1066 Cm—l, all with very sharp multiple band structure, can be
observed in curve (a). The three lower frequency bands can most cer-

tainly be attributed to the NaClO, monomeric species on the basis of the

3

diffusion results given in curve (c) and also by comparison with the
results for the other members of the series. Although the 1066—cm_1
band appears also to belong to the same species, its origin is extrem-
ely puzzling as will be discussed later in this section. Curve (c),
which represents the spectrum obtained after the sample of curve (a)

was warmed to ca. SOOK, shows only some very slight remnants of the four
features previously mentioned indicating the loss of isolation. The

rather broad features appearing in curve (c), the most notable of which

-1 .
is centered at ca. 933 em ~, can be attributed to the formation of small
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Figure 9. Infrared Spectrum of NaClO3: (a) matrix isolated in Ar at 120K;
(b) matrix isolated in Ar at 12°K with a thickness of about tgree

times that of curve (a); (c¢) matrix sample of cruve (a) at 12K
after warming to ca. 50°K :
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NaClO3 aggregates in the matrix following diffusion.

There are numerous weaker features observed in curve (a) whose
origins are not too clear. Although some of these features are appar-
ently due to polymeric species such as dimer, their identification is
not as clear-cut as was observed for the KCl.O3 case. Lowering the M/A
ratio below that necessary for complete isolation apparently does not
yield much further information which would be helpful in this respect.
Perhaps by employing a more careful warm—up procedure than was presently
utilized, it might be possible to better characterize the NaClO3 poly-
meric species,

The multiple band structure for monomer features in curve (a) can
be attributed to multiple trapping sites within the Ar matrix by com-

parison with the NaClO, in Xe spectrum which appears in Figure 10. A

3
sharp reduction in band structure can be observed in the 900—1100—cm—l
region of curve (a) in the Xe matrix spectrum. Again, there are some
slight shifts to lower frequency for most of the bands in changing the
matrix material from Ar to Xe.

It can be concluded from curve (a) of Figures 9 and 10 that the
monomer is most certainly the predominant species present in the NaClO3
vapors. With this fact in mind, other monomer features can be identi-
fied in the 450—650—cm_l region of the spectrum. At least three mono-
mer bands are expected in this region by analogy with the KClO3 results.
Curve (b) of Figure 9, which repreéents a sample thickness of about
three times that of curve (a), exhibits a considerably richer spectrum
than one would expect. Bands observed at 518 and 622 cm_l can be attri-

buted to the monomer on the basis of their intensity. There are four

weaker features appearing below the 518—cm-'l band, at least one of which
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Figure 10. Infrared Spectrum of NaClO3: (a) matrix isolated in Xe at 120K;
(b) matrix isolated in Xe at 12°K with a thickness of about four

times that of curve (a)
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must be attributable to the monomer. The 478—cm_l band, which is the
strongest of these features, appears to be the best choice. This is
further confirmed by a comparison with the Xe matrix spectrum of curve
(b) in Figure 10, which exhibits a corresponding feature of much greater
prominence at 476 cm—l. It was initially felt that one of the remain-
ing features in the Z\LSO—SOO—cm_l region might be due to the metal-chlor-

ate stretching vibration of the monomer; however, data for LiC1l0, and

3

subsequent calculations indicate that frequencies of this order are too

high for such a mode‘in the NaClO3 monomer. The 503—cm“1 band in the Ar

matrix spectrum, which is observed to increase in intensity relative to
the monomer features on reduction of the M/A ratio, can apparently be

attributed to NaClO, dimer. The origin of the three remaining unassign-

3

ed features in the 450--650—cm'_1 region is unclear at this time.

The assignments for NaClO, monomer and dimer features, which appear

3

in Table V, are made in a manner analogous to that discussed previously

for isolated KC103. The Raman spectrum of NaClO3

ing in Figure 11 is again of great aid in the assignment of vl and v3

chlorate modes. The conditions for which this spectrum was obtained are

isolated in Ar appear-

quite comparable to those utilized in obtaining the matrix Raman spectra
of KClO3 previously appearing in Figure 8. The vl and vBa chlorate modes
of the monomer are observed at 912 and 962 cm_l, respectively, in the
matrix Raman spectrum of Figure 11 along with the vl chlorate mode of

the dimer at 935 cm_l. For this case the vy modes of the monomer and
dimer are sufficiently different in frequency so that each appears well
resolved.

As previously pointed out, there are a number of extra features

appearing in the infrared spectrum of matrix-isolated NaClO3 which have
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TABLE V

OBSERVED FREQUENCIES (CM_l) FOR MATRIX-ISOLATED
VAPORS OF SODIUM CHLORATE?Z

Infrared Raman b
Ar Xe Ar Assignment
469 466
478 476 Via Monomer
493 491
503 500 Vs Dimer

512\°
518 Vub Monomer
516
616
622 v2 Monomer
619
643 638
900
910
914 911 912 vy Monomer
924 918
934 926 935 Vi Dimer
942 944
952 953
958
969
973 967 962 Vag Monomer
976
989 989
994
998 997
1007 1001
1017
1012 Vi Monomer
1023

1035 1033
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TABLE V (Continued)

Infrared Raman b
Ar Xe Ar Assignment
1042
1053 1046
1064

1056
1068
1091 1094 d
\)3C102
1103 1106

a . . ., . .
For relative intensities see appropriate figure.

b X . . . ,
Modes involving predominately motion of the chlorate ion are

numbered the same as for the '"free" C3V_anion.

c . s
Brackets denote matrix-splitting.

dSee LiClO3 results.
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no counterparts in the isolated spectra of KClO3 or LiClO3. The most
notable of these features is the 1064, 1068-—cm—1 doublet in the Ar ma-
trix spectrum and its Xe matrix counterpart at 1056 cmnl. This parti-
cular feature behaves as though it belongs to the monomer species. If
this were the case, the band would have to be due to a combination or
overtone. A detailed analysis of the spectrum, however, has failed to
yield a clear-cut assignment for the feature in this respect. One poss-
ibility would be a combination of one of the unobserved low-frequency
bending modes with one of the chlorate stretching fundamentals. It is
very likely on the basis of intensity that the band, if indeed a combin-
ation, involves some weak Fermi resonance with the high-frequency v3
component. Another possible explanation for the 1064, 1068—(:m_1 doublet
and certain of the other extra features in the infrared Ar matrix spec-
trum would be the existence of a second NaClO3 monomeric species having
a different bonding site for the sodium ion. This particular aspect
will be further considered in the discussion section of this chapter.

A possible clue to the final resolution of the question concerning
the origin of the 1064, 1068—cm_1 doublet may lie in the observation of

0135, Cl37 isotopic splitting for this feature. A band is observed at

1053 cm_1 in the Ar matrix spectrum which may well be due to the Cl37

isotope. The ratio of its intensity to that of the 1064, 1068—(:m_1 fea-

ture appears to fit very closely the ratio of the 0135 and 0137 isotopes

in natural abundance. The ca. ll—cm._1 splitting observed for these fea-

tures also closely fits that expected for the Cl35, Cl37 isotopic split-

ting of the v, mode of the chlorate ion (6). The infrared Xe matrix

3

spectrum with corresponding features at 1056 and 1046 cm_l tends also to

support the preceding statements.
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Lithium Chlorate

The infrared spectrum of LiClO, isolated in Ar appears in curve (a)

3
of Figure 12. Four strong band complexes can be observed at ca. 900,
966, 1020, and 1100 cm_1 in the 850-~1150—cm—l region of the spectrum.
Curve (b), which represents the sample of curve (a) after warming to ca.
450K, shows that the three lower-frequency band complexes have almost
completely disappeared in favor of a rather broad absorption similar to
that previously observed on warming the matrix samples of NaClO3 and
KClOB. The band complex near¢1100 cm'_1 apparently retains much of its
original intensity but coalesces to a single band at 1090 cm-l in going
from curve (a) to curve (b). On comparing with the spectra of the other
members of the series and also on the basis of the diffusion results of
curve (b), the three lower-frequency bands can be attributed to the
LiCl0, monomeric species. By a similar argument it appears that the

3

1100—cm_1 band originates from some species other than LiC10 The

3"

yellowish coloration of the LiCl0, matrix films strongly suggests that

3
considerable decomposition occurs on vaporization of the salt; therefore,
it was felt that the 1100—cm_1 band must likely be due to a product of
some mode of decomposition. This was further confirmed by the collec-
tion of a yellow volatile material in the liquid nitrogen trap following
warm-up and the disappearance of the llOO—cm_1 band from the room temp-
erature infrared scan of the remaining sample. The oxides of chlorine,
ClO2 and C120, appeared to be prime candidates for consideration as pro-

ducts of the decomposition since both are yellowish-red gases at room

temperature. On examining the published infrared spectra for both

compounds (39) (40), it was determined that ClOp is the major product of
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decomposition.

The 1099, 1105 and 939, 9l+6—cm_l doublets and a single band at 448

cm in curve (a) of Figure 12 correspond closely in position and inten-

sity to the gas phase fundamentals of C1l0, at 1110 (v3), 943 (vl), and

2
445 (vz) (39) and are apparently due to the ClO2 isolated monomer. The

1089, 1094—cm—1 doublet and single features at 922 and 462 cm“1 can be
attributed to a polymeric form of ClOZ’ probably dimer, on the basis of
the diffusion results. The latter two features just mentioned can be

seen much more clearly at 918 and 460 cm_l in the LiClOB‘in Xe matrix

spectrum of Figure 13 which shows a much higher percentage of ClO2 re-

lative to the LiClO3 monomer. The assignments for the 0102 features are

further confirmed by the infrared spectrum of ClO2 isolated in Ar which

appears in Figure l4. This spectrum was obtained quite unintentionally
in an attempt to vaporize and isolate AgClO3 for comparison with the

alkali-metal chlorate results. It appears that AgClO, decomposes almost

3

completely on vaporization as evidenced by the absence of any chlorate

bands in the spectrum. Doublets are observed in the ClO2 vl and vz

fundamental regions which show rather clearly the presence of both ClO2

monomer and dimer. The dominance of. the 922 and 462—cm_l features over
those at 939 and 448 cm_l indicates that the dimer is present in much
greater abundance relative to monomer than was observed in the LiClO3
matrix spectra. This fact along with the rather broad structureless
feature observed in the‘v region indicates that ClO

3 2

14 is not well isolated. Although the attempt to isolate AgClO3 was

unsuccessful, the experiment yielded some very useful information in

sample of Figure

regard to the identification and assignment of the bands due to decompo-

sition products in the matrix-isolated spectra of LiClO It should be

3
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mentioned that the decomposition behavior of LiCl0, may be linked to the

3

extreme hygroscopic nature of this salt and an inability to get it com-
pletely dry prior to deposition. Some such factor must be involved
since there is considerable variation in the amount of decomposition for
a given deposition temperature as clearly exemplified by Figures 12 and
13.

Due to the high background signals apparently caused by fluorescence

of ClO2 and an inabilify to obtain a sufficient thickness of chlorate,

the observation of Raman features for the LiCl0, monomeric species was

3

not possible. The Raman spectrum of the matrix-isolated vapors of LiCl0

3
does, however, exhibit a feature in the 900—1000—cm_1 region. This fea-
ture appears at 944 cm_1 in the Ar matrix spectrum, as can be seen in
Figure 15, and must quite obviously be due to the vl mode of the ClO2
monomer. The intensity of this band is somewhat surprising in view not
only of the previously mentioned problem concerning the background but
also the thickness of the ClO2 in the matrix samples, which for the most
part was quite moderate in comparison to that required in obtaining Raman
signals for the matrix-isolated Na and K chlorates. The vl mode of ClO2
was, in fact, detectable in samples comparable in thickness to that of
curve (a) in Figure 12. Figure 15 represents a sample of about two and
one-half times this thickness. Although of no particular pertinence to
the present problem, it might be mentioned that much of the intensity
observed for the 944—cm_1 band in Figure 15 may well be derived from a
resonant Raman scattering effect.

It can be céncluded from the 850—1050-cm_l region of the matrix

spectra in Figures 12 and 13 that the LiClO, monomer is the major con-

3

stituent, excluding decomposition products, of the vapors above the salt.
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Having determined the bands in the infrared matrix spectra which are due

to decomposition permits other LiClO3 monomer features in the 450~650-

cm ~ region to be identified. With these facts in mind, the bands appear-
ing at 630, 557, 533, and 481 cm_l in curve (a) of Figure 12 are, then,
quite obviously due to the LiClO3 monomer. The 481—cm_l band is quite
weak and is observed much more clearly in the spectra of the thicker
samples.

Table VI lists the observed infrared and Raman frequencies for the

matrix-isolated vapors of LiCl0, along with the assignments for the maj-

3

ority of these bands. The assignments for the LiClO3 monomer features

with the exception of those at 557 and 533 cm—1 can easily be made just

by comparison with the NaClO3 and KClO3 results. The uncertainty over

the assignment of the 557 and 533—cm“1 bands comes from the fact that an
extra feature is observed in this region which is apparently due to the

Li-Cl0, cation-anion stretching mode. Since the high-frequency component

3

of the doubly degenerate v, chlorate mode is also expected in this region,

4

it became necessary to rely upon the normal coordinate calculations in

order to help distinguish between these two features. On the basis of
. -1 .

these calculations, the 557 and 533-cm bands are assigned as the v4b

and vLi—ClO3 modes, respectively.
1t should be mentioned that the weaker features observed on the low-

frequency side of the v, chlorate mode in the Ar matrix spectrum of curve

1
(a) in Figure 12 are apparently due to further matrix site-splitting of
this mode, since there is little evidence for these features in the Xe
matrix spectrum of Figure 13. One also sees very little evidence for

extra features in the infrared matrix spectra which would be indicative

of the presence of dimers or other polymer species in the vapors above
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TABLE VI

OBSERVED FREQUENCIES (CM-l) FOR MATRIX-ISOLATED
VAPORS OF LITHIUM CHLORATEZ

Infrared Raman

Ar Xe Ar Assignmentb

448 445 v, 0102 Monomer

462 460 v2 ClO2 Dimer

481 479 v, LiCl0., Monomer
4a 3

533 531 vLi—ClOB LiClO3 Monomer

557 554 V4b LiClO3 Monomer

630 630 i v2 LiClO3 Monomer

878"

883

887 >

890

893

900 893 vl LiClO3 Monomer

907 897

922 918 vl ClO2 Dimer

939 932

944 v1 Cl.O2 Monomer

946 938

962

966 963 v LiCl10, Monomer
3a 3

970

1004 1000

1020 1014 v LiCl0,, Monomer
3a 3

1036

1042

1078
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TABLE VI (Continued)

Infrared Raman
Ar Xe Ar Assignment
1089 1084
v3 ClO2 Dimer

1094 1088

1099

1095 v3 ClO2 Monomer

1105

a . , ‘o . .
For relative intensities see appropriate figure.

b . . , . .
Modes involving predominately motion of the chlorate ion are
numbered the same as for the "free" C3V anion.

c . . s
Brackets denote matrix site-splitting.
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the salt.
Discussion

On the basis of the splitting of the degenerate v3 and \)4 modes, it

can be concluded that the C3v chlorate symmetry has been lowered in the

MClO3 monomers either by unidentate or bidentate coordination of the
metal ion through the oxygen atoms. Distinguishing between unidentate
and bidentate coofdination should in principle be easily determined from
the infrared and Raman spectraj; however, such a distinction for theMClO3
monomers would require a more complete set of data than is presently
available.

0f the nine possible vibrational modes, the six primarily involving
motions of the anion would be very similar in both moaels while the three
involving the metal coordination would differ considerably. The latter
three modes just mentioned would consist of two bends and one stretch
for the unidentate model while for the bidentate model the number of
bending and stretching modes would just be reversed. The bending modes
would be expected at very low frequency, probably well below 200 cm_l,
while the M-O stretching modes would be expected at somewhat higher fre-
quencies depending on the mass of the cation. Since observation of Raman
features for these modes is most certainly out of the question, the far
infrared must be relied on heavily for the possible resolution of the
problem concerning metal coordinafion in the MClO3 monomers. Although
the infrared instrument utilized for this investigation has a lower limit
of 200 Cm_l, its reliability below 300 cm._1 is somewhat questionable,

and for this reason one could at most expect to observe the M-O stretch-

ing modes. The LiCl0, monomer is, however, the only member of the MClO

3 3
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series for which such a mode has been observed.
Even though the observation of a single band at 533 cm_l which is
attributable to M~0 stretching might tend to favor unidentate coordin-

ation, such data is inconclusive for the LiClO, monomer since a weakly

3

absorbing symmetric M-0 stretch for the bidentate case might easily be
overlooked for the film thicknesses investigated. It might be mentioned
that the very thick matrix films utilized in the Raman investigation of

the NaClO3 and KClO3 monomers were examined closely in the far infrared

region for M-O stretching modes without success. Calculations based on

the LiClO3 data, as will be presented later, indicate that this mode

probably lies below 300 cm._1 for both NaClO3 and KC103.

There is one piece of evidence from the Raman spectra of the NaClO

3

and KClO3 monomers which would cause one to lean in favor of unidentate

structure. This evidence happens to be the observation of the low-fre-

quency component of the v, chlorate mode in the Raman spectra which, as

3
mentioned before, would tend to indicate that it is the more symmetric
component. From normal coordinate calculations on the unidentate and
bidentate models of the alkali metal nitrates (41)(42), it has been

ascertained that the symmetric v, component is of lower frequency than

3
the asymmetric component in the unidentate model but is the higher of
the two in the bidentate model. It is not unreasonable to expect a
similar sort of behavior for the alkali-metal chlorates.

In the earlier discussion of the NaClO3 results, the presence of a
second monomeric species was given as one possible explanation for the
1064, 1068—cmn1 infrared doublet observed in the Ar matrix spectrum of

Figure 9. Since the metal cation for the "major" monomeric species has

been determined to coordinate through the oxygen atoms, a second species,
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if indeed it exists, would likely involve metal coordination through the

chlorine atom. Such coordination would probably leave the C v symmetry

3

of the chlorate anion intact; thus, one would expect to see ouly four
vibrational frequencies for the chlorate portion of the molecule. These
frequencies could be shifted considerably from the "free anion" wvalues
since this type of metal coordination is expected to strengthen the bond-
ing in the chlorate anion. It would not be unreasonable, then, to spec-
ulate that other unassigned features at 924, 643, and 491 cm_l in the
matrix spectrum of Figure 9 might also be due to the second monomeric
species. Although this aspect requires considerably more study before
any definite conclusion can be reached, it will not be pursued any fur-
ther in the present investigation.

A list of observed frequencies for the MClO3 monomers isolated in

both Ar and Xe appears in Table VII, and it is interesting to note from

this table the frequency trends for the various modes. The vl mode is

observed to increase through the series from Li to K while v_, both com-

2!

ponents of v and the lower-frequency component of v, remain essentially

3’ 4
constant. The higher-frequency component of v, exhibits the reverse

4

trend to that of Vys as it is observed to decrease through the series.

One can also see quite clearly from Table VII the splitting patterns

for the degenerate v, and v, modes. It was mentioned in the introductory

3 4

chapter that the magnitudes of such splittings can roughly serve as a

measure of the cation polarization of the anion. The splitting of v

4’

which is observed to decrease through the series from Li to K, apparently
reflects the diminishing trend in the polarizing powers for the alkali-

metal cation series. The splitting of v surprisingly enough, remains

3!

almost constant throughout the whole MC10_, monomer series. This behavior

3



OBSERVED FREQUENCIES (CMfl) FOR THE ALKALI-METAL

TABLE VII

CHLORATE MONOMERS ISOLATED IN
BOTH ARGON AND XENONZ
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M Matrix vl vz v3a v3b v4a v4b vM—ClO3
962
b 900
Ar 630 966 1020 481 557 533
907
970
Li
893
Xe 630 963 1014 479 554 531
897
969
910 1017
Ar 622 973 478 518 —
914 1023
976 :
Na
616 512
Xe ¢11 967 1012 476 ——
619 516
917 622
Ar 968 1017 479 508 ——
927 627
K
915 622
Xe 967 1009 480 502 -
926 627

a . . . . ‘ .
Modes involving predominately motion of the chlorate ion are

numbered the same as for the '"free' C

anion.

3v

b . . R
Brackets denote matrix site-splitting.
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is completely unexplained particularly if one recalls the results given

in Chapter I for the v_ splittings in MNO3 monomer series. The normal

3

coordinate calculations, which will be presented in the next chapter,

appear to shed some light on this rather unexpected result for v3 in

the chlorates.

There are some rather interesting observations in regard to the in-
tensity behavior for several of the chlorate modes in the monomer series,
which require some mention. For instance, the higher-frequency infrared
component for both v3 and v4 is observed in both the LiClO3 and NaClO3
monomers to have a greater intensity than the lower~frequency component,
while just the opposite is observed for the KClO3 monomer. Very little

can be said about this intensity reversal for KClO3 other than to men-

tion that some sort of vibronic effect is probably involved. The in-

creasing trend in the infrared intensity of the v, mode through the

1
series in going from K to Li is also worthy of note. This behavior can
apparently be explained in terms of the unidentate model as an increase
in the decoupling of the associated C1-0 bond stretching from the

stretching motion of the remainder of the anion as the cation is changed

through the series from K to Li.
Matrix-Isolated Lithium Nitrate

The present matrix~isolation study involving LiNO, in Ar was ini-

3

tiated in an effort to refine the previous infrared results reported for

3 9 4 matrices (8). Much thicker matrix

films than were obtained in the original work were prepared in hope of

the LiNO. monomer in CO. and CCl

gaining some new information regarding the weak v, degenerate planar

4

bending mode. It was further hoped that a more careful examination of
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the 200-700-cm™ ! region might lead to the observation of the metal-nitr-
ate stretching frequency which was not observed in the original work.

The infrared spectrum of LiNO3 isolated in Ar at 12°K appears in

Figure 16. Curve (a) of this figure represents a well isolated sample of
moderate thickness while curve (b) represents a sample with a thickness
of about five times that of curve (a). The two components of the doubly
degenerate asymmetric stretching mode appear very prominently at 1264
and 1524 cm—l in curve (a). One can further see in curve (a) a band at
528 cm—1 which obviously must be the metal-anion stretching mode. It
should be noted that this interion mode has an intensity greater than

the Vo out-of-plane bending mode, which appears at 817 cmvl, but some-

what less than that observed for either of the v3 components. Another

very interesting fact is the relatively small frequency difference (5
cm-l) that is observed when comparing the M~0 stretching modes for the

LiNO3 and LiClO3 monomers.

If attention is now shifted to curve (b), the two components of v

4

can be identified. One component appears with reasonable intensity (ca.
1/3 that of vz) at 765 cm“1 and is assigned with little chance of error.
The other component is more difficult to identify since there are four
weaker features which appear regularly at 692, 736, 747, and 783 cm_l
The 747—cm-l feature is known to result from aggregates, (LiNO3)n, while
the 783—cm--1 vdalue falls outside the range normally expected for a nitr-

ate v4 mode. The choice is thus narrowed to the bands at 692 and 736

cm—l. The 692—cm_1 feature would be the preferred value if v, were to

4

behave similarly to v, and split uniformly about the solid state value

3

(735 cm_l). The 736—cm_l feature, however, would appear to be more in

line with the v, results which have been observed for the MC10, monomer

4 3



%»T ————
T

| | | L 1 :
1500 1400 1300 | 800 700 600 500

cm™!

Figure 16. The Infrared Spectrum of LiNOj: (a) matrix isolated in Ar at 120K; (b)
matrix isolated in Ar at 120K with a thickness of about five times that
of curve (a)
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series. It should be recalled that the lower-frequency v, component for

4
MClO3 monomers remained nearly invariant at approximately the solid state
value (480 cm_l) while the higher-frequency component was observed to
1

increase in frequency through the series from K to Li. The 736-cm

feature 1is, thus, the preferred choice for the second component of v4.

It should be noted that the 765--<:m_1 component is almost an order of

. . -1
magnitude more intense than the 736-cm feature.

The vl symmetric stretching‘mode although not presented in Figure

16 was observed at 1011 cm_l. The observed frequencies for the LiNO

3

monomer matrix isolated in Ar are complied in Table VIII.

TABLE VITI

THE OBSERVED INFRARED FREQUENCIES FOR THE
LITHIUM NITRATE MONOMER MATRIX
ISOLATED IN ARGON

Mode Frequency (cm—l)
Vl 1011
Vo 817
v3a 1264
Vap 1524
Via 736
Vub 765
“Li-NO 528
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Alkali-Metal Nitrate Glass

Transition Temperatures

Glassy films of LiNO_, NaNO KNO3, and TINO_, were prepared by

3’ 3

sy e o . .
vapor deposition at 12 K, and estimates of Tg for these films were made

3’

from a measurement of glass~crystallization temperatures. Once the
glassy nitrate film had been prepared, the typical experimental proce-
dure consisted of warming the film at a rate of ca. 10K/min. with each
film subsequently exhibiting an irreversible conversion to the crysta-
lline solid. The temperatures for this glass-crystallization process
were accurately established by monitoring the infrared-active v2 nitrate
mode and observing the temperature at which significant spectroscopic
changes occurred, i.e., frequency shift and/or half-bandwidth reduction.

Figure 17, which shows the v, band of LiNO, at the glass—-crystallization

3
temperature, represents the typical results observed for the entire ni-
trate series. The v2 band of the glass is shown in curve (a) of Figure
17 at 2540K, the temperature at which the film just begins to crystallize
as evidenced by the appearance of the 838—cm._1 feature. The heating
rate of 10K/min. was sharply reduced at this point. After five minutes
with the temperature still held at 2540K, considerable conversion of the
glass to the crystalline form had occurred as shown by curve (b). Curve
(c) shows that the conversion was essentially complete after fourteen
minutes and with a final temperature of 2550K.

The glass-crystallization values for the present study which were
found to be reproducible to iZOK, along with the extrapolated values of

Angell and Helphrey (10), appear in Table IX for comparative purposes.

Before making such a comparison, however, it should be pointed out that
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T=254°K T=254°K T=255 °K
t =0 min. t=5 min. t =14 min.
a) b) c)

822 cm’!

F o

838 cm'

Figure 17. Infrared vy Band of LiNO3 at the Glass-
Crystallization Temperature: (a) glass;
(b) mixture of glass and crystal; (c)
crystal
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the glass transition temperature experienced by vapor-deposited glassy
water (35) (43), which agrees closely with the extrapolated value from
binary salt-water solutions (44), is some 200—3OOK below the Tg value
predicted from thermodynamic data (45), and that this discrepancy is not
clearly understood. Angell and Sare (44) suggested, as a plausible ex-
planation, the possibility of different short-range ordering for the

vapor-deposited glassy water from that which water adopts upon cooling.

TABLE IX

NITRATE GLASS TRANSITION TEMPERATURESa

o_.b o_.cC
Salt Tg( K) Tg( K) -
LiNO3 253 228
NaNO 224 226
KNO,, 208 225
RbNO3 218
CsNO, | 212
TlNO3 175

a .
Average from two runs on each nitrate.

b . , . .
Glass-crystallization temperature determined in the
present study.

C" > 1t ‘ . .
Experimental' glass transition temperatures from the
work of Angell and Helphrey (10).
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Table IX shows the Tg values of NaNO3 for the two studies to be in
good agreement, but the close similarity ends at that point. The extra-
polated Tg values show only a spread of 16°K for the entire alkali-metal

nitrate series and a spread of only 3°K from LiNO. to KNO3, whereas the

3
glass—crystallization Tg values from the present study exhibit a defin-
ite cation-dependent trend with a spread of 45°K for the latter interval.
Such a variation of Tg with alkali-metal cation size is consistent with
expectations based on crystal energies and Debye 8 values. The Tgvalue
shown for TlNO3 should be lower than for a number of the alkali-metal
nitrates (10).

It was mentioned previously that attempts would be made to extend
the determination of glass transition temperatures to the vapor-deposit-
ed alkali-metal chlorate thin films. The structure of these films
appears to be glassy in nature; however, initial attempts at warming

these films has failed to yield any clear-cut transition temperature

like those observed for the alkali-metal nitrates.



CHAPTER 1V
NORMAL COORDINATE CALCULATIONS
MClO3 Monomers

A reasonable model for the MClO3 monomers was established from an
analysis of the experimental vibrational data in the previous chapter.
Normal coordinate calculations were performed on this model in an effort
to obtain a bettér understanding of the perturbing forces and their
effects on the bonding in the monomer. These calculations yielded not
only reasonable estimates of changes in the force field relative to the

uncomplexed C, anion but also gave some insight into the rather unusual

3v

splitting behavior observed for the vy mode in the MClO3 monomer series.
The calculational procedure which was followed is very similar to
that used by Brintzinger and Hester in their calculations involving
oxyanion metal complexes (41). Briefly this procedure consists of find-
ing a force field which satisfactorily reproduces the "free anion" fre-
quencies. This field is then perturbed in ways corresponding to metal
binding and oxyanion polarization. Due to the amount of vibrétional.data
accumulated for the MClO3 monomers, it was felt one could proceed a step
further by attempting to fit a set of force constants to the observed

frequencies. These calculations, incidently, were carried out by com-

puter utilizing programs written by Overend and Scherer (46).

69
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The Model and the Force Field

The model that was chosen for the MClO3 monomers consisted of a un-
identate structure with the metal bound linearly through one oxygen atom
as depicted in Figure 18. This model is not unique since a bent struc-
ture would probably fit the observed data just as well. The structural
parameters for the chlorate portion of the molecule were transferred
from the "free anion" (6) and were assumed to be unchanged by coordina-
tion. This assumption can be méde since changes in force constants
produced by coordination, partigularly those involving bond stretching,
are expected to be of much greater significance than any geometrical
change. The structural parameters used for the chlorate ion were r 6 =

1

(0]
ry=R=1.477 Aand B; =B, = a = 107.1° (6). The M-0 bond distances

of 1.59 X and 2.0 X for the respective monomers of LiClO3 and NaC103were
transferred from the corresponding distances in Li0 (47) and NaO (48).
The K-0 bond distance of 2.32 X used for the KClO3 monomer was an esti-
mated value.

The model of the MClO3 monomer which appears in Figure 18 possesses
only a single plane of symmetry and, thus, belongs to the CS molecular
point group. The nine fundamental modes are distributed as 6A' and 3A"
vibrations. Symmetry coordinates were constructed from the nine inter-
nal coordinates in order to take advantage of the molecular symmetry and

are given as follows:

for A',

wn
|

1/,
= A(rl + rz)/22 (ClO2 symmetric stretch),

S, = AR (C1-0* stretch),



Figure 18.

¢ = out-of-plane
Cl M-0-Cl bend

Geometry and Internal Coordinates for

the MClO3 Monomer
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S. = Ao (cl1o scissor);.

3 2
1
_ 3
S4 = A(Bl + 82)/2 (ClO2 wag),
S5 = AS (M-0* stretch),
S6 = AB © (C1-0*%-M deformation),
for A",
L .
S7 = A(rl - r2)/22 (ClO2 asymmetric stretch),
. 1
_ _ 3 .
88 = A(Bl 82)/2 (ClO2 twist),
89 = AB (C1-0%-M out-of-plane deformation).

The asterisk in the above descriptions indicates the metal-coordinated
oxygen.

A modified valence force field was chosen for the present calcula-
tions not only because of the availability from the literature of "free
anion" force constants under such an assumption (6), but also because
of the good success in the transfer of these force constants from one
molecule to another. The potential function which was utilized is given
as follows:

W=tk )2+ k002 + 2. 092 + B (80)>
i=1 T i R S o

2 2 2 2
+ ingB(ABi) +-H9(Ae)v + H¢(A¢) + 2 Frr(Arl)(Arz)

2 9 |
+ ZiEIFrR(Ari)(AR) + 2 FBB(ABI)(ABZ) + 2i£lFaB(ABi)(Aa). (1)

The Calculations

The first step in the present calculations involving the MClO3 mon-

omers was to reproduce the "free anion" frequencies. This was accompl-
ished by utilizing the "free anion" force constants (6) (K_r = KR_='5'715

o ) -
mdyne/A, F = F _ = 0.311 mdyne/A, H = H_ = 2.236 X 10 1 ergs/radianz,
ry rR ol B

FuB = FBB = 0.659 X 10_11 ergs/radianz) and by equating the force
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constants for all modes involving motion to zero (KS = He = H¢ = 0) in
the potential function previously given. The next step then consisted
of changing the bond-stretching force constants of the chlorate ion so
that the bond interacting with the metal ion was weakened, while the
other two were strengthened. This situation is believed to closely re-
present the simple polarization Bf the chlorate ion. At the same time
the force constants for modes involving the metal ion were given finite
values to include the metalvbinding.

The calculations were carried out first for the LiClO3 monomer
"because of the additional data involving the M-0 stretching mode. It
was felt that the M-0 stretching force constant determined from a fit of
the observed frequencies for LiCl10, could be transferred to the NaClO

3 3

and KC10, monomers in order to obtain a reasonable estimate for the

3

frequency of the M-0 stretching mode in these systems. The Li-O stretch-

ing force constant for the LiClO3
o}

somewhat less than 2.14 mdyne/A, the magnitude of the corresponding force

monomer was presumed to have a value

constant in Li,O0 (47). The bending constant of 0.035 X 10-11 ergs/radian2

2
for Li20 was used for both the C1-0-M in-plane and out-of-plane bending
constants, He and H¢. These force constants were held fixed at the LiZO
value throughout the calculations for the MClO3 monomer series. It

should be mentioned also that the interaction force constants were held
fixed at the "free anion" values.

. After obtaining a reasonable fit of the observed frequencies by
manually adjusting the force constants in the manner corresponding to
anion polarization and metal binding, the next step in the calculation

consisted of fitting the force constants by a least squares method to

obtain the best possible agreement to the observed frequencies. The
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question mentioned in the previous chapter concerning the assignment of

the 554 and 533—cm—1 bands for the LiClO3 monomer was resolved by making

two distinct frequency fits. The first was performed with the 554—cmn1
band assigned as the M-0 stretching mode and the 533—cm—1 band assigned

as the v chlorate mode. For the second calculation these assignments

4b

were reversed. The behavior observed for the bending constants, Ha and

H in the MC1l0, series was determined to be more in line with the sec-

B’ 3
ond calculation; therefore, the second assignment became the preferred

choice. The calculated frequencies along with potential energy distri-

bution corresponding to this second frequency fit for the LiClO3 monomer

appears in Table X. It should be mentioned that the Ar matrix frequen-
cies were used for the frequency fit. For those bands involving matrix
site-splitting, the frequency utilized was either the wvalue of the strong-
est component or the average value of equal intensity éomponents. It

can be seen from Table X that a reasonably good fit of the observed fre-

quencies is obtained with the poorest agreement appearing for the v

4a

mode. The potential energy distribution, which gives the percentage
contribution of each force constant to a particular frequency, shows
that in the A' symmetry block considerable mixing of the v2, vNFO’ and

v, modes occurs, making it very difficult to justify the assignments

4a

given for these modes on the basis of the calculations.
The set of force constants determined from the frequency fit for
the LiClO3 monomer appears in Table XI. For this calculation five force

constants which included Kr’ KR, KS’ Hu’ and HB’ were adjusted to fit

seven frequencies. Also given in Table XI are the final sets of force

constants for the NaClO3 and KClO3 monomers which correspond to the cal-

culated sets of frequencies given in Tables XII and XIII, respectively.



TABLE X

CALCULATED FREQUENCIES AND POTENTIAL ENERGY DISTRIBUTION FOR THE LITHIUM CHLORATE MONOMER

ﬁode Obs.? Calc.b Percentage P.E.D.C
Cay C, (cm'l) (cm_l) K, F oF o K Kg H FoeFan Hg Hg H¢
Vaa Vi (a") 966 967.5 82.3 -0.7 9.6 1.0 8.1 -0.4 0.0 0.0 0.0
vy Vo (A") 900 905.7 4.9 3.3 61.3 19.3 0.0 1.8 9.3 0.0 0.0
Vo vy @a" 630 650.2 2.5 0.2 0.2 21.8 0.9 18.9 55.0 0.5 0.0
VM0 Vg A" 533 541.0 5.9 1.1 3.3 21.0 76.4 -10.6 3.0 0.1 0.0
V4a Ve Aa") 481 447.4 0.2 -0.4 26.3 36.8 27.3 -13.1 22.7 0.2 0.0
¥01-0-M Ve (a") - 87.0 0.0 0.0 0.0 0.0 0.0 0.2 0.5 99.2 0.0
Vap Vg a") 1020 1018.3 96.3 -5.0 0.0 0.0 0.0 -2.8 11.4 0.0 0.1
Vib Vg M) 557 549.2 9.1 -0.5 0.0 0.0 0.0 -29.2 119.2 0.0 1.3
Ve1-0-M Vg (a") —_— 77.1 0.0 0.0 0.0 0.0 0.0 -0.4 1.8 0.0 98.7
qAr matrix frequencies.
bAverage error = 2.07%.
“It was assumed that F = F and F = F so that only one force constant was used for each pair in
rr rR aB B8

the calculation.
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TABLE XTI

FORCE CONSTANTS USED FOR THE ALKALI-METAL CHLORATE MONOMERS

Force Coordinates® Force Constant Valueb
Constant Involved LiClO3 NaClO3 KClO3
Stretching »
K. Cl-0 6.025 6.077 6.043
% .
Ky C1-0 4,240 4.656 4,804
*
Kg M-0 1.135 1.135 1.135
Bending
B, 0-C1-0 2.295 1.985 2.017
%
He 0-C1-0 2.696 2.477 2. 440
By C1-0*-M (in-plane) 0.035 0.035 0.035
H, C1-0*-M (out-of-plane) 0.035 0.035 0.035
Interaction
F . Cl-0, C1-0 0.311 0.311 0.311
F o c1-0, c1-0% 0.311 0.311 0.311
Fg 0-C1-0, 0-Cl-0% 0.659 0.659 0.659
Fog 0-c1-0*, o-c1-0* 0.659 0.659 0.659

a . o 4. .
The asterisk indicates the metal-coordinated oxygen.

b . . .
Stretching and stretch-stretch interaction force constants are
in units of mdyne/Q. Bending and bend-bend interaction force
constants are in units of 10-11 ergs/radianz.



TABLE XI1

CALCULATED FREQUENCIES AND POTENTIAL ENERGY DISTRIBUTION FOR THE SODIUM CHLORATE MONOMER

Mode Obs.? Calc.b Percentage P.E.D.©

Cay C, T (en 1) K, F_oF o Ky Kg  H) FoFeg Hg Hg H,
Vaa vy (A") 972 970.6 77.5 -2.2 17.8 1.3 6.3 ;1.0 0.2 0.0 0.
vy vy aY 914 914.7 11.3 5.0 62.9 10.0 0.0 2.4 8.3 0.0 0.
Vo Vg " 622 615.1 3.5 0.7 2.9 6.7 4.0 27.0 54.8 0.5 0.
V4a V4 a" 478 478.6 3.4 0.0 1.8 7.1 101.1 -33.6 21.7 0.0 0.
QM—O Ve (A") —_ 297.5 0.0 0.0 16.8 74.7 4.8 -3.0 6.3 0.3 0.
Vo1-0-M Ve A" - 63.3 0.0 0.0 0.1 0.1 0.0 0.2 0.5 99.2 0.
Vap vy A"y 1017 1018.0 97.9 -5.0 0.0 0.0 0.0 -2.6 9.6 0.0 0.
Vb Vg a") 518 521.2 7.5 -0.4 0.0 0.0 0.0 -33.3 125.0 0.0 1.
Ve1-0-M Vg @y - 52.4 0.0 0.0 0.0 0.0 0.0 -0.5 1.7 0.0 98

a . .
Ar matrix frequencies.
Average error = 0.36%.

c

It was assumed that F__ = F and F _ = F so that only one force constant was used for each pair in
- rr rR af BB

the calculation.

LL



TABLE XIII

CALCULATED FREQUENCIES AND POTENTIAL ENERGY DISTRIBUTION FOR THE POTASSIUM CHLORATE MONOMER

Mode Obs.? Calc.b Percentage P.E.D.

Cay C, (cm_l) (cm_l) K_ F oF o K Kg H F oo Fas H Hy H¢
Vi, 2 JA") 968 972.1 70.6 -3.2 25.2 1.9 6.3 -1.4 0.5 0.0 0.0
vy v, (a') 922 920.6 17.9 6.1 57.1 8.4 O.i 2.8 7.6 0.0 0.0
v, Vg (A") 627 611.3 3.8 0.7 3.0 5.2 5.0 28.2 53.6 0.5 0.0
Y4a Vi (A") 479 479.5 3.3 0.0 0.5 5.3 101.6 -35.4 24,7 0.0 0.0
u o ve (A") - 249.7 0.0 0.1 14.8 79.0 3.1 1.9 4.5 0.4 0,0
VC1-0-M Ve @y - 56.7 0.0 0.0 0.1 0.2 0.0 0.2 0.5 99.1 0.0
Vay, 2 (a'") 1017 1014.5 98.1 -5.0 0.0 0.0 0.0 -2.5 9.4 0.0 0.1
Vi Vg (a") 508 515.8 7.3 ~0.4 0.0 0.0 0.0 -34.0 126.0 0.0 1.1
V01-0-M Vg @am - 46.2 0.0 0.0 0.0 0.0 0.0 -0.4 1.6 0.0 98.9

qAr matrix frequencies.

bAverage error = 0.837%.

‘1t was assumed that F = F and F = F so that only one force constant was used for each pair in
TTY rR af g8 .

the calculation.

8L
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The calculational procedure for both the NaClO3 and KClO3 monomers was

very similar to that previously described with the exception that the

M-0 stretching force constant was held fixed at the LiClO3 monomer value.

It is interesting to note that the frequencies calculated for the M-0

stretching mode for both the NaClO3 and KClO3 monomers are below 300 crrT1

which may very well explain why they were not observed. Four force con-

stants were fitted to six frequencies for the NaClO3 and KClO3 calcula-

tions, and the results obtained are quite good as the average errors

indicate.
Discussion

Through the normal coordinate calculations, the expected polariza-

tion trend for the MClO3 monomer series was successfully predicted. One

can see from Table XIV that AK, which represents the difference between
Kr and KR’ decreases through the series from Li to K. This trend can be
interpreted in terms of a decrease in the cation polarization of the

chlorate anion much like was presented earlier in Table II for the MNO3:

monomer series. The magnitudes of AK indicate, however, that the polar-

ization of the chlorate ion is not nearly so great as that observed for

the nitrate ion in the MNO3 monomers. The rather surprising feature, as

mentioned before, is the apparent insensitivity of the v, splitting to

3

changes in cation as Table XIV also clearly shows. One does see a very
slight trend for this splittihg in the Xe matrices as indicated by the
numbers in parentheses under the Av3 column. The calculations show that

the primary effect of increasing AK is to decrease the v, frequency while

1

having only a very minor effect on the splitting of v Apparently there

3°

exists a maximum AK value above which one sees very little change for the
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splitting of Vg The AK for the KClO3 monomer probably lies very near

this limiting value.

TABLE XIV

OBSERVED vg SPLITTINGS IN ARGON AND FORCE
CONSTANT VARIATIONS FOR THE ALKALI-
METAL CHLORATE MONOMERS

-+ a )

M A\)31 Ky Rp B
(em ) (mdyne/A) (mdyne/A) (mdyne/A)

Li 54 (51) 6.025 4.240 1.785

Na 45 (45) 6.077 4.656 1.421

K 49 (42) 6.043 4.804 1.239

a . .
The numbers in parentheses represent the corresponding
Vg splittings observed in the Xe matrices.

Another aépect of the calculations which deserves some mention is
the apparent polarization effect observed for the bending force con-
stants, Ha and HB. It can be seen in Table XI that HB assumes a value
of somewhat greater magnitude than Ha in each case, with the differences
showing only a slight variance throughout the series. The behavior for
H and HB is somewhat analogous to that observed for the stretching con-

stants, Kr and KR’ but apparently does not possess the physical meaning

that is associated with the stretching force constants.

LiNO3 Monomer

With the additional data observed in the present reinvestigation of
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the LiNO3 monomer, it was felt that a force constant analysis could be

carried out for comparative purposes under assumptions similar to those

utilized for the MClO3 monomers. The model chosen was the same as that

utilized for the earlier Urey-Bradley force constant calculations on the

MNO3 monomers (8). The nitrate structural parameters were transferred

from the "free anion'" (41) and assumed, as for the MCl0_, monomers, to

3

remain unchanged by metal coordination. The parameters used for the ni-

o
trate ion were r1 = r2 = R =1.22 A and Bl = 82 =q = 1200. The Li-0

bond distance was assumed to be the same as that used for the LiClO3

monomer.

The model for the LiNO3 monomer, which appears in Figure 19, has

sz molecular symmetry; therefore, its nine fundamental vibrational modes

are classified as 4Al + 3B, + ZBZ. Since the A, and B, planar modes do

1 1 1

not couple with the B, out-of-plane modes, an analysis of just the planar

2
vibrations was carried out. Symmetry coordinates were constructed for

the seven planar internal coordinates and are given as follows:

for A,

1
1
_ “3 .
Sl = A(rl + rz)/2 (NO2 symmetric stretch),
82 = AR (N-0* stretch),
L
= - _ 3 .
53 A(2a Bl 82)/6 (NO2 scissor),
S4 = AS (M-0* stretch),
1
Sg = Ao + B, * 82)/32 (redundancy),
for Bl’
1
- _ "3 , .
S6 A(rl rz)/Z (NO2 asymmetric stretch),
1
_ _ L
S7 = A(Bl 82)/2 (NO2 rock),
38 = AD (M-0%-N deformation).

In order to remain consistent with the previous calculations, a



Figure 19.

Geometry and Planar Internal
Coordinate for the LJ’.NO3
Monomey
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valence force field was again assumed. In attempting to reproduce the

"free anion'" frequencies, it became necessary to institute several chan~
ges in the published set of "free anion" force constants (41) to obtain
the desired fit. The potential function for the planar analysis of the

LiNO, monomer which resulted is given as follows:

3

W=tk ar) 4k B2+ r (82 + 1 (ha)? +
=1 r i R S a

% H (A )2 + H (A6)2 + 2 % F_ (Ar,)(Aa) + 2 %
R o

i=1 B Bt 0 i=] T 1 i=1

FRB(AR)(ABi) + ZFrB(Arl)(ABZ) + ZFrB(ArZ)(ABl)' (2)

After satisfactorily reproducing the "free anion' frequencies util-
o
izing the force constants, Kr = KR = 6.35 mdyne/A (41), Frr = 2,05

(¢} _ .
mdyne/A (41), Hu =H = 2,100 X 10 11 ergs/radian2 (49), and Fru= F =

B rpd
FRB = (.25 mdyne/radian, the calculations which followed for the LiNO3
monomer were carried out in a manner almost identical to those for the
MClO3 monomer series, including the assumptions made for the force con-~
stants involving motion of the metal.

It should be recalled from the LiNO3 monomer results given in the
previous chapter that there was some uncertainty concerning the assign-
ment of the lower-frequency component of the Vs nitrate mode. The poss-
ibilities for this mode had been narrowed to bands observed at 736 and
692 cm—l; however, no really definitive judgement in favor of either of
these bands could be made. Frequency fits were carried out for both
assignments in an attempt to help resolve this question. The calculated
frequencies and potential energy distribution for each of the two cases
are given in Tables XV and XVI, while the corresponding sets of force

constants appear in Table XVII. Although a slightly better frequency

fit is obtained for the 736—cm_1 assignment, the overall results for



TABLE XV

CALCULATED FREQUENCIES AND POTENTIAL ENERGY DISTRIBUTION FOR THE
OF THE LITHIUM NITRATE MONOMER

PLANAR MODES

Mode Obs.a Calc.b Percentage P.E.D.C
Day C,py (em™ by ) K F oFr Ky kK, H H, Hy  FoFaoFpg

Vaa vy (Al) 1264 1268.0 81.9 -10.2 11.7 0.1 11.8 10.9 0.0 -6.2
vy v2>(A1) 1011 1024.9 0.6 6.0 60.2 16.5 11.7 10.8 0.0 -5.7
Via Va (Al) 736 742.6 9.7 -2.0 2.1 51.2 18.8 17.3 0.0 3.0
VM-0 v, (Al) 528 492.7 7.9 ~17.7 51.3 32.2 10.5 9.6 0.0 6.3
Vap Vs (Bl) 1524 1532.2 92.9 -22.8 0.0 0.0 0.0 36.6 0.2 -7.0
V4b Ve (Bl) 765 755.2 40.1 -9.8 0.9 0.0 -0.0 63.0 0.6 6.0
VN-0-M vy (Bl) —-——= 79.2 0.0 0.0 0.0 0.0 0.0 0.8 99.2 0.0

®Ar matrix frequencies

bAverage error = 1.90%.

°It was assumed that Frp = Fr and F = RR and Fra = FrB = FRB so that only one force constant

. ra.
was used for each set in the calculations

v8



TABLE XVI

CALCULATED FREQUENCIES AND POTENTTAL ENERGY DISTRIBUTION FOR THE
PLANAR MODES OF THE LITHIUM NITRATE MONOMER

Mode Obs.a Calc.b Percentage P.E.D.
-1. -1 -

D3h C2v (em ) (em ) Kr Frr rR KR KS Ha HB He ra’FrB’FRB
Vag vy (Al) 1264 1264.0 85. -9.9 12.3 0.1 8.7 9.7 0.0 -6.0
vy v, (Al) 1011 1023.7 0. 4.0 68.2 14.2 9.1 10.2 0.0 -6.0
V4a Vg (Al) 692 707.0 7. -1.5 1.7 48.5 19.3 21.5 0.0 2.9
YMo0 A (Al) 528 484.2 5. -13.1 41.1 37.2 10.8 12.4 0.0 6.2
Vay Vg (Bl) 1524 1535.4 94. -22.8 0.0 0.0 0.0 35.2 0.2 -6.9
Vib V6 (Bl) 765 752.0 38. -9.2 0.0 0.0 0.0 64.5 0.7 5.9
VN-0-M vy (Bl) _—— 79.2 0. 0.0 0.0 0.0 0.0 0.8 99.2 0.0

%Ar matrix frequencies.

bAverage error 2.537%.

“It was assumed that F = F and F = F = F so that only one force constant was used for each
rR ra B RB

. . IT
set in the calculation.

G8



TABLE XVIT

FORCE CONSTANTS USED FOR THE ALKALI-METAL NITRATE MONOMER

86

Force Coordinatesa Force Constant Valueb
‘Constant Involved IC IId
Stfetching
Kr N-0O 8.367 8.474
KR N-O* 4.206 4.470
KS M-0% 1.539 1.378
Bending
Ha 0-N-0 1.143 0.921
HB 0-N-0O%* 2.100 2.056
He N-0#%-M (in-plane) 0.035 0.035
Interaction
F N-O, N-O 2.050 2.050
rr
F N-0, N-0% 2.050 2.050
rR
F N-0, 0-N-O0 0.250 0.250
ro
FrB ‘ N-0, O~N-O%* 0.250 0.250
FRB N-0%*, O-N-0% 0.250 0.250

a . P g .
The asterisk indicates the metal-coordinated oxygen.

b RS . .
Stretching and stretch-stretch interaction force constants are
in units of mdyne/A. Bending force constants are in units of
10-11 ergs/radianz. Stretch-bend interaction force constants

are in units of mdyne/radian.

CCorresponds to the calculation given in Table XV.

dCorresponds to the calculétion given in Table XVI.
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both cases did not differ significantly enough to make any sort of
judgement as to which was the correct assignment. The calculations,
although rather disappointing in this regard, were still somewaht sat-—
isfying in other respects.

Five force constants including Kr’ K K Hu’ and HB were fitted

R’ 78’

to six frequencies for the LiNO, calculations with the poorest agree-

3

ment accurring for the M-0 stretching mode in both cases. It appears
from the potential energy distributions that the rather large amount of

mixing which occurs between the stretching and bending modes in the A1

symmetry block is responsible for this rather poor fit for vM—O'



CHAPTER V
SUMMARY AND CONCLUSIONS
Matrix-Isolated Alkali-Metal Chlorates

The vapors above the molten alkali-metal chlorate salts were char-
acterized by vibrational spectroscopy utilizing thg matrix~isolation
technique. The spectra clearly indicated that the monomer was a major
constituent of the vapors. A detailed study of the monomer vibrational
modes was carried out which allowed some very definite conclusions to be
made in regard to the structure of this species. It was determined from
the splitting of the doubly degenerate v3 and v4 modes of the chlorate
ion that the metal in the monomer was coordinated through the oxygen
atoms either in a unidentate or bidentate fashion. Evidence from the
limited Raman spectra for the NaClO3 and KClO3 monomers tended to favor
the unidentate structure. From the available data, the bonding orienta-
tion for the metal ion could not be determined.

Normal coordinate calculations were carried out on a model thought

to closely represent the MCl0,_, monomer. A simple force field, which re-

3

produced the 'free anion" frequencies, was chosen, This field was then
modified to take into account the metal binding and anion polarization

prevalent in the MClO3 monomers. These calculations were found to yield

reasonable estimates of changes in the force field relative to the un-

complexed C anion necessary to fit the observed frequencies. In many

3v

respects it was gratifying to find that such a.simple force field model

QQ
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as was chosen could be made to agree so well with the experimentally
observed data. An analysis of the stretching force constants for the

chlorate anion in the MClO3 monomers seemed to indicate that the polar-

ization effect present in these species was not nearly so pronounced as

that for the corresponding MNO3 monomers. The entire study of the MC10

monomer series led to a better understanding of the perturbing forces

3

which are operative in these systems. This data can be used in gaining
further insight into the structures of the molten salts and aqueous sol-
utions as will be discussed in a later section of this chapter.

The vibrational spectra also indicated that certain species other
than monomer were present in the vapors above the salts. Dimers, for
instance, were readily identified in the matrix spectra for both NaClO

3

and KC103. The tendency to form dimers is apparently greatest for

KClO3 as the very large abundance of this species in the most dilute
matrix sample indicates. This was a somewhat unexpected result for which
no explanation could presently be made. Decomposition was found to be

an extremely acute problem in the case of LiClO The primary product

3¢
of this decomposition was identified from both the infrared and Raman

9 Traces of O2 and Cl2 were also thought to be observed

spectra as Cl10
at various times in the Raman spectra. Decomposition was determined to
take place only to a very minor extent in the vaporization of both NaCl(&

and KClOB.

Alkali-Metal Nitrates
A minor phase of the present investigation consisted of some furth-

er studies involving the alkali-metal nitrates. Glass transition temp-

eratures for the glassy films of the alkali-metal nitrates, which were
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prepared by vapor deposition in the absence of any matrix gas, were
estimated by spectroscopically observing the temperature at which each
glass was converted irreversibly to the crystalline solid. These T
temperatures were compared with those determined from extrapolation of
binary solution data and were found to be in some discord with those
values. It remains to be determined which set is more nearly correct.
0f course, the ideal case for testing the validity of the.glass—crystall—
ization Tg'values would involve their comparison to the bulk glass
values; however, no system has been found yet for which such a compari-
son can be made.

Thicker films of the matrix-isolated LiNO3 monomer were examined

for vibrational modes which were missed in an earlier study. Both com-

ponents of the v, bending mode of the nitrate were observed along with

4
M-0 stretching mode. This additional vibrational data permitted normal
coordinate calculations to be carried out on the LiNO_, monomer for com-

3

parison with MC1l0_, monomers.

3

Volatilization of Polyatomic Salts

The ability to volatilize such polyatomic salts as the alkali-metal
chlorates and nitrates is of considerable importance because it adds new
dimensions to the study of these species by vibrational spectroscopy.

The vapor species can, of course, be isolated in inert matrices to pro-
duce an environment in which the anion undergoes maximum distortion or
perturbation due to association with a single cation. Knowing the effects
that such a limiting case produces on the vibrational spectrum of the
anion permits one to make reasonable judgements in regard to amount of

anion distortion which might be prevalent in other environments. The
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vapors of the salts can also be deposited at low temperatures in the ab-
sence of any matrix gas which results in the formation of thin films
having a glassy structure. Since the glass structure is believed to be
essentially the same as that of the corresponding melt, preparation of
the thin glassy films has greatly simplified the infrared spectroscopic
study of such structures as well as the measurement of glass transition
temperatures.

Another vibrational study which is facilitated by salt volatility
is the deliberate placement of metal salt ion pairs (monomers) in other
types of matrix environments. Perhaps the most important study of this
type involves the use of glassy'water as the matrix medium. 1If the ion
pair environment in glassy water is assumed to resemble that for the
aqueous solution, then fhe matrix isolation of the ion pair in glassy
water deposits should help to establish the degree of importance of

contact ion pairs in such systems.
Correlation with Melt Spectra

As mentioned before the MClO3 monomer matrix-isolation data can be

utilized in gaining some insight into the structure of the melts. Since

the vibrational spectrum for the LiCl0, melt shows considerably more

3

sensitivity than does that of the other MC10, melts, the following dis-

3

cussion will be focused primarily on it. It should be recalled from the

MCl-O3 monomer data that the vl chlorate band position gives perhaps the

best handle on determining the extent of distortion or polarization of
the chlorate ion under given conditions. Therefore, on the basis of the

position of the Vi band for the LiCl.O3 melt which has been reported at

948 cm—1 (5) some 50 cm_‘l from vy of the LiClO3 monomer, it can be
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concluded that discrete 1:1 ion pairs are apparently not an important
consideration in the melt.

A splitting of ca. 65 cmm1 has been reported for the v3 mode in

molten LiClO3 (5) which is somewhat greater than the 54—cm__l split ob-
served for the monomer. Since the monomer should represent the maximum

distortion of the anion, the 65—cm--1 split for v3 of the melt can ob-

viously not all be due to anion distortion. Devlin, et al. (50), have

shown that the 110—cm-lsplitting observed for the Vs mode in LiNO3 is

due about 65 percent to anion distortion and about 35 percent to a di-

pole-based dynamical coupling of the two v, components. Such a reson-

3
ance Iinteraction arises from two closely spaced energy states of the
same symmetry which repel each other provided there is a coupling mech-

anism. The two components of the v, nitrate mode are of the same symm-

3
etry in the melt and both have associated large oscillating dipoles;

therefore, these two components are forced apart by a resonance inter-

action through the dipole coupling. Since the v, components for the

3
LiClO3 melt also meet the above criteria, it is quite likely that the
65-—cm.—1 v, split observed for the melt is due partially to the same type

3

of resonance interaction.
Since it has recently been shown that the cation for the alkali-

metal nitrate ion pair is strongly solvated in glassy H20 and‘NH3 matri-

ces (51), it appears risky to draw conclusions for the aqueous solution
systems from matrix-isolation data for inert matrices. It does appear

likely for the aqueous solution systems such as LiCl10 however, that

3’

the increased splitting observed for the v, mode with increasing salt

3

concentration can also be explained in terms of the same type of reson-

ance interaction which apparently is prevalent in the melt.
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