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CHAPTER I 

INTRODUCTION 

Matrix isolation is a technique used to isolate a molecule (or 

ion) from the influence of other like molecules (or ions). This is 

commonly done by co-condensing the species of interest with an inert 

gas on a cold substrate where it may be inspected at leisure, using 

any number of spectroscopic tools. Matrix isolation developed in the 

mid-ninteen fifties, and rapidly became a popular, useful, and unique 

way to study species which could be difficult to study otherwise. As 

1 d b k . h . la, b , c , d , e d . . f h severa goo oo s ex1st on t e top1c, a escr1pt1on o t e 

technique will not be given. 

Matrix isolation was used, in 1971, to obtain the mid-IR spectra 

of certain metal nitrates monomers and multimers. 2 That work, and the 

one that followed it in 1972 on aggregates and glassy thin films, 3 

principally sought to firmly establish that such ion pair monomers 

could easily be obtained from the molten salts, repeatedly, and 

without significant decomposition products within the sample. The 

mode of coordination of the metal ion was unclear at the time, but 

1 b . . . k f L. NO 4a 'b 'c . . 1 . / . . ater a 1n1t1o war or 1 3 , matr1x 1so at1on n1trogen 1sotope 

work for KN0 3 ,Sa,b,c and electron diffraction studies on CsN0 3, 5d and 

RbN0 3 , 5e strongly support a c2v bidentate structure for the alkali 

nitrates. 

lThat eventually developed to be of interest were two vibrational 

1 



2 

modes, which are best described as the modes resulting from the 

lifting of the degeneracy of the antisymmetric doubly degenerate 

stretch v 3 of the isolated nitrate ion, by coordinating it with M+. 

Therefore, when one isolates a lithium nitrate contact ion pair (from 

the influence of other ion pairs) in an inert gas, the result of this 

coordination is that the single v 3 absorption peak becomes two peaks 

(arbitrarily labeled v 3a, and v 3b), roughly centered near the original 

absorption. 2 3 
As was shown in the two earlier papers, ' the degree of 

separation of these peaks is a rough measure of the ability of M+ to 

interact with N03 ; the stronger the interaction, the greater the 

. H , LiN03 , NaN03 , KN03 , CsN03 h , MN03 separat1on. ence, Llv 3 >Liv 3 >Liv3 >Liv3 , w ere L1V 3 

At this level of understanding (in the matrix isolation of ion 

pairs) it became possible for one to consider the use of this technique 

for the benefit of solution physics, for it was ·then possible to iso-

late the ion pair, not in an inert gas, but in a solvent. In this way, 

+ -one alters the interaction of M and N03 in the contact ion pair by 

feeding electron density into the metal ion part of the ion pair via a 

base (i.e. electron donor) and, hence, alters the nitrate end's vibra-

tional modes. Therefore by totally replacing the inert gas with water 

(or, alternatively, ammonia), Smyrl and Devlin were able to obtain the 

first mid-IR spectra for completely solvat~d HN03 ion pairs. 6a,b 

The importance of this was (and still is) that this technique 

allows the isolation of solvated and non-solvated ion pairs from the 

influence of other solvated and non-solvated ion pairs, where dipole 

coupling effects of the vibrations of the nitrates could otherwise 

contribute to the spectra. Also, in the case of "ionizing" solvents, 



matrix isolation is possibly the only way to obtain the infra-red 

spectrum for the solvated contact ion pairs separated from the 

infra-red spectra due to the solvated nitrate ion. Both of these 

points have ramifications for concentrated solution work and molten 

salt work, and have been discussed and stressed in the early publi-

. f h" h . 6 • 7 cat~ons o t ~s tee n~que. 

After the spectra of the completel~ solvated ion pairs were 

obtained, the next (obvious) step 1;.;ras to variably hydrate (or 

ammoniate) the MN03 monomer by contaminating the argon with a known 

amount of H2o (or NH3). la,b Theoretically one could isolate 

(H2o2)xMN03 or (H3N)YMN0 3 where x and y could be experimentally 

predetermined to be a desired integer (in reality, however, one 

isolates a mixture of the solvates, say, x, x+l, and x-1, for 

example). 

In general, one expects that since x + 1 molecules of solvent 

will donate more electron density to MN0 3 than x molecules one would 

SMN03 S2MN03 S3MN03 observe t.v3 >t.v3 >t.v 3 , etc. where S = solvent. Further, 

for any solvent, S, which is a better electron donor than solvent, T, 

then 6v~xHNOJ<L'lv~xMN03, for any integer x. 

These trends were observed using the common solvents water and 

· la,b d h 1 · 1 · h 1 ammon~a, an t e resu ts were ~n genera agreement w~t va ues 

1 1 d . b . . . h d 4a, b ca cu ate us~ng a ~~t~o met o s. Although this (and later) 

work would seem to demonstrate (somewhat conclusively) that one may 

have to take into account the contribution of differently solvated 

contact ion pairs to the spectra of LiN03 dissolved in aprotic and 

protic solvents, solution chemists continue to insist that only the 

3 

totally solvated nitrate and totally solvated ion pairs are contribu-



tors of intensity to the v3 region, unreasonably clinging to arbitrary 

curve resolution methods (see, for example, ref. 8, and references 

therein). 

Because of the unwanted hydrogen bonding interactions between 

the protic solvents and the oxygens of the l1N03 ion pair which 

excessively broadened the v3 bands, the above "variable solvation" 

matrix isolation experiments were repeated using LiN03 and only 

4 

. 1 9a, b aprotlc so vents. These studies involved the solvents Acetonitrile 

(ACN), Tetrahydrofuran (THF), Dimethylsulfoxide (DMSO), and Dimethyl-

formamide (DMF). Although the assignment for peak positions of 

n=l,2,3,etc and n=l,2,3,etc. f h 1 d · v 3a , v 3b or t ese so vents were ma e, lt seems 

now that these assignments are not correct. 

First of all, even as a small contaminant in the aprotic solvent, 

water can cause peaks due to (H2o)xLiN0 3 (which were not correctly 

assigned in the above work), and peaks due to mixed solvates with both 

the solvent and water binding to the ion pair LiN03 are also problems. 

Further, '~hydrogen bonding" of the water to the nitrate ion part of 

the ion pair MN0 3 can be expected to be quite substantial (ref. 4, for 

example, calculates= 17 kcal/mole). That peak or broadness problems 

are even apparent at what has to be very low concentrations of water 

indicates that the combination of flow/condensation/temperature used 

in the investigations allows substantial wandering of the small water 

molecule during the initial stages of formation of the rigid lattice 

of the matrix. 

(e.g. 

times 

th Secondly, as noted before, one isolates not only the n solvate 

SnLiN03), but also the (n-l)th and (n+l)th solvates, and some-

th th the (n-2) and (n+2) solvates. This sometimes results in a 



5 

great deal of confusing overlap (we further assume, for the sake of 

simplification, that the absorption coefficients of the solvates are 

comparable). In regard to this problem it should be noted that (in 

this particular apparatus) the flowing mixture of LiN03 and argon/con-

taminant does not have time to reach equilibrium, and one should not 

expect the population of solvates condensing on the substrate to be 

. f h h . . 10 
representat~ve o t e gas p ase stat~st~cs. This is seen not only 

by the fact that "warm-up" experiments make more solvent available to 

SxLiN0 3, and by ~he fact that one might see (H 20)xSyLiN03 even when S 

is a stronger base than H2o, but is also seen in the fact that LiN03 

ion pairs can actually be isolated in solvents in which they would 

normally (at room temperature) dissociate. 

Thirdly, band assignments are difficult because at high solvation 

numbers steric hindrance could cause formation of an unsymmetrically 

distorted bidentate nitrate, or the coordination of the nitrate ion 

to the lithium ion could "go" monodentate. The energy difference 

between t~e mono and bidentate forms of LiN03 ·3H2o is calculated to be 

be only 11.'5 kcals/ mole, 4 for example, and given this as an order of magni-

tude value for ligands, concern about possible steric problems for 

larger ligands is not unreasonable. Under these circumstances the 

splitting ~v 3=v3a - v3b would no longer be the useful probe of the 

environment it once was. 

Finally, it should be remarked that distortion of absorption 

peaks by matrix effects is possible (apparently, particularly when 

argon is used), and because of the nature and number of variables, it 

is not immediately obvious when this problem would be important, nor 

what it's magnitude would be if it did arise. Matrix effects are a 



bothersome possibility, but they are generally small (less than 2 

-1 
em ) and will presumably become of less importance as the number of 

ligands added to the ion pair increases. Clearly, however, the band 

analysis is not ahv-ays straightfonv-ard. 

Having carefully delineated the pitfalls of matrix isolation for 

this type of work in the last few paragraphs, it seems only fair to 

re-emphasize its place in the overall scheme of things. As any 

observer may note, the solvation of ions and ion pairs in solution 

h . h h' 11 as a very r1c 1story. A voluminous amount of literature exists, 

much more than can adequately be covered here, and many tools have 

been used in the attempt to understand solution physics. Looking 

back on this work, one can see that even though they began in a very 

6 

macroscopic, thermodynamic way, solution chemists have developed (with 

the advent of advanced theory and modern instrumentation) a distinctly 

microscopic outlook. However, even with modern tools solution physics 

can be complicated, as many times there are too many variables at 

work to be able to unambiguously observe that which is of interest. 

Hany of these "modern tools" cannot selectively determine the 

properties of the nth solvate, in a mixture of all the other solvates. 

Infrared, Raman, X-ray, EXAFS, NMR, and so on, are all techniques 

which give average information. So, if any of these techniques are 

to be used unambiguously, a method of producing a sample of known 

solvate must be used ... the observation of the molecule properties 

of Sx·LiN03 in an inert media is a first step to understanding the 

nature of the bulk solvent via it's individual constituents. 

Even where experimental difficulties do not easily permit the 

th th th 
100% production of the n solvate, free of the (n-1) and (n+l) 
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solvate, matrix isolation is sometimes the only practical alternative 

(gas phase techniques are plagued with similar production problems, 

too, though additional information is sometimes available in the gas 

phase). The use of matrix isolation as a necessary tool to study 

solvation has never been fully appreciated by solution chemists in 

general, as there are only a handful of papers on this application 

compared to the thousands of papers on the study of molecules in 

solutions via solution "group body" properties. 

As the above mentioned aprotic matrix isolation work was being 

finished, a Russian group published the infra~red spectra of LiN03 

(and Ca(N03) 2) dissolved inpyridine, lZa which was in a vein of work 

similar to their previous studies (and which they subsequently extended 

12b c 
to other nitrate salts in other solvents '). Through concentration 

and temperature variation studies they came to the conclusion that two 

species were present in solution. Presuming the coordination number 

of the lithium ion to be four, they assigned a set of bands at 1330 

-1 0 
and 1410 em for v 3a and v 3b of (pyridine) 3Li-o-N:;: 0 and a set of 

bands at 13S4 and 1440 cm-l for the bridging nitrate triplets 

((pyridine) 3Li) 2No 3+, and (pyridine) 2Li(N03) 2-- the triplet bands re-

portedly increase with concentration of LiN03 and solution temperature. 

As no account was taken of the bidentate coordination possibility, 

or the effect of the varying number of pyridines, it was felt that the 

complimentary matrix isolation/dilution work for the lithium nitrate/ 

pyridine pair would be appropriate; and, because pyridine has only a 

partial "windown in the v 3 region of LiN03 , the work was also extended 

to include deuterated pyridine. It was further believed that the use 

of phenanthroline as a solvent would be of particular value. As a 
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bidentate nitrogen ligand it would have approximately twice the effect 

of pyridine at the same "molarity", and further help to justify and 

substantiate the assignments of v3a and v3b for the pyridine/LiN03 

case. The bidentate solvent bipyridine was also investigated. 

Unfortunately bipyridine had a tendency to only "half chelate" under 

the deposit conditions, chelating fully only when the matrix was 

warmed, so work on this compound never progressed further than the 

isolation and solvation of LiN03 in a glassy deposit of bipyridine. 

These three amines were also of particular interest in light of 

scattered evidence in the literature concerning stable compounds 

between themselves and the alkali metal ions, the lithium ion in 

. 1 13 partlcu ar. 

Another solvent of interest was benzene. This compound was quite 

naturally suggested from work that has investigated the extent and 

nature of the interactions between alkali ions and alkene or aromatic 

compounds. For example, simple ab initio calculations on the inter-

action between a sodium ion and a benzene molecule have yieided 

' 14b 
~E = -78 kJ/mole. And, in a rather thorough mass spectrometric 

+ study, the (benzene) ·K interaction was found to vary between 54 and 
n 

80 kJ/mole for n between 1 and about 4. 14b Such a complete study as 

the last one does not seem to have been done for a lithium ion/benzene 

complex, though ICR determinations have given D(benzene·Li+)= 155 

14c 14d 
kJ/mole (± 8.4 kJ/mole), and 196 kJ/mole (± 8.4 kJ/mole). 

In light of these facts, and in light of the fact that most 

workers have considered the interactions between alkali ions and 

benzene as minor (at best), 15 it seemed of interest to investigate 

the interaction of benzene and the lithium ion part of the ion pair, 



using the ~v3 as an indicator; as the lithium ion of the ion pair has 

4a 
only 0.34 positive charge it might be expected to differ from a 

bare lithium ion in interesting ways. Work on benzene, however, did 

not progress further than the isolation of the ion pair in the pure 

solvent (benzene). 

Having obtained the ~v 3 values for various solvents, it could 

prove interesting to compare the ~v3 of a solvate of LiN0 3 with the 

9 

thermodynamic data (~H , ~S , etc.) for formation of that solvate. 
rxn, rxn 

Unfortunately, these numbers are not currently available. The best 

prospect for obtaining them in the future appears to be some type of 

flowing afterglow mass spectrometric experiment. Until then, however, 

we must look to other sources for these thermodynamic values. 

As noted previously, quantum mechanics has been used to calculate 

energy values for small molecules (e.g. H2o and NH3) attached to LiN0 3; 

however, because of the sizes of our molecules, and because of the 

time needed to compute and optimize geometries, other methods were 

sought. In a less rigorous manner, one could search for possible 

connections between the electron donor/acceptor properties of sol-

16 vents and the corresponding ~v 3 's they produce. Specifically, the 

single scale clonicity model of Gutman17 was used to qualitatively 

propose a connection between the "donor number" of the solvent and 

h , ~t d 9a,b t e DV3 ~ pro uces. Upon closer inspection, however, this model 

has several problems associated with it that make it unsuitable for 

application in this instance. In particular, it is an LFER single 

scale model (requiring ~HLiN03 = a~HSbCls·C + b), 16 • 18 it is tempera-

16 
ture dependent, and, in addition there are several other minor 

18 flaws that have been discussed quite well by Drago and will not be 
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reviewed here (it should also be noted that the so-called "Gutman 

pile-up effect" is not observed using the ST0-3G calculation mentioned 

1 . 4,17) ear 1er . 

Drago has proposed an empirical "E and C" model to replace the 

18 
donor and acceptor numbers of Gutamn. Using empirically determined 

parameters ("E" and "C") for compounds, he proposes an equation to 

calculate the ~H of their reaction (which might usefully be related 

in some ways to the spectroscopic values of ~v 3 that we observe). 

Since this model has been thoroughly discussed in the literature, 

18 
including how to apply it to spectroscopic problems, discussion in 

this thesis will center around its application to the particular 

problem of ion pair solvation. 



CHAPTER II 

EXPERIMENTAL 

Equipment and Related Techniques 

For the production and observation of samples, two cryogenic 

vacuum cells were used in this work. For the partial solvation 

experiments (i.e. those involving argon), a cryostat built around a 

CS-202 DisplexTM closed cycle cooler (Air Products) was used. This 

cryostat, and it's ancillary equipment, has been described in detail 

. . h . 2b '3b' 6b d . ' d . . '11 h f b 1n a prev1ous t es1s, an 1t s escr1pt1on w1 t ere ore e 

omitted here (these thesis should be consulted for a clearer under-

standing of this experimental section). 

The other cryostat was originally constructed for work unrelated 

to this thesis, and it has not been described elsewhere. It's design 

is very typical of cold cells used in this type of work, and it's 

description will be omitted except to say that it was made of a nickel 

plated brass rotatable shroud (identical to the one that fits on the 

CS-202 unit), which fits onto a stainless steel dewar (similar to a 

model LC-1-110 Air Products liquid nitrogen insert dewar equipped 

with a cryotip substrate holder). This cell was cooled with liquid 

nitrogen, and was used for the collection of the solvation/isolation 

spectra of lithium nitrate in pure pyridine, deuterated pyridine, 

benzene, and 2,2'-bipyridyl. 

The temperature of the copper substrate holder in the CS-202 

11 
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cryostat cell was measured with an iron-doped gold vs chromel thermo

couple, while the temperature of the holder in the stainless steel 

cell was measured with an iron constantin thermocouple. Neither of 

these thermocouples was carefully calibrated, particularly the iron

doped gold vs chromel thermocouple, and were only used for rough 

determinations (to provide for internal consistancy from run to run). 

Thermal contacts between the substrate holders (which were simple 

screw clamps), and the substrate, were provided by indium wire gaskets. 

Cesium iodide was used as the material for the windows and 

substrate for both cells. They were freshly polished after each run 

with ethanol, rouge, and kleenex (chamois and ethanol came to be 

preferred later). 

Near vacuum connections likely to be warm, Apiezon T grease was 

used, while Apiezon N grease was used for all other connections. 

A Hastings vacuum gauge was used to determine approximate 

pressures in the system connected to the cell. The minimum pressure 

that could be read on this instrument was 1 micron. 

Because of the non-volatile nature of two of the solvents in 

this study, it was necessary to design and construct two new oven 

ports especially for their use. The 2,2'-bipyridyl was volatilized 

at room temperature through a small opening in a modified oven port 

(Figure 1). lVhen deposition of 2,2'-bipyridyl was desired, the rota

flow valve was opened, and volatilization of the 2,2'-bipyridyl 

occurred at a convenient rate at room temperature (e.g. a rate which 

could isolate the lithium nitrate effusing from the knudsen cell 

when co-depositions were attempted). 



12/5 o-ring 
joints 
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Stainless steel 24/40 taper 
joint to recieve the lithium 
nitrate knudsen cell assembly 
(see Reference 6b, Figure 3) 

Rotoflow 
valve 

Glass container of 2,2'-Bipyridine 

Figure 1. Stainless Steel Oven Port and Sample Vial 

Since 1, 10-phenathroline ~.;as not sufficiently volatile to use 

the oven ~ort constructed for 2,2'-bipyridyl, an entirely different 

type of oven port ~vas constructed especially for the 1,10-phenanthro-

line/lithium nitrate couple. It ~.;ras fabricated from glass (Figure 2), 

and utilized a double knudsen cell arrangement; one cell for 1,10-

phenanthroline, and one for lithi~~ nitrate. This module was 

connected to the rotatable shroud using an o-ring clamp arrangement. 

A small (ff20) o-ring attachment to the vacuum system, ~vhich 

would fit either oven port, Has used for keeping the material(s) of 

the knudsen cell(s) of the oven port dry -v1hile the cell ~.;ras being 

cleaned bet':.;reen experiments. The material in a knudsen cell might 

be used three or four times before various circuwstances dictated a 
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new· charge of material be placed in the cell; the re-use of material 

was most convenient. 

18/9 o-rinq joints 

' 
Clamp to attach oven 
port to rotatable 
shroud 

/~ __ )Bscl 
Knudsen cell ~ 

Knudsen cell 
Assembly 

#20 o-ring 
joint 

29/42 Ground glass joints 
to recieve knudsen 
cell assembly 

Oven Port 

Figure. 2. Glass Oven Port and Accessories 

Electrical 
Lead

throughs 
for 

v1i res 

During depositions, the outside of the oven port being used '"as 

cooled with a small fan to avoid possibl~ problems arising from 

volatilization of Apiezon grease or it's possible impurities; grease 

needed to be especially abundant on the connections of the glass oven 

port to avoid leakage. 

The r:emperature in the knudsen cells was controlled, as before, 

by regulating a voltage supplied to a nichrome wire wrapped around 

the pyrex knudsen cell. Although the correct temperatures needed 



to produce a molecular beam useful for this particular cell arrange

ment were established by trial and error, some thermocouple measure

ments of the temperatures in the knudsen cells were made. This was 

not a particularly useful practice. In most cases, the temperature 

of the knudsen cell varied within the cell itself, due to the 

inhomogeneous heater windings, or to the particular configuration 

of various ''shields" which were devised to reflect the intense heat 

from the nichrome wires into the knudsen cells (or, more properly, 
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in the case of the glass oven port, away from the more volatile 1,10-

phenanthroline being gently heated in it's own knudson cell close 

by). 

The temperature of the lithium nitrate knudsen cell was believed 

to have been kept less than 30°C above the melting point of lithium 

nitrate. The temperature of the 1,10-phenanthroline knudsen cell 

was estimated to be around 70°C (the melting pofnt of the anhydrous 

compound at STP is, for comparison, 117°C, while the monhydrate 

melting pqint range is near 100°C ± 2°C). 

After molten lithium nitrate has been in contact with a pyrex 

knudsen cell for a while, small fissures develop in the knudsen cell; 

this fracturing becomes worse the longer the cell is used, leading to 

a variety of problems. The phenomena has been attributed to the 

exchange of the sodium ion (in the glass) for lithium ion. 19 This 

problem may be alleviated by carefully heating a thoroughly clean 

"cracked" cell with a hot flame. The fissures can be slowly "annealed" 

out, giving a knudsen cell with more resistance to molten lithium 

nitrate and, of coures, more resistance to mechanical shock. 

Metering gas flow rates was accomplished using an FP-1/16-08-G-5 



glass flow meter (Lab Crest Catalog number 448-001-0116). Both 

sapphire and glass floats were used. A teflon needle valve (Lab 

Crest Catalog number 795-500) was used to regulate the gas flow on 

the CS-202 unit, while a stainless steel valve (Nupro "Fine Metering 

Valve" catalog number SS-4SG) was used for the stainless steel cell. 
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To obtain gas mixtures, two glass flm.;r meters were used simul

taneously, the volatile solvent being combined with argon after both 

had been metered, meeting far enough from the cell to be assured that 

they would be thoroughly mixed before their deposition. Occasionally, 

mixing the argon with the solvent prior to the experiment provided 

better accuracy or convenience, and in those cases only one flm.;r 

meter was required. 

The pyrex containers used for solvents (c.a. 5 ml volume), 

argon (c.a. 1 1 volume), and mixture of the two (c.a. 1 to 2 1 volume) 

were equipped with 18/7 joints and rotaflow or a-ring valves. These 

features allowed procedures which assured dry solvents, or gas mixtures, 

that caul~ repeatedly be used, once properly prepared. In the first 

few runs, molecular sieves (which had been thoroughly degassed by 

heating them in a vacuum) were used as drying agents in the containers 

holding liquid solvents. Since this practice was found to be un

necessary due to the features described above, it was discontinued. 

The infrared spectrometer used was a Digilab FTSIR-20S model. 

It was found that if the CS202 cryostat was supported by the bench 

of the FTIR interferometer, the vibrations of the cryostat upset the 

interferometer, resulting in intolerable signal to noise ratios. The 

solution was found to be a bracket attached to the wall and ceiling 

of the laboratory which allowed the cryostat to hang in the optical 



path, without any physical contact between the cryostat and inter-

ferometer. For convenience, rather than necessity, the stainless 

steel cell cooled by liquid nitrogen was also hung from the bracket. 

The parameter for the resolution of the instrument was set to 

2 -1 
em In the data manipulation a triangular apodization option 

was used (where the apex of the triangle was twice the distance of 

the interferogram center burst), and this effectively reduced the 

-1 resolution to 3 em . 

Alignment ·signals for samples were generally 5 to 9, averaging 
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about 7, on a sensitivity magnification factor of 1 (i.e. no magnifi-

cation). This is to be compared with an alignment signal of 8 to 12 

for a cell with no sample, and an alignment signal of about 21 for 

an unobstructed beam. Occasionally, for thick samples, a magnification 

factor of 4 was necessary. The co-deposits of lithium nitrate and 

solvents benzene, pyridine, deuterated pyridine, and 2,2'-bipyridyl 

were sampled at a gain ranging parameter of 0 (that is, no gain ranging 

was performed on these spectra, and they were all collected at the 

sensitivity magnification factor specified). Later, for the argon 

"isolation" experiments, a gain ranging factor of 40 was used, which 

is a value promoted by Digilab. Care was always taken to compute 

the reference (cell with no deposit), and the sample (cell \vith 

deposit) using the same gain ranging value. 

The initial spectra were composed of 500 interferograms, which 

were co-added every 10 scans. Other spectra (e.g. the warm-up spectra 

described later), were composed of 100 interferograms. A fast Fourier 

transform \vas used to calculate the "normal" spectrum from the inter-

ferogram. All operations in collection and computation were handled 
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in the "double precision" mode. 

Chemicals and Their Purification 

All chemicals were purified, to various extents, beyond their 

"as received" condition. 

Argon (Union Carbide 99.98%, or MG Scientific 99.9999%) was bled 

into a previously evacuated bulb through an acetone slush trap to 

eliminate possible condensibles. No changes were evident in the 

infrared spectra of samples when the more pure argon was substituted 

for the less pure (most of this work was done with the higher purity 

argon). 

6 6 
The benzenes (d Stohler isotopes 99.5% d; h Sargent-Helch 

Industrial, distilled twice) were dried with sodium or, in later 

experiments, with calcium hydride. After several hours of contact 

with the drying agent, the middle third of the solvent was trans-

ferred to a scrupulously dried container via ordinary vacuum rack 

techniques. When calcium hydride was used as the drying agent, this 

transfer Has made more difficult by hydrogen formation. The benzenes 

were the further purified by freezing about ninety-five percent of 

the sample in it's container, and pumping off the remaining liquid; 

this was generally repeated several times. 

Pyridine (Aldrich "Spectrophotometric" grade) was dried20 and 

purified by transferring (via vacuum rack techniques) the middle 

one-third of pyridine which had been standing in contact with calcium 

hydride for five to eight hours. Due to the high cost of deuterated 

pyridine (Stohler Isotopes 99.5%, lot 1325), it was transferred wholly 

by vacuum rack techniques, after drying with calcium hydride for five 
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to eight hours. 

The 2,2'-bipyridyl (99+% Aldrich) and the 1,10-phenanthroline 

monohydrate (4,5-diazaphenanthrene monohydrate, "Baker Analyzed" 

21 Reagent) 1vere purified (and dried in the latter case ) by sublima-

tion under an active vacuum at least twice. The sublimate side of 

the sublimation apparatus was cooled with an acetone slush for 2,2-

bipyridyl, and with ice in the case of 1,10-phenanthroline. 

Lithium nitrate ("Certified", Fischer Scientific) was recrys-

' tallized from hot water at least once, and generally twice. The 

compound, as it came from the filter frit, was moist, but would dry 

out after a few hours in a tightly closed bottle. This implies that 

there is some question which hydrate one gets, depending upon the 

temperature of the filtrate solution, and this has been noted 

22 before. Whichever hydrate it was, it was initially dried in it's 

knudsen cell, while the oven port was connected to the vacuum rack 

via an a-ring joint. One could slowly raise the temperature of the 

knudsen ce.ll to the melting point of lithium nitrate over a period 

of hours, while monitoring the dehydration (in a crude way) with the 

pressure gauge. 

General Procedure for Depositions 

To illustrate the procedures, a typical experiment with the 

CS-202 unit and a glass oven port will be described. Other experi-

ments were similar, and will not be described in detail. 

After the substrate was attached to it's holder, and it's heat 

shield put in place, the rotatable shroud of the CS-202 unit was 

slipped over the cooling tip and positioned properly. The glass oven 
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port was then disconnected from the vacuum line (where the compounds 

were being dried) and attached to the rotatable shroud with the clamp, 

as in Figure 2. The CS-202 cryostat cell was then slowly evacuated 

(to avoid "whirl winds" >vhich would draw materials out of the knudsen 

cells and into the main body of the cryostat). 

The "angle of attack" of the rotatable shroud was set so that 

molecular beams issuing from the knudsen cells would strike the "heat 

shield" of the substrate, rather than the substrate itself. In this 

position the materials of the knudsen cells were further dried. 

Specifically, the lithium nitrate was melted and cooled once more; 

as it was previously dried while it was on the vacuum rack, one 

melting process was generally enough to assure dryness of the salt. 

The knudsen cell containing the 1,10-phenanthroline was heated to 

it's deposition temperature for a few minutes, and then cooled. 

If a gas inlet connection was desired, the rotatable shroud was 

turned so that the gas inlet was facing the substrate (which, of 

course, meant that the knudsen cells were also facing the substrate). 

In this position, the necessary glass connections, flowmeters, valves, 

and bulbs, were attached to the cell. The inlet valve was then opened, 

and the inlet system exposed to the active vacuum of the cell. The 

entire apparatus, cell and inlet system, was then pumped upon using a 

3-stage oil diffusion pump (Dow Corning 702 silicon oil) backed with 

a model 1402 Welch Scientific forepump for at least five hours. 

Approximately an hour before deposition was desired, the Air 

Products cooler was turned on. During this "cool down" period, the 

temperatures of the knudsen cells were slowly raised so that they 

would be at their '\vorking" temperatures at about the same time as 
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the substrate reached the lowest temperature available from the 

cooler (c.a. 8 to 12 K). The gas flow was started about this time. 

The total time for a deposition was generally around two hours. 

After a sufficient enough sample was deposited, the main valve to the 

gas inlet system was closed, and the inlet system disconnected from 

the cell. The wires connecting the reostat and the knudsen cell 

feedthroughs were removed, and the rotatable shroud was turned to 

make further deposition on the substrate impossible. After waiting 

a few minutes for the lithium nitrate in the knudsen cell to solidify, 

the cell was disconnected from the vacuum line and transported to the 

spectrometer. 

After taking the initial spectra, it was sometimes illuminating 

to warm the sample up, to allow diffusion of the molecules in the 

sample. This was accomplished in the closed cycle cooler with an 

electrical "heater tape11 which was wrapped around the end of the 

cooling tip (the substrate holder is mounted on the cooling tip). 

With expe~ience, raising the temperature of the substrate slowly was 

possible, and steady temperatures between 10 and 30 K were easily 

achieved (warming the other cell consisted of draining it of coolant, 

and letting the substrate slowly warm to room temperature; this took 

about one hour, and spectra were taken 11on the fly", a typical 

spectra consisting of a collection of 100 interferograms at a reso-

-1 
lution of 2 em took three to four minutes). 

The argon matrices could have been made more stable with an 

overcoat of xenon, as has been recently demonstrated, 23 but this was 

not investigated. Upon warm-up of the solvent/lithium nitrate 

deposits, all solvents, except for 1,10-phenanthroline, quickly 
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volatilized off the substrate. 

After the substrate had \varmed to room temperature, the cryostat 

was dismantled and the cell surfaces cleaned of lithium nitrate and 

1,10-phenanthroline. The substrate and the two \vindows in the optical 

path were then polished. During this clean-up time, the oven port was 

attached to the vacuum line to assure that the chemicals in the knudsen 

cell(s) were kept as dry as possible. 



CHAPTER III 

EXPERIMENTAL RESULTS AND DISCUSSION 

Matrix Isolated Lithium Nitrate 

The Data 

As a prelude to the work on the solvation of lithium nitrate 

isolated in argon, the isolation of lithium nitrate in argon was re

investigated. Figure 3 is the full range mid-infrared spectra of a 

sample of lithium nitrate isolated in argon; Figure 4 is an expanded 

region of the spectrum for the same sample. 

For the determination of site effects, and diffusion effects, the 

spectra of matrices which have been warmed are convenient. These are 

shown in Figure 5. 

As the ratio of lithium nitrate to argon is raised, one might 

be able to observe some kind of multimers in the sample. Though the 

spectra of multimers was not specifically sought after, the pursuit 

of a satisfactory spectrum of isolated lithium nitrate yielded certain 

samples which apparently contained multimers. The spectra of three 

such samples are shown in Figure 6. 

The Discussion 

\Vhile more powerful instrumentation, and better drying techniques, 

allowed some clarification of the infrared spectrum for lithium nitrate 

23 
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isolated in argon, the results are not basically different from that 

2,6,9b 
previously reported. Table I summarizes the major results of this 

study, compared against previous work. 

TABLE I 

VIBRATIONAL FREQUENCIES FOR MATRIX ISOLATED LITHIUM NITRATE 

Mode ( -1)6a v em ( -1)9b v em ( -l)this work v em 

\)1 1011 1015 

\)2 817 820 

v3a 1264 1268 1269 

\)3b 1524 1530 1531 

v4a 736 (not observed) 

\)4b 765 768 

vM-0 528 528 

Figure 3 is a fairly typical result for a spectrum of lithium 

nitrate matrix isolated in argon. Small amounts of the impurities 

-1 -1 
water (bands above 3000 em and near 1600 em ), and carbon dioxide 

-1 -1 
(bands near 2300 em and 663 em ) are observed. The source of the 

carbon dioxide is presumably the decomposition of lithium carbonate 

. . . . h 1" h" . 24 1mpur1t1es 1n t e 1t 1um n1trate. 

From inspection of the many spectra of samples that were produced 
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before samples as dry as those used for Figures 3 and 4 were produced, 

-1 
it can be stated with some certainty that the two peaks at 1520 em 

-1 2 
and 1279 em which are present in previously published spectra are 

due to the v3 splitting of nitrate, for the complex H20•LiN03 • The 

two bands grow and fall in concert, depending upon the amount of water 

in the sample (as judged by water vibrational mode bands above 3000 

-1 -1 
em , and near 1600 em ). 

Because we attempted to obtain the driest samples possible, we 

have little reliable information to report on what values for v3a and 

. -1 -1 
v3b of (H2o)n•LiN03 , where n> 1, though 1289 em and 1506 em are 

suggested values for (H2o) 2•LiN03 • These values of ~v3 for isolated 

-1 -1 
lithium nitrate (262 em ), for (H20)LiN03 (241 em ), and (H20) 2LiN03 

-1 4 
(217 em ), should be compared with Moore's calculated values for 

-1 -1 -1 
these substances, 245 em , 220 em , and 190 em , respectively. 

In connection with the perturbation of the bands of lithium 

nitrate by water, it is natural to inquire if these same samples can 

provide information on any possible changes of water upon it's inter-

action with lithium nitrate. It is a long established fact that the 

dissolution of an alkali salt in water can change the intensities or 

positions of water mode bands, though the peak frequencies are not 

generally sensitive!5 For example, recent ab initio work on the 

. + stretching mode intensity increase and frequency change for LlHOH(OH2) 

26 
vs H20, and the stretching and bonding mode intensity increase and 

frequency shift for Li(OH2)+ vs H20,agrees with this observation. 27 

Unfortunately, a comparison of our sample spectra in the 1600 

-1 -1 
em region, and the 3000-3700 em region (which did not always have 

good signal to noise ratios), with the spectrum of isolated water28 
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reveals no unusual occurances. The fact that we can detect no peculi-

arities in the water vibrations, but can easily detect them in the 

nitrate vibrations, we feel, testifies only to the largeness of the 

nitrate absorption coefficient compared to those of the water vibra-

tions, and to the relatively large amounts of water in the matrix 

which is not associated with the ion pair. Presumably a similar line 

of reasoning underlies why the four new bands proposed for the intra-

29· molecular H-bonded H20/alkali halide complex are not also seen here. 

The origin of the bands at 1262 cm-l and 1265 cm-l in Figure 4 

appears to be a site effect. This can be seen most clearly in Figure 

5. The bottom curve of this figure is a spectrum of a sample which, 

although less dry than the sample of Figure 4, has been prepared at a 

slower deposition rate. Notably, it has only a single band at 1262 

-1 
em in place of the two bands in Figure 4. However, upon annealing 

-1 
the sample (upper curves of Figure 5), the band at 1262 em splits 

into the two bands mentioned above. 

The source of the band at 1543 cm-l in Figure 4 is unknown. It 

does not disappear upon annealing the samples; that is, it does not 

disappear any faster than the primary lithium nitrate monomer bands 

do. It has appeared in all spectra to date. 

The multimer spectra of Figure 6 qualitatively corroborates data 

3 
obtained earlier on aggregates. The previous samples contained at 

least as much water as the present samples, and perhaps more (the water 

regions of those spectra were omitted for clarity). In any event, the 

results of Figure 5 indicate that the bands at 1308, 1326, 1345, 1479, 

-1 
1498, and possibly 1456 em , are multimer connected. The bands at 

-1 
1308, 1326, and 1345 em are easily seen, even in "high dilution" 
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samples. 

With the paucity of data collected on the aggregates, assignments 

for these bands cannot be established. Some general observations can 

be made, however. The number of bands indicates the presence of at 

least two different multimers, as the dimer is the species first 

expected upon increasing the ion pair concentration in the matrix, 

and it would have a maximum of only four v 3 bands. 

The multimer bands have little apparent sensitivity to amounts 

of solvent (H2o, pyridine, etc.) present, in contrast to their reported 

sensitivity to "inert" gas matrices as expressed on page 28 of reference 

3b. It should be noted that gas phase studies indicate the dimer for

mation enthalpy is quite high (255-to 280 kJ/mole), 30 so presumably 

some large reduction in the polarity of the molecule is occurring which 

would reduce the sensitivity to the presence of polar solvent molecules. 

In this vein it should be noted that an increasing amount of research 

is indicating that aggregates exist in liquid solutions of only moder-

ate concentrations (for example, seereference 31). With respect to 

this, the author knows of no report of these multimer bands appearing 

in the spectrum of solutions, although they could be shifted some under 

conditions of total solvation. 

Lastly, we note that as the higher aggregates become more predomi-

nant in the matrix the high frequency bands mentioned above seem to 

-1 
move down in frequency by about 5 em , while the low frequency bands 

move up by about the same amount. 



Solvation Studies, Pyridine 

The Data 

Shown in Figure 7 is the spectrum of a deposit of pure pyridine 

(bottom curve), and a spectrum of a codeposit of pyridine and lithium 

nitrate (top curve). Spectra demonstrating the changes that occur 

upon annealing a codeposit of pyridine and lithium nitrate are shown 

in Figure 8 on an expanded scale. For comparison, the changes when a 

sample of pyridine alone is annealed is shown in Figure 9; the bottom 

curve is a spectrum of a glassy deposit of pyridine, while the upper 

curve is a spectrum of the polycrystalline film of the same sample. 
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The bottom curve of Figure 10 is the spectrum of a deposit of pure 

deuterated pyridine, while the top curve is the spectrum of a codeposit 

of deuterated pyridine and lithium nitrate. No annealing of the 

deuterated deposits was performed. 

The spectra for the matrix isolated deposits of pyridine, and 

pyridine/a~gon codeposits, are shown in Figures 11 (.5% Py), 12 (1% Py), 

13 (5% Py), 14 (10% Py), 15 (42% Py), 16 (50% Py), 17 (5% Pyd5), 18 

(10% Pyd5), and 19 (42% Pyd5). Figures 20, 21, 22, 23, and 24 are 

expanded scale spectra for the samples of, respectively, Figures 13 

(5% Py), 14 (10% Py), 17 (5% Pyd5), 18 (10% Pyd5), and 19 (42% Pyd5), in 

various stages of being annealed. 

The curves shown in Figure 25 correspond to the same samples as 

those of Figure 13; the bottom curve is the spectrum of a 5% pyridine/ 

argon mixture, tvhile the upper curve is for a codeposi tion of lithium 

nitrate with a 5% pyridine/argon gas mixture. 

The bottom curve of Figure 26 is the spectrum of a deposit of very 
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Figure 14. Spectra of 10% Pyridine in Argon (Lower Curve), and 
of a Codeposit of Lithium Nitrate with this Gas 
Mixture (Upper Curve), at 10-15 K 
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Figure 15. Spectra of 42% Pyridine in Argon (Lower Curve), and 
of a Codeposit of Lithium Nitrate with this Gas 
Mixture (Upper Curve), at 10-15 K 
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Figure 16. Spectrum of a Codeposit of Lithium Nitrate with a 
Gas Mixture of 50% Pyridine in Argon, at 10-15 K 
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Figure 17. Spectra of 5% Deuterated Pyridine in Argon (Lower 
Curve), and of a Codeposit of Lithium Nitrate 
with this Gas Mixture,(Lm·'Gr Curve), at 10-15 K 

43 



w 
u 
z 
<C 
.!D 
a::: 
0 
[{) 
.l!J 
c:t: 

1se-0 14~-0 
YJA VENUt-1B£R5 

J 

13fl.0 

Figure 18. Spectra of 10% Deuterated Pyridine in Argon (Lower 
Curve), and of a Codeposit of Lithium Nitrate 
with this Gas Mixture (Upper Curve, at 10-15 K 

44 



w 
u z 
< 
ill 
fr.:: 
CJ 
U1 
m 
c:( 

160.0 1S.e.o 1 1~0 130.0 

"WA V£J'lliJ-1BERS 

Figure 19. Spectra of 42% Deuterated Pyridine in Argon (Lower 
Curve), and of a Codeposit of Lithium Nitrate 
with this Gas Mixture, at 10-15 K 
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Figure 20. Spectra Showing the Annealing Effect for a Codeposit 
of Lithium Nitrate with a Gaseous Mixture of 5% 
Pyridine in Argon: the Bottom Two Curves are 
Identical to those of Figure 13, and each Succeeding 
Curve of the Upper Three Curves is the Spectrum for 
the Sample at Increasingly Higher Temperatures 
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Figure 21. Spectra Showing the Annealing Effect for a Codeposit 
of Lithium Nitrate with a Gaseous Mixture of 10% 
Pyridine in Argon: the Bottom Two Curves are 
Identical to those of Figure 14, and each Succeeding 
Curve of the Upper Three Curves is the Spectrum for 
the Sample at Increasingly Higher Temperatures 
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Figure 22. Spectra Showing the Annealing Effect for a Codeposit 
of Lithium Nitrate with a Gaseous Mixture of 5% 
Deuterated Pyridine in Argon: the Bottom Two 
Curves are Identical to those of Figure 17, and 
each Succeeding Curve of the Upper Two Curves 
is the Spectrum for the Codeposit Sample at 
Increasingly Higher Temperatures 
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Figure 23. Spectra Showing the Annealing Effect for a Codeoosit 
of Lithium Nitrate with a Gaseous Mixture of 10% 
Deuterated Pyridine in Argon: the Bottom Two 
Curves are Identical to those of Figure 18, and 
each Succeeding Curve of the Upper Three Curves 
is the Spectrum for the Codeposit Sample at 
Increasingly Higher Temperatures 
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Figure 24. Spectra Showing the Annealing Effect for a Codeposit 
of Lithium Nitrate with a Gaseous Mixture of 42% 
Oeuterated Pyridine in Argon: the Bottom Two 
Curves are Identical to those of Figure 19, and 
each Succeeding Curve of the Upper Two Curves 
is the Spectrum for the Codeposit Sample at 
Increasingly Higher Temperatures 
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A Selected Region of the Spectra of 5% Pyridine in 
Argon (Lower Curve), and of a Codeposit of · 
Lithium Nitrate with this Gaseous Mixture (Upper 
Curve}, at 10-15 K 
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Figure 26. A selected Region of the Spectra of Pyridine (Lower 
Curve), and of Pyridine Contaminated with 
Water (Upoer Curve), at 77 K 
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dry, 100%, pyridine, while the upper curve is the spectrum of a sample 

of pyridine deliberately contaminated with water. 

Figure 27 shows a region of the infrared spectrum for a sample of 

pure pyridine (bottom curve), and for a codeposit sample of pyridine 

and lithium nitrate, both at 77K. 

The Discussion: Nitrate Bands 

From Figures 7 and 10 it is seen that when the lithium nitrate ion 

pair is isolated in, and totally solvated by, pyridine, the v 3 peaks of 

the complex (Py)nLiN03 appear at 1334 cm-l and 1411 cm-l Both values 

can be plainly seen in the pyridine/lithium nitrate case. of Figure 7, 

-1 but since pyridine can have a broad absorption near 1400 em (c.£. 

the bottom curve of Figure 9), it is better to use the deuterated 

pyridine/lithium nitrate sample (Figure 10) to assign the value 1411 

cm-1 , as deuterated pyridine has no absorptions in this region. The 

bandwidth of the upper frequency band is about 1.5 times larger than 

that of the lower frequency band, reflecting the greater sensitivity 

of the corresponding ion pair species to it's environment. 

Upon annealing a codeposit of lithium nitrate and 100% pyridine 

(Figure 8), several interesting things occur. Perhaps the most impor-

tant information, however, is the fact that when the sample crystallizes 

(second curve up from the bottom in Figure 8), the general ion pair 

conditions of the initial deposition apparently do not change much, as 

judged from the minor changes in the v3 absorptions. Presumably this 

implies that when the major constituent pyridine crystallizes, solvated 

ion pairs somehow still exist in the crystalline sample. With further 

annealing, the bands due to the totally solvated ion pair gradually 
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Figure 27. A Selected Region of the spectra of Pyridine 
(Lower Curve), and of a Codeposit of Lithium 
Nitrate and Pyridine (Upper Curve), at 77 K 
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wash out, and appear to ultimately be replaced by bands at c.a. 1340 

-1 -1 
em and 1360 em , as seen in the top curve of Figure 8. As a point 

of reference, the nitrogen oxide impurities of the sample, as deter-

d b h . b . 49 05 -l 267 -l mine y t e1r a sorpt1ons at 13 em , and 1 em , do not 

leave the sample until the destruction of the initial ion pair con-

ditions is nearly complete. 

Also·it can be seen that, upon crystallization of the codeposit 

-1 
sample of Figure 8, a new band appears at 1381 em • The appearance 

of this band when a ''glassy" deposit of 100% pyridine is crystallized 

(Figure 9), proves that it is due solely to the pyridine. This band 

-1 
is apparently the one found at 1375 em in the liquid, and described 

asv14 <B1 ) in references 32 and 40. 
-1 

No mention is made of a 1381 em 

band in the description of the infrared spectrum of "glassy" pyridine 

in reference 33, where the v14 CB1 ) mode is assigned to the intense 

-1 
1437.5 em absorption. 

The codepositions of lithium nitrate and pure pyridine, while 

interesting, provide less unambiguous information than do the 

isolation experiments utilizing argon. From the spectra for the 

codepositions of .5% pyridine (Figure 11), and 1% pyridine (Figure 
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12), with lithium nitrate, it is readily deduced that the bands at 1279 

cm-l and 1513 cm-l are due to the v3 absorptions of the monosolvate 

(pyridine)•LiN03 . The bands for the v 3 absorptions of a small amount 

of H20•LiN03 are also present for these codeposits (upper curves); the 

water apparently came from incompletely dried lithium nitrate, as the 

lower spectra, for pure solvents do not contain any significant amounts 

-1 
of water (as judged by the absence of absorptions near 1600 em , and 

above 3000 cm-1 , which could be assigned to water28 ). 



In a tangential comment, it should be noted that although the 

frequencies of the v3a (monosolvate) modes for water and pyridine are 

mathematically identical within experimental error, this does not 

necessarily imply that the frequencies of the v3b (monosolvate) modes 

of water and pyridine will be equal. They are not, and this is due 

to a general movement of the v3a and v3b modes to lower frequencies 

as the matrix medium polarizability increases with increasing amounts 

of pyridine in the matrix. Hence the assignments of v3b(H20•LiN03) 

-1 
1520 em , and v3b (pyridine•LiN03) = 1513 are consistent with this 

expectation. 

Also, from the same two figures, it can be deduced that the band 
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-1 
at 1289 em must correspond to v3a (n 2) of (pyridine)n•LiN03 • The 

corresponding high frequency band, v3b (n = 2), is difficult to 

ascertain in these two figures. It is, however, easily assignable in 

the spectra for the 5 and 10% deuterated pyridine/lithium nitrate 

-1 
codeposits (Figures 17 and 18) as 1497 em • 

The ba~d for the v3a absorption of (pyridine) 3 ·LiN03 is quite 

-1 
easily seen at 1300 em in the spectra of the 5% (Figure 13) and 10% 

(Figure 14) pyridine/lithium nitrate codeposits. The v3b absorption 

. -1 
of the trisolvate is seen at 1473 em in the corresponding spectra 

of the 5% (Figure 17) and 10% (Figure 18) deuterated pyridine/lithium 

nitrate codeposits. 

-1 . The v3a band of (pyridine) 4 LiN03 can be seen at 1312 em 1n the 

5% (Figure 13) and 10% (Figure 14) pyridine/lithium nitrate codeposits. 

It can also be seen in the corresponding spectra of the 5% (Figure 17) 

and 10% (Figure 18) deuterated pyridine/lithium nitrate deposits. 

This particular band is difficult to observe unambiguously, as an N2o3 



absorption, a very weak pyridine absorption, and a very strong 

deuterated pyridine absorption obscure the region to varying degrees. 

The lower frequency v3a band for (pyridine) 5 ·LiN03 is easily 

-1 
assigned the value of 1327 em by inspection of the spectra for the 
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42% (Figure 15) and 50% (Figure 16) pyridine/lithium nitrate deposits. 

The higher frequency v3b band is much more difficult to determine. 

Inspection of the spectra for the diffusion experiments of 5% (Figure 

22), 10% (Figure 23), and 42% (Figure 24) deuterated pyridine/lithium 

nitrate deposits, however, yields a value of about 1430 cm-l 

Table II summarizes the results for the solvates. 

TABLE II 

VIBRATIONAL FREQUENCIES FOR v3a AND v3b OF _(PYRIDINE)n·LiN03 

-1 
v3a (em ) 

-1 
v3b (em ) Number of Solvent Molecules 

1279 1513 n = 1 

1289 1497 2 

1300 1473 3 

1312 1457 4 

1327 1430 5 

1334 1411 6 

The incremental steps that are observed in v 3a and v3b for 



successive pyridine molecules is fairly regular for the first four 

steps, with about a 10-20 cm-l change between successive v3 values. 

The last two steps have unusual behavior in this regard. For n = 4 

to n = 5, the incremental steps of v3a and v3b are large compared 

with those in any of the previous four steps. One rationalization 

for this unexpected decrease in distortion of the nitrate ion modes 

when the fifth pyridine molecule is added, is that the addition of 

the fifth molecule causes the (bidentate) nitrate to s'vitch to a 

monodentate configuration. 

The last step, n = 5 to n = 6, also has peculiar values for the 

incremental changes in v3a and v3b. However, because of the method 

of sample production, it is reasonable to expect "bulk" effects in 
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the latter stages of solvation - the lack of which made matrix isola-

tion attractive in the first place. Hence, failure to be conclusive 

about assignments in this concentration range is to be expected, and 

the assignments in the higher concentration samples must therefore be 

tentative,_and open in interpretation. 

Several points may be made regarding previous reports on solutions 

of lithium nitrate in pyridine. 12a• 34a,b On the basis of the positions 

and appearance of certain bands in the infrared spectra of lithium 

salts in pyridine, Popov has proposed that there is no direct contact 

between ions in dilute solutions of lithium nitrate in pyridine. 34a,b 

12a 
Other researchers, however, have reported the mid infrared spectrum 

for solutions of lithium nitrate in pyridine (at similar concentrations), 

and a rough comparison of the gross features of this spectrum with the 

spectra for codeposits of lithium nitrate with pyridine (Figures 29-32) 

implies the existence of contact ion pairs, if the interpretation given 
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for the present results is accepted. 

Their assignments for the v3a and v3b bands of the totally 

solvated Li-0-N~~ species, given as 1330 cm-l and 1410 cm-l 

compare favorably with the values reported herein for those bands, 

-1 -1 
1334 em and 1411 em • As the preparative method used in the 

present work excludes the presence of triplets, no direct comment 

-1 
may be made concerning the absorptions seen at 1354 em and 1440 

cm-l in solutions of lithium nitrate and pyridine which have been 

assigned to the triplets. 

Although we cannot refute these latter assignments, it should be 

noted that the intensity of pyridine bands in this region will make 

assignments difficult (c.f. Figure 9), particularly near the 

-1 
intense 1439 em band of pyridine. A band is, in fact, seen to grow 

in intensity at 1358 cm-l when the 5% and 10% pyridine/lithium nitrate 

samples are annealed (Figures 20 and 21); the annealing spectra of 

the 5% and 10% pyridine samples (which are not shown) also have a 

-1 
small absorption which grows at 1358 em upon annealing the sample, 

though not to the same extent as the codeposit samples. 

These facts, coupled with the observation that no such bands in 

this region are visible in the annealing spectra of the 5% and 10% 

deuterated pyridine samples, leads one to suspect that the bands 

1 -1 
reported for the triplets at 1354 em- and 1440 em are not connected 

with the nitrate absorption itself, but instead are perturbed or 

enhanced pyridine bands, linearly related to the lithium nitrate con-

centration. 
-1 

(Alternatively, the 1354 em band could be caused by 

crystalline lithium nitrate produced by lower temperatures, and the 

1440 cm-l band could be a subtraction artifact, though for the reasons 
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given above, the former argument is preferred.) 

Two difficulties in the reasoning which lead to their assignments 

should be pointed out. First, they assume that the v 3 modes for the 

two ion triplets, (pyridine) 2Li (N03) z ( triplet-1), and (pyridine) 6Li 2No3+ 

(triplet+l), are identical. This seems highly unlikely considering 

4 
quantum chemical arguments. 

Secondly, they assert that the inner sphere solvent molecules can 

have no effect on the v3 modes of the ion pair. The work presented in 

this thesis, and that of similar previous matrix isolation experi-

4,7,9 1 ments, c early suggests otherwise. In fact this assertion does 

not seem likely, even considering their own data; with pyridine as 

-1 
solvent they claim the values 1330/1410 em for the unidentate 

. -1 
complex of lithium nitrate and the values 1354/1440 em for the 

bridged triplets, but when acetone is used as a solvent, different 

values are presented, 1331/1397 cm-l and 1355/14.30 em -l, respectively. 

Before leaving the topic of the nitrate bands in pyridine, it is 

useful to note that the spectra of a solution of tetramethylammonium 

nitrate in pyridine has a single band for the v 3 vibration, of half 

-1 12a 
width at half height equal to 39 em Since there is no reason to 

suspect that nitrate will be any more sensitive to distortion by 

pyridine in low temperature matrices than in room temperature solutions, 

the distortion of the nitrate by pyridine is probably not significant 

enough to greatly affect the band assignments presented here. 

The Discussion: Pyridine Bands 

As only the mid-IR beam splitter of the spectrometer was used, no 

far-IR spectra of the samples were obtained. As it was, the software 



of the computer calculated no spectral points below around 390 cm-l 

and the bands near 400 cm-l did not seem especially reliable. We 

were, therefore, unable to investigate the "cage bands" that have 

been proposed for totally solvated lithium ions in pyridine, the 

results of which we are in some disagreement (34a, 34b, 35, and 

r-eferences therein). This was unfortunate, as the advantages that 

make matrix isolation an attractive tool in the mid-infrared are 

also operating in the far infrared, namely the production of known 

samples. 
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Because of a long waiting time to receive a replacement laser for 

the interferometer, it was necessary to use a portable He-Ne laser as 

a substitute, so that work could progress on schedule; this resulted, 

-1 
for some reason, in large noise levels above about 3500 em , and 

below 750 cm-1 , in the spectra taken during that time. The accuracy 

of bands, and the signal to noise ratios, were all found to be 

reasonable in the mid-infrared region, however. 

The combination of the above factors made analysis of the 750 to 

-1 
400 em region difficult. Although the bands in this region were not 

exceptionally consistent, it seems that the upshift reported for the 

-1 -1 
408 em band of pyridine (to 420 em ), and the downshift of the 405 

-1 . -1 
em deuterated pyridine band (to 368 em ) seen in solutions with 

lithium nitrate, is not observed in our samples at the concentrations 

of pyridine and lithium nitrate used (for typical values of this band 

see 34a, 36, 37). 

As for the shift of the pyridine band at 604 cm-l to about 620 

-1 . 1 . 34c, 36 d d 35 . h 1 . h. . em , seen 1n so ut1ons, an compoun s, w1t 1t 1um n1trate, 

this was not observed. However, the presence of water shifts the 



-1 . 38 39 
pyridine band to 612-613 em as reported earller. ' 

h d h "f f h 754 -l b . 36 h T e upwar s l t o t e em a sorptlon of pyridine, w en 

lithium nitrate is a solute, seemed to be noticeable as a side band 

in some samples, but this was not especially convincing. 

The widely reported upshifted 991 cm-l pyridine band, 34c• 36 •37 

due to the presence of lithium salts in solution, was apparently 

36 
intense enough to be observed in our samples. If the spectrum of 

a "glassy" codeposit of lithium nitrate and pyridine is inspected 

-1 
(Figure 27), the upshifted band appears at 1003 em , precisely 

matching the value reported for solutions (the intensity seen in 

Figure 27 at 999 cm-l is an upshift of the 991 cm-l pyridine band due 

I "d" . . 38,39 d d . F" 26) to a water pyrl lne lnteractlon, as emonstrate ln lgure • 

It is interesting to compare the ''glassy" codeposit value with the 

value obtained from the spectrum of a 5% pyridine/lithium nitrate 

deposit, i.e. 1008 cm-l Also seen in the codeposit curves of 

Figures 25 and 27 is extra intensity on the high frequency side of 

the 1031 cm-l band of pyridine - how much of this is due to the v1 

nitrate mode of the solvated ion pair is not clear. 
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h b d34c,36,37 h d 158 -1 It as een reporte t at the pyri ine band at 1 em 

shifts upward, in the presence of lithium salts as solutes, to about 

-1 
1597 em , and the intensity of the shifted band is apparently quite 

high. 36 Unfortunately, in the argon isolation experiments, where water 

contamination is practically an inevitable occurrence, the bands for the 

-1 39 n2o•pyridine interaction (1591 em ), and the water monomer and dimer 

-1 28 
bands (~1600 em ), made unambiguous identification of frequency 

shifts impossible. In the codepositions of lithium nitrate and 100% 

pyridine, there was apparently inadequate amounts of ion pair in the 
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sample to produce a band of sufficient size to see, in competition 

-1 
with the 1599 em band of pyridine. However when the subtraction of 

the pyridine spectrum from the spectrum of codepositions of lithium 

nitrate and pyridine was attempted, these attempts invariably failed 

in such a way as to indicate upshifts of the pyridine 1441 c~1 and 

-1 
1581 em absorptions. 

Lastly it is noted that the spectrum of pyridine in argon is 

concentration dependent due to the formation of dimers and multi-

33,39,40 11 mers. The differences from the monomer spectra are sma 

-1 
(e.g. 1 to 3 em shifts), and were not considered important in the 

analysis of the data. 

Solvation Studies, 1,10-Phenanthroline 

The Data 

Shown in the bottom curve of Figure 28 is the spectrum for a 

"glassy" deposit of 1,10-phenanthroline at 77K, while the upper curve 

is the spectrum of the same sample after 12 hours at room temperature. 

This sample is exceedingly dry as judged by the lack of any bands in 

28 
any region of the spectrum which could be attributed to water. 

Shown in the bottom curve of Figure 29 is the spectrum of a 

codeposit of phenanthroline and lithium nitrate taken at 77K, while 

the upper curves are the spectra of this sample as it was annealed at 

increasing temperatures. An expanded region of the spectra for this 

sample, with more intermediate temperatures, is given in Figure 30. 

A codeposit sample of greater nitrate concentration than that of 

the sample of Figure 29 is shown in Figure 31. An expanded region of 
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Figure 30. Spectra Showing Greater Detail of the Annealing 
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Figure 31. Spectra Showing the Annealing Effect for a Codeposit 
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the spectra of this sample, with more spectra of intermediate tempera-

tures, is given in Figure 32. 

Figures 33 through 37 show the argon isolation experiments with 

phenanthroline and lithium nitrate. All argon isolation samples were 

annealed, to permit the study of diffusion effects on the sample. 

Annealing the lithium nitrate/phenanthroline/argon samples properly was 

difficult, as the temperature necessary to promote diffusion was close 

to the vaporization temperature of argon under vacuum conditions. 

The Discussion: Nitrate Bands 

As may be seen from Figure 28, the spectrum of phenanthroline is 

similar to that of pyridine, but assignments of bands for the nitrate 

v3 values of solvates will be more difficult, as the deuterated 

compound was not easily available as was the case for pyridine. From 

Figure 28 it may also be seen that the infrared spectrum of poly-

crystalline phenanthroline is much like that of "glassy" phenanthroline 

in the region of interest, except for a small increase in intensity 

-1 
upon crystallization on the low frequency side of the strong 1419 em 

band. 

In the case of the codeposits of lithium nitrate and phenanthroline 

(bottom curves of Figures 30 and 32), the high frequency v3 band of the 

totally solvated ion pair is rather difficult to determine accurately, 

but the lower frequency v3 peak can be assigned the value of 1340 cm-l 

with some degree of confidence. Using this value, and the values for 

v3 in the case of total solvation by pyridine (1334, 1411), one would 

estimate that the phenanthroline high frequency absorption for v3 would 

-1 
be near 1404 em ; since the v3b intensity is difficult to locate any 
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Figure 33. Spectrum of Codeposit of Lithium Nitrate and 
1,10-Phenanthro1ine, and Argon at 10-15 K 
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Figure 34. Spectrum of a Codeposit of Lithium Nitrate, 
1 ,10-Phenanthroline, and Argon at 10-15 K 
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Figure 35. Spectrum of a Codeposit of Lithium Nitrate and 
1 ,10-Phenanthro1ine, and Argon at 10-15 K 
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Figure 36. Spectrum of a Codeposit of Lithium Nitrate and 
l ,10-Phenanthroline, and Argon at 10-15 K 
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-1 more precisely, the value of 1404 em is suggested for v3b. 

The effects of annealing lithium nitrate and phenanthroline co-

deposits is markedly interesting, and a typical example of the effects 

is seen in Figure 30. As the sample is warmed, a band of medium 

· · at 1358 cm-1 • 1ntens1ty grows Concomitant with this, if such an 

observation may be trusted, there is a weakening of intensity on the 

-1 
low frequency side of the 1419 em phenanthroline band (i.e. near 

-1 
the v3b value of 1404 em ), so apparently the growth is caused by the 

nitrate. 

-1 The small band near 1300 em , which disappears at about the same 

49 time, is caused by N2o3. The presence of N2o3 does not affect the 

results for the annealing matrix, as codeposit samples not containing 

N2o3 are seen to give virtually identical spectra to those of Figure 

30. The reason spectra for a sample contaminated with N2o3 is 

presented in place of one without N2o3 is that an exceptionally large 

number of intermediate spectra were taken for this particular sample, 

providing a continuity not available in any one of the other samples. 

When the sample crystallizes (fourth curve up from the bottom 

in Figure 30), the band intensity at 1358 diminishes. At the same 

time there is a slight increase in the general absorption between 1350 

-1 -1 
em and 1400 em , though as noted before, this also happens to a 

small extent when a glassy deposit of pure phenanthroline cryatallizes. 

vfuen the sample is completely crystallized (top curve of Figure 30) the 

-1 final band structure near 1350 em suggests there are bands at 1363 

-1 
em 1337 

-1 
em 

-1 
and 1350 em , as well as the phenanthroline doublet 

-1 at approximately 1344 em • Evidently there are two sites that 

nitrate occupies in this crystalline sample; one undisturbed D3h nitrate 



-1 
(v3 = 1350 em ), 

-1 
1363 em ). 

and one distorted nitrate (v3a 
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1337 
-1 

em , v3b 

When a sample more concentrated in lithium nitrate is studied, 

the annealing spectra (Figures 31 and 32) give results complementary 

to those obtained from Figure 30. The sample did not seem to crystal-

lize at any one single temperature, and changes in bands indicative of 

crystallization were evident at lower temperatures than those of the 

samples less concentrated in lithium nitrate. Apparently more isolated 

conditions than those of concentrated samples are necessary to observe 

-1 
the rapid disappearance of the 1358 em band, as seen in Figure 30. 

The matrix isolation data for phenanthroline and lithium nitrate 

provides fairly strong confirmation of the assigned v3 values for 

pyridine shown in Table II. A priori, one expects that phenanthroline 

will give values for v3 peaks at frequencies similar to the n = 2, 4, 

and 6 cases of pyridine (Table II). By and large, this appears to be 

what is observed. 

In Fi.gures 33-34 (or 37), for example, the first v 3 peaks seen 

for phenanthroline/lithium nitrate/argon mixtures are at 1289 cm-l and 

-1 -1 
1488 em , which may be compared with the values at 1289 em and 1497 

-1 
em that were seen in the n = 2 solvate case of pyridine. In both 

figures very little absorption intensity is seen near the n = 1 values 

of the pyridine solvate, 1279 cm-l and 1513 cm-l The small bands that 

are seen at 1279 cm-l and 1520 cm-l are presumed to be primarily due to 

-1 
the v3a and v3b modes of H20·LiN03 as it is apparent from the 1600 em 

region28 that water is in sufficient abundance to produce hydrates of 

the ion pair. 

To be most consistant with the pyridine solvation work, the curves 
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of Figures 35-36 (or 37) must be interpreted as having v 3 peaks for the 

-1 -1 
bis phenanthroline complex at 1308 em and 1457 em , which compares 

-1 -1 
favorably with the v3 values of 1312 em and 1457 em seen for the 

(pyridine) 4 ·LiN03 complex. There is, however, some unexplained inten-

-1 -1 
sity near 1300 em and 1474 em , for which no plausible explanation 

exists, within the context of the correlations expected between the v3 

peaks for the solvates of pyridine and phenanthroline. 

The assignment of these "unexplained" bands to correspond to yet 

another phenanthroline coordination, is clearly an unattractive alter-

native from several points of view, and second sphere effects for a 

phenanthroline complex of a lithium nitrate ion pair do not seem 

likely considering the charge on the lithium ion and the size of the 

phenanthroline molecule. If the solvent distortion of the nitrate is 

disregarded on the basis of the spectra of tetramethylammonium nitrate 

· ·d· lZa h h d 11 f h 1 · 1 · lll pyr1 1ne, one as ex auste a o t e ess exot1c exp anat1ons 

for this unexpected intensity. 

Table. III summarizes the results of this section, disregarding 

the unexpected intensity, as is most consistant with the pyridine work. 

TABLE III 

VIBRATIONAL FREQUENCIES FOR v3a AND v3b OF (PHENANTHROLINE)n·LiN03 

1289 

1308 

1340 

1488 

1457 

1404 

Number of Solvent Molecules 

n 

n 

1 

2 

n = 3 
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The Discussion: Phenanthroline Bands 

The modes of phenanthroline are sensitive to whether its nitrogens 

are coordinated in an ion, or molecule, and this is well documented in 

d 13b-c,41-48 
the case of crystalline compoun s. Analysis of the spectra 

for "glassy" codeposits of lithium nitrate and phenanthroline indicate 

that the modes of phenanthroline in "glassy" deposits are not particu-

larly sensitive to the presence of lithium nitrate. There are only 

minor changes, with the apparent upshifts of the 1551 cm-l and 1589 

-1 
em bands (Figure 29 and 31), and the appearance of a small band at 

-1 
715 em being the two most notable. 

When the sample crystallized, however, the presence of lithium 

nitrate had a profound effect upon the bands of phenanthroline. The 

changes which occurred were dependent upon the amount of lithium 

nitrate in the sample. In samples of low nitrate concentration there 

was evidence of upshifts in frequencies of absorptions, or splittings, 

-1 
particularly in, but not confined to, the 700-1000 em region. In 

samples oi" higher concentration, most of the bands would broaden, 

sometimes diminish in intensity, or "wing" on the low frequency side, 

when the samples crystallized. Of the more noticeable band changes in 

the concentrated samples was the growth and shift of a band at 716 

-1 -1 -1 
em to 713 em , the growth of a new band at 628 em , and the growth 

-1 
of an unusual multiplet near 1550 em 

Overall, the changes in the infrared bands of phenanthroline 

depended upon the concentration of lithium nitrate, and upon the phase 

-1 
of the sample (for example, the 993 em band of phenanthroline which 

is reported to be sensitive to coordination does not even appear until 
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crystallization of the sample). These two factors, concentration of 

the lithium nitrate, and phase of the sample, were interrelated, of 

course, and this complicated the interpretation of the data. 

Solvation Studies, 2,2'-Bipyridine 

The Data 

Shown in Figure 38 are the spectra for a deposit of bipyridine 

(bottom curve), and for a codeposit of bipyridine and lithium nitrate 

(top curve). Figure 39 contains the spectra for a codeposit of 

lithium nitrate and bipyridine (bottom curve), and for the annealed 

sample (upper curves). An expanded view of Figure 39 is given in 

Figure 40. For comparison with these "annealed" sample spectra, in 

Figure 41 we have the spectra of "glassy" bipyridine (bottom curve), 

and of the polycrystalline film which results from the same sample. 

Figure 42 contains the spectrum of pure bipyridine (bottom curve), 

of a codeposit of bipyridine and lithium nitrate (middle curve), and 

of another codeposit with a much higher concentration of lithium 

nitrate than the sample of the middle curve (top curve). 

Most of the large absorptions (in the codeposit spectra) near 

-1 
1300 em· is N2o3 which is verified by a peak (not shown in any of 

the Spectra) at 1854 Cm- 1 •49 All f h b d d d o t e ipyri ine, an co eposit 

lithium nitrate/bipyridine samples were exceedingly dry, as judged 

28 
by the lack of any absorptions due to water. 

The Discussion: Nitrate Bands 

In comparison to the amount of information one is able to derive 
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Figure 38. Spectra of 11 Glassy'' Bipyridine (lower Curve), and 
of a Codeposit of Bipyridine and Lithium 
Nitrate, at 77 K 
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Figure 39. Spectra Showing the Annealing Effect for a 
Codeposit of Lithium Nitrate and Bipyridine, 
at 77 K: Lower Curve is the Original Sample 
at 77 K, and Each Succeeding Upper Curve is 
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Figure 40. Spectra Showing Greater Detail of the Annealing 
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Figure 41. Spectra of "Glassy" Bipyridine at 77 K (Lower Curve). 
and of a Polycrystalline Film Obtained from 
Warming the Sample (Upper Curve) 

83 



hl 
u 
z 
< m 
a:: 
0 
tJJ 
m 
< 

1l50 11.00 j 

vJAV£NU.MB£RS 
1.000 

Figure 42. A Selected Region of the Spectra for 
Bipyridine, and Codeposits of Lithium 
Nitrate and Bipyridine, at 77 K: The 
Bottom Curve is of Bipyridine, and 
Each Succeeding Upper Curve is a 
Codeposit of Increasing Concentration 
of Lithium Nitrate 

84 



85 

from the argon dilution work of pyridine, and 1,10-phenanthroline, the 

information obtained from codeposits of lithium nitrate and bipyridine 

can only be limited. However, some useful information is obtained. 

Since it is known that bipyridine(g) has the planes of its 

aromatic rings at a 30° angle from each other, 50 it might be assumed 

that, upon codeposition with lithium nitrate, the complex LiN03 •(bipy)x 

may settle into the matrix with only one half of a bipyridine coordi-

nated. Presumably this is what is seen in Figure 38 (or the second 

curve up in Figure 40), where the lower frequency v3 peak which pre

dominates over all the other lower frequency v3 peaks is the one at 

-1 -1 
1327 em (the values of the higher frequency peaks, 1400-1490 em 

can not be determined due to interfering bands of bipyridine). With 

reference to the interpretation given for the argon dilution work of 

pyridine and 1,10-phenanthroline, this band corresponds to two bipyri-

dine molecules fully coordinated to an ion pair (which has a monoden-

tate nitrate), plus one bipyridine molecule with only one of it's 

nitrogens .coordinated. 

Upon warming the codeposit sample (Figure 40), the first notable 

-1 
change is that the 1327 em absorption is replaced by a band near 

-1 
1340 em . Given the fact that the bandwidths of bipyridine do not 

change much during this time, and that this shift occurs before 

crystallization of the major component of the matrix (bipyridine), it 

is logical to suspect 1 -1 . the shift from 1327 em- to 1340 em lS due 

to the rotation and coordination of the unchelated ring of the 

bipyridine which only half chelated upon deposition. 

When first signs of crystallization appear (fourth curve up from 

the bottom in Figure 40), there appears to be only a broad absorption 



near 1347 cm-1 , and apparently some of the N2o3 has left the lattice 

-1 
(as judged by the diminished peak at 1300 em ). Further warming is 

seen to give a very broad absorption due to nitrate, and allows the 

N2o3 impurity to completely leave the sample (fifth curve up from the 

bottom in Figure 40). It is interesting to compare the relative 

-1 -1 
energies between the 1327 em to 1340 em shift, and the thermal 

energy that was necessary for the N2o2 to escape the lattice (i.e. 

a small barrier for a torsional bipyridine motion, previously 
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50 calculated ab initio for the gas phase to be (38. kJ/mol~ vs a larger 

translation energy necessary for N2o3 to escape the lattice). 

Though a direct correspondence does not exist, it is natural to 

compare our results with solution results. Popov has studied the 

solvation (of what are apparently) ion pairs in various solvents. 51 

The solvent used for dissolution of the bipyridine and LiCl04 was 

nitromethane; nitromethane has a dielectric constant of 35.87, but 

previous work has implied that ion pairs are formed in the solvent. 52 

This implies that the species referred to as Li (bipyridine); is 

actually Li(bipyridine) 2 (o2clo2), giving a total coordination number 

of at least five, and possibly six. In light of the different 

situations in which the complex finds itself in the case of room 

temperature solution work vs matrix isolation work, the difference 

in coordinations numbers is not sufficiently different to warrant 

skepticism. 

The Discussion: Bipyridine Bands 

As with the other amine analogs, the spectra of bipyridine 

itself53 may be expected to undergo modifications when it coordinates 



to a lithium nitrate ion pair. So, in as far as arguments from 

crystalline compounds may be applied to the "glassy" phase, the 

following is further evidence of coordination: 

(a) . There are reports of the appearance of a moderately inten

sive band near 1305 to 1320 cm-l when bipyridine or phenanthroline 

binds to a transition metal, or rare earth metal, ion (see references 

13b, and 54-56 for typical results). However, for the ion of 

interest, Li+, this "new" band was not reported for the (apparently) 

mixed crystals of Li(phen)xClo4 , 13b while no infrared spectrum has 

been obtained for the compound LiSCN:bipy:H20, l:l:Yz. 13a 

It is interesting to note, therefore, that a close inspection of 

87 

the spectra of the annealed codeposits (figures 39 or 40) reveals that 

a small band appears at 1310 cm-1 , in addition to the bands expected 

in this region due to the nitrate related absorptions. This is most 

-1 
apparent in the spectra of the annealed codeposits, where the 1310 em 

absorption persists long after the nitrate absorptions have "washed 

out" into .a broad band. 

(b) The bands of bipyridine found (in the glassy phase) at 1584 

-1 -1 -1 -1 
em 1562 em , 1458 em , and 1420 em , would all be expected to 

-1 
shift upwards by 10 to 20 em , or split, due to interactions with an 

ion (see references 13b, and 55-59 for typical examples). These shifts 

were observed, more or less, except for the shift of the 1562 cm-l 

-1 
band (the presence of the 1562 em band shift could not be determined 

-1 due to the overwhelming bipyridine band at 1584 em ). 

-1 -1 
The 1584 em absorption had a sideband at about 1600 em , which 

was noticeable even in spectra of samples which had the least amounts 

of nitrate in them. The 1458 cm-l shifted band was not particularly 
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noticeable but was apparently present because the original peak could 

not be subtracted out (without obtaining derivative bands larger than 

those expected due to the nitrate absorptions) using the spectrum of a 

"glassy" bipyridine deposit. 

-1 
The upshift of the 1420 em band ~..ras not noticeable due to the 

-1 
overwhelming presence of the 1458 em bipyridine band, as well as 

the underlying nitrate absorption in the region. The band at 1438 

cm-l in the codeposit spectra of Figure 40 appears to be enhanced, 

and this "enhancement" appears to increase upon annealing the sample. 

This band is seen in the "glassy" bipyridine spectrum (bottom curve 

of Figure 41), and the crystalline bipyridine spectrum (top curve of 

Figure 41), but in neither spectrum is it enhanced to the same 

degree as in the codeposits. 

(c) The bipyridine band which occurs (in the "glassy" phase) at 

-1 -1 
992 em would be expected to shift upwards by 10 to 30 em upon 

solvate complex formation (see references 43, 56-58 for typical 

-1 
examples) •. This was observed as a side band (to the 992 em band) 

in samples which were less concentrated in nitrate, and as a distinct 

band (near 1008 Cm-l) . 1 f h" h . . ( ln samp es o lg er nltrate concentratlons see 

Figure 42). 

(d) No reliable data was observed for the upshift or splitting 

of the band at 759 cm-l as was reported for the crystalline compounds 

of bipyridine (see references 43, 48, 55, 56, and 58 for typical 

1 ) Th h f h 742 -1 b d43 "d . examp es . e en ancement o t e em an was evl ent ln one 

sample of higher nitrate concentration, but conflicting results were 

obtained for other samples. 

(e) The band splitting of the 1150 cm-l absorption55 was not 
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observed, even in samples of high nitrate concentration. 

(f) The "new" band at 1480 to 1500 cm-l in the spectrum of 

Cd(bipyridine) 3 (halide) 2 , which was proposed to indicate the existence 

of bipyridine coordinated to a metal through only one of it's nitrogen 

55 -1 
atoms, was observed at 1488 em only in one sample of very high 

nitrate concentration. -1 
The band in Figure 39 near 1488 em is 

mostly from bipyridine, as it can be seen in the pure solvent deposit 

spectrum, Figure 41. 

Solvation Spectra, Benzene 

The Data 

The results from the benzene and lithium nitrate codeposition 

experimentation are shown in Figure 43. The lower curve is a deposit 

of pure benzene at 77K, while the top curve is a codeposit of benzene 

and lithium nitrate at 77K. These two samples, particularly the 

deposit of pure benzene, are exceptionally dry, as judged by lack of 

sizable ba~ds attributable to water. 28 

The Discussion: Nitrate Bands 

-1 
Aside from the small absorption near 1600 em due to water, 

there are four bands that are in the spectrum for the codeposit that 

are not in the spectrum for the benzene deposit. Two bands, at 1300 

-1 -1 
em and near 1840 em , are assigned to a small amount of N2o3 (the 

latter band is not shown, and it's presence is inferred from a 

broadening of the very intense benzene band in the same location). 

The remaining two bands unaccounted for are broad absorptions at 1445 
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Figure 43, Spectra of Crystalline Benzene (L01~1er Curve), and 
of a Codeoosit of Benzene and Lithium Nitrate 
(Upper Curve), at 77 K 
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-1 -1 -1 
em and 1328 em (± 5 em ), and these are proposed to be the v3 

bands of the totally solvated ion pair, (benzene)n•LiN03 . 

It is reported that the sample resulting from quenching benzene 

. 60a b vapor to 77K is polycrystalllne. ' As in the case of the annealed 

codeposits of lithium nitrate and pyridine, it would be premature 

to speculate on the nature of the solvated ion pair in a polycrys~ 

talline sample, though a fully satisfied coordination sphere seems 

likely. 

The Discussion: Benzene Bands 

No effort was made to determine possible changes in the benzene 

spectrum when benzene was codeposited with lithium nitrate. 

It should be noted that previous workers have proposed that 

benzene interacts with argon and xenon strongly enough to radically 

61a b 
change it's infrared spectrum. ' Since the argon dilution work 

for benzene was not performed, no comments may be made regarding this 

unusual proposition. 

Acid-Base Discussion 

It is interesting to investigate the possibility of a correlation 

between the donor abilities of a solvent molecule (as measured by 

various means), and the ability of the solvent molecule to decrease 

the distortion of the nitrate by coordination to the cation of the ion 

pair. The latter ability may be quantitated by the value represented 

by t.v3 (LiN03 in argon) - .0.v3 (S•LiN03 in argon). Values of this 

quantity for various solvents are pyridine (= 28 cm-1), acetonitrile 

-1 1 
(= 30 em ), dimethylformamide (= 42 em-), dimethylsulfoxide (=51 
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-1 -1 
em ), and tetrahydrofuran (=57 em ). 

The quantitation of the solvent donor ability constitutes a vast 

1 . 16 
~terature. In seeking a correlation with 6v3 , perhaps the simplest 

parameter to try is the enthalpy of reaction of the lithium nitrate 

ion pair with the above solvents; unfortunately these values are not 

known. For what correspondence there might be, ICR vapor phase values 

f 'H f L. + . . h b . 14c' d . d. ( 184 KJ/ 1 ) or il f o ~ react~ng w~t ases g~ves pyr~ ~ne = mo e , 

acetonitrile (= 180 KJ/mole), and dimethylformamide (= 209 KJ/mole), 

-1 -1 
in fair agreement with the above 6v3 values of 28 em , 30 em , and 

-1 
42 em , respectively. 

Some information is available on the relative strengths of these 

bases with respect to each other, in an interaction with Li+Clo4-

ion pairs. 51 The chemical shift of the lithium ion (of the 7LiCl04 

ion pair) in solutions containing nitromethane, bipyridine, and 

various solvents, may be used to determine the relative coordinating 

powers of solvents to LiClo4 • It was shown that LiClo4 ion pairs are 

preferent~ally solvated by tetrahydrofuran, or dimethylformamide, 

over bipyridine. This seems reasonable considering that DMF and THF 

provide larger decreases in 6v 3 values per molecule than pyridine, 

though their final total solvation 6v3 values are larger than that of 

pyridine. 

Results of a similar nature, showing relative strengths of bases, 

34 
could be obtained using the far-IR cage vibrations in mixed solvents, 

for example, experiments68 show a preference by LiCl04 for ammonia in 

solutions of acetonitrile and tetrahydrofuran (note: ~Hf (H3N•Li+(g)) 

69 14d = 139 KJ/mole, or 164 KJ/mole ). No experiments seem to have been 

done, however, for pyridine. 
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Double scale acid-base strength models, while more complicated, 

have the advantage of yielding more information than single scale 

16 
models. By far the most successful double scale model is the E and 

C d 1 18a,b mo e . Considering its derivation, and the history of its 

successful applications, it is not immediately clear that the E and 

C model is applicable to the interaction between an ion pair and a 

solvent molecule, because the interaction is expected to be stronger 

than normally handled by the model. 
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With the spectroscopic data available (i.e. ~v3 values for 

solvates), a little reflection will show that the only analysie using 

the E and C equation must use the data ~v3 (LiN03 in argon) - ~v3 

(S•LiN03 in argon), with the assumption that the latter quantity is 

proportional to the corresponding ~H values for LiN03 + S + S•LiN03 

(but see reference 62 also). This assumption is perhaps the weakest 

link in the reasoning for using the E and C model. 

Since ~v3 is linearly related to the difference in the force 

constants .for coordinated and uncoordinated N-0 bonds of the bidentate 

nitrate, 63 a proportionality between ~v3 and ~H certainly seems 

reasonable. Further, the ~H9 values of S•Li+ (derived from mass 

· d ) · d 1· 14c' d · d h · spectrometr1c ata ment1one ear 1er g1ves ere ence to t lS 

proportionality, if the acids Li+ and LiN03 are presumed to be similar. 

Indirectly, however, one may argue that there is little useful 

0 correlation between ~Hf and ~v 3 by noting that the addition of each 

solvent molecule to form (S)n•LiN03 cause a relatively constant incre

mental decrease from previous ~v3 values for (S)n_1LiN03 . This is to 

be compared 

0 
(or ~Hf for 

with the ab initio calculations for ~H~ of (H20)nLiNo3
4a,b 

(S) Li+, references 64-66), in which it is apparent that 
n 
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the incremental ~Hf values get smaller as each successive molecule 

is added. It seems unlikely that ~H~ a [~v 3 (LiN03 in argon) - ~v3 
(S·LiN03 in argon)] for the first solvation step, but that for 

~H~ (Sn·LiN03) 
0 

addition of further solvent molecules - ~Hf (Sn-l. LiN03) 

is not proportional to ~v3 (Sn•LiN03) - ~v 
3 (Sn_1 ·LiN03). 

It is no great effort to do E and C calculations, however, so to 

determine if the bonding and spectroscopic properties of the lithium 

nitrate ion pair may be described by the E and C equation, the 

parameters of Table IV were used with a SAS least squares routine 

(Proc STEPWISE: BACKWARD: NOINT: version 82.B SAS; SAS Institute, SAS 

circle, P.O. Box 8000, Cary, N.C. 27511-8000) to calculate quasi E 

and C parameters. 

TABLE IV 

E AND C ANALYSIS DATA 

Substance E a 
B 

C a 
B 

Dimethylformamide 1.23 2.48 42 

Tetrahydrofuran . 978 4.27 57 

Acetonitrile .886 1. 34 30 

Dimethylsulfoxide 1. 34 2.85 51 

Pyridine 1.17 6.4 28 

~nits of / kcal/mole. 

bu . of 
-1 nltS em 



95 

When the data in Table IV is used in the least squares program, 

+ -the quasi EA and CA parameters calculated for Li N03 are EA = 38.7, 

. 2 
and CA = -.678, Wlth R = .927 (Note: these quasi E and C parameters 

/ -1 
have units of mole/kcal em ). These EA and CA values certainly 

imply a large amount of electrostatic nature in the acid (which is 

what was expected), however the correlation coefficient is rather low, 

and a (significant) negative value for C makes no sense in the context 

of the model. Therefore the results may indicate that (if the E and C 

model is applicable) one or more members of the data set may be 

causing a poor fit. 

18a b 
Inspection of an E and C plot ' composed of the bases of Table 

IV shows that pyridine might be the sole offending member. Arbitrarily 

d . b f 11 d . . R2 . 11 ropplng a mem er o a sma ata set to maxlmlze , especla y a 

member differing greatly from other members in C/E value, is risky. 

However, it could be that factors other than bond strength are operating 

in the case of pyridine, or that E and C parameters for pyridine are 

incorrect;. therefore, dropping the pyridine values from the data set 

of Table IV, and analyzing the remaining four solvents, gives EA 17.8, 

2 
CA = 9.21, and R = .9986 (dropping any of the other four solvents in 

place of pyridine resulted in a poor fit). 

These values give a fit which is reasonably good, and provides a 

CA/EA ratio that can be compared with other ratios determined for 

complexes. 18a,b These EA and CA values for LiN03 can be used with the 

standard EB and CB values of bases to determine the ~v3 of S·LiN03 , 

even for solvents for which this value has not experimentally been 

measured. Further, since the EA and CA values for (S)n·LiN03 are 

probably larger than the corresponding EA and CA values for (S)n+lLiN03,62 
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one may divide the easily obtained ~v3 (LiN03 in argon) - ~v3 (LiN03 

in 100% aprotic solvent) by the easily calculated ~v3 (S·LiN03 ) to 

determine the maximum number of solvent molecules able to coordinate 

with LiN03 (note: this is an upper limit to the maximum possible 

solvation number, and not a calculation of the exact solvation number). 

Table V summarizes the results of such a calculation. 

TABLE V 

ESTIMATION OF MAXIMUM SOLVATION NUMBERS OF LiN03 USING E AND C VALUES 

Base 262-~v3 (LiN03 in solvent) n=l c 
·~v3 (calc'd) n(calc'd) n(expt'l) 

DMF 179 -1 (a) 44. 7 4.0 4 (e) em 

THF 159 (a) 56.7 2.8 3 (e) 

ACN 180 (a) 28.1 6.4 5 (e) 

DMSO 20·1 (a) 50.1 4.0 4 (e) 

py 185 (f) 79.8 2.3 6 (f) 

NH3 215 (a) 56.1 3.8 

Acetone 196 (b) 39.0 5.0 

~eference 9a. 
b Reference 12c, 67. 

cWith LiN03, E = 17.8, C = 9.21; NH3, E = 1.36, C = 3.46; Acetone, 
E = .987, C = 2.33; others as reported in Table IV. 

d(262-~v3 (LiN03 in solvent))/~v3 (n=l calc'd). 

eReference 9b. 

fThis work. 



To summarize the main points of this section, the following 

may be noted: (a) The ion pair LiN03 appears to have shown a strong 

acidic character in its reactions with Lewis bases. (b) There 

appears to be an insufficient data base to clearly demonstrate 

whether the E and C model is useful in this application, though it 

appears to be so; the necessary linearity between 6H and 6v3 , which 

is crucial to the analysis done here, has not been independently 

demonstrated. 
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CHAPTER IV 

S1~Y AND CONCLUSIONS 

The infrared spectrum for the contact ion pair lithium nitrate 

(matrix isolated in argon) was observed. Although no major differences 

were seen in the ion pair bands, comparison of the results with pre

viously published work allowed the assignments of v 3a and v3b for 

(H20)n·LiN03 , n = 1-2, as samples in earlier work were apparently 

contaminated with a small amount of water. 

Spectra were also collected for samples of lithium nitrate which 

had insufficient amounts of argon for complete isolation. Bands 

appeared which qualitatively substantiate previous work on lithium 

nitrate aggregates in a co2 matrix. These bands, which appeared in 

the spectrum (to a small extent) even in samples of good isolation, 

were seen to grow when samples containing the monomer ion pairs were 

annealed; however, they did not seem to grow to the predominance 

observed in spectra initially rich in lithium nitrate. It was noticed 

that higher annealing temperatures were necessary to make these 

mul timer bands grow in samples of monomers than \vas necessary to make 

higher-solute peaks appear in mixtures of LiNG/pyridine/argon, or 

LiN03/H20/argon. The cause for this lack of mobility is unknown. 

The bands for the v3a and v3b modes of matrix isolated 

(Pyridine)n•LiN03 , n = 1-6, were assigned. The v 3a and v3b modes 

for solvates n = 1-4 were easily assigned -- later steps, particularly 
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in the high frequency v3b region, where peaks were broad, were more 

difficult to assign. The annealing of samples with low percentage 

of pyridine allowed excess pyridine to diffuse in the lattice to 

(S)n·LiN03 , and this resulted in spectra identical to samples of 

higher concentration of pyridine. 

The spectra of the v3 region of the matrix isolated compounds 

(phenanthroline) LiN03 were somewhat ambiguous, but, in general, 
. n 

supported the assignments of the pyridine complexes. Though some 

difficulty was experienced with assignments, the spectra were best 

analyzed in the overall context of the results obtained in the 

pyridine isolation work, and bipyridine codeposition work. 

The spectrum for the bipyridine and lithium nitrate glassy 

codeposit was similarly interpreted in terms of the matrix isolation 

work of pyridine and phenanthroline. 
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The annealing of codeposits of solvents and lithium nitrate gave 

spectra which were very interesting, but not particularly informative, 

except to ·impress one with the complexity of the situation. One 

definite result is that totally solvated ion pairs can exist (in small 

amounts) in a crystalline lattice. This was demonstrated not only in 

the spectra shm.;ring the annealing effects for the case of pyridine/lith-

ium nitrate codeposits, but was also demonstrated in the spectrum for 

the codeposit of lithium nitrate and (crystalline) benzene. As phenan-

throline was the only solvent which did not volatilize into the vacuum 

upon warming, the spectra of its annealed codeposit samples were 

especially interesting. They indicate that there is, near the 

crystallization temperature, some unusual ion pair condition, or 

solvation phenomena, which has yet to be explained. 
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In the codeposition of the amines with lithium nitrate there was 

evidence of coordination, as inferred from induced band shifts of the 

ligand. Like previously reported spectra for complexes with ions, 

and H-bonded complexes with molecules, these band shifts were mani-

fested in upshifts of existing bands. 

Problems with pyridine, or phenanthroline, H-bonding to the 

nitrate while coordinated (or even while uncoordinated) were not 

outwardly apparent, though difficulty in assignments of bands to 

particular solvates would likely be the first place this problem would 

be noticable. As the data could be fit without excessive speculation, 

this problem was assumed to be small. 

The large number of pyridines which coordinate to the contact 

ion pair cannot be explained using acid-base models, and appears to 

imply that factors other than "donicity" can govern the final number 

of molecules which will eventually coordinate to the ion pair. The 

E and C analysis of the spectroscopic data was perhaps premature, 

given that ~Hf and ~v3 have not been proven to be correlated. It is 

not clear whether the (reasonable) results which come from the E and 

C analysis are real or happenstance. 

A few comments on coordination numbers seems to be in order. 

Investigators have, in the past, gone to great trouble to identify 

characteristics of species which would identify whether a ligand is 

"coordinated" to a cation. Qualities such as the capacity for ligand 

and ion pair to volatilize as a distinct species, the ability to form 

extractable molecules in solutions, electrochemical molecular weight 

determinations in solution, observation of X-ray bond distances, 

calculation of EXAFS a parameters, and the appearance of vibrational 
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bands, have been among the more popular methods used. 

None of these criteria have proven to be applicable in all cases, 

of course. Indeed, the data collected so far has succeeded in pointing 

out that the solvation number is an inexact quantity, determined by 

the definition of coordination imposed on the system by the experimen

tal probe used. Further, it has become clear that fixed coordination 

and rigid stereochemistry of alkali ions is not as necessary as might 

be expected based on the background provided by the better studied 

aqueous solutions of transition metals. In this vein, it should come 

as no surprise that the seven coordinate lithium ion implied by this 

work is not unrealistic. 

Lastly, it should be emphasized that the principal use of this 

type of research is certainly not to promote a new way to determine 

"the" coordination number. The use of this research is much broader, 

and best lies in the understanding which may be obtained about the 

bonding of molecules to molecules via infrared spectroscopy. Through 

this use we may, in fact, learn what a "coordination number" really 

is. 
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