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CHAPTER I 

INTRODUCTION 

Vibrational spectroscopy has been shown time and time again to be. 

one of the most powerful methods known for the elucidation of molecular 

structure. However, there are times when the conventional sample.,.pre­

paration techniques are not suitable. For example, the study of highly 

reactive or unstable species and high temperature species is experi­

mentally very difficult. The study of intermolecular interactions in 

dilute systems may be hampered by lack of a suitable solvent, uncertain­

ties in solute-solvent interactions. or interfering solvent vibrational 

frequencies. It ·was to handle just these types of problems that the 

technique, of matrix isolation was developed. 

The Problem 

This investigation will be directed toward obtaining vibrationa.l 

spectra of a series of .monomeric nit:r::ates. These results will be com­

pared and correlated with data obtained from crystalline and melt sys­

tems, and with some.relevant normal coordinate calculations. 

The nitrates were chosen for this investigation because of the in­

terest in the nitrate ion as a probe of ionic environments, where results 

have been interpreted.according to models imposing various perturbation$ 

on the nitrate ion.. The results of this study will be applied to a dis­

cussion of the validity of these models. It ·is well known that the 

1 



.oo.Uullb rigl.d :rs nsvs elda:r::islsb sd bluorle mu:rl::isqa 0B1Tr.s.H arl:t lo 

srll lo ~1dl119ees srlj asvlov.nl: xbula e.l:rll 10 searlq LB:rnaml:tsqxe srlT 

-ooom 10 s::>nses:tq erl:t s:tuen.l: o:t es no.i:::tuilb rl!l.Ue n.l: as::Js:r.:tl::n 10 aml.!:1 

noJ::raloaT xl~l.sM 

xd .b.eqolsvsh "{llanl:gJ::to aaw ool:ta1oe.J:-x.l::tl.em lo supl:nrl::>&l srlT 

1 
sldalanv lo s~:t::isqa bs:ts:t1o.J: lo ~bu:ta srll :tol a:tsi:tOWO!) bns !sln&mJ:q 

nssd esrl rl!>'l'aeea:t 10 :r.cwoma ald.s"l'ab..tano::i a aa.cb eoa1a • e.tao.tb.s'.l' ss:tl. 

:.wd , ela!ilbs'.l' ss:t1 '{lno loo gnlvlovo..l:: c sup.l:n1bel alrfl 30.l:au l.uo ba.l:t:ta::> 

lo oo.J:e:rsqe.l:h lo e:reJ:enoo noJ::rsloaJ:-x.l::tlsm lo sup.l:orl::>sl la:rsosg sJfl' 

-lua :rs n.s , esJ:.::>sqa sv.l::t::>a srl:t lo noJ:euH.tb .:taevs'Xq o:t wol "{l:tneJ:.:>..t:Hua 

.aeesa s:ts'.l' bna aego:r:t.J:o s:ra ela.l::telam xl:r:J.em bseu "{ln01JJI10!> :teem srlT 



3 

diffusion of the active speciesp M/A ratios .in excess of 300/1 are 

normally required. 

The applications to infrared studies by the matrix isolation method 

are numerous.and varied. The first applications were directed toward 

the spectra and structure elucidation of unstable free radicals. · The 

free radicals ma¥ be prepared in the gas phase and quickly condensed 

along with a large amount of matrix material onto a ·cold surface. In 

this manner the infrared spectra of trichloromethyl and.dichlorocarbene 

radicals have been studied2 ' 3• Free radica!s·can also be generated in 

~' by photolysis of a previously deposited reactant within an inert .. 

matrix. Thus, for example, the species HNO was produced by the photoly~. 

sis of nitromethane in argon, 4 HCO has been.produced by·the photolysis 

5 of a mixture of HI and CO in an argon matrix, H02 by the photo~ysis of 

6 HI or HBr and o2 in·argon, etc. 

cal physics8 ' 9 of matrix-isolated 

Jacox and Milligan, and Pimentel. 

7 Reviews on the chemistry and·chemi-

free radicals have been presented by 

10 More recently Hallam has·tabulated 

~very known free radical that;. has been studied by the matrix isolation 

technique. In tl'j.is tabulation he also presents pertinent references and 

the methods of preparing these radicals within matrices. The use of 

matrix isolation in the study and characterization of high temperature 

species has been highly successful. Mass spectrometr.ic methods have· 

been used for the study of high temperature equilibria, but· little 

structural information can be-obtained by this method. The attainment' 

of .. optical spectra of high temperature species in .the gas phase is beset• 

with experimental difficulties, such as the reaction of the hot gases 

with cell walls and windows, and the difficulty of.attaining sufficient 

quantities of species of interest to allow spectral observations to be 
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made. Even when reproducible spectra can be observed, their interpre,... 

tation is difficult because of the highly excited rotational and vibra-

tional states involved. These difficulties can easily be overcome by 

simultaneously condensing along with the matrix gas the products formed 

by reaction in a Knudsen,cell onto a cold surface. The spectra obtained 

from the resulting deposit consists of sharp bands whose analysis is 

much easier. By this·technique the spectra and structures of alkaline 

11 12 . 13 earth dihalides , boron oxides , alkali-fluoride polymers and many 

others have been examined. 

The study of .chemical reactions, photochemical reactions, and 

elucidation of likely mechanisms are other areas in which the matrix 

isolation method has proven of value. Two or more reactant molecµles, 

each premixed with inert gas can be simultaneously deposited on a cold 

infrared window. The reaction can be easily controlled by warming the 

sample until diffusion takes place and reaction occurs. The reaction 

can be stopped at any convenient time or at specified intervals by re-

cooling the sample. After recooling a spectral analysis of the products 

and/or reactants can be made. Similarly one can perform analysis of 

photolysis products as a function of time, the reaction being controlled 

by th.e turning on and off of th,e photolysis source, 

For study of intermolecular interactions the matrix isolation 

technique is extremely valuable. By varying M/A ratios one can vary 

the degree of molecular association and interaction. The method finds 

extensive application in the study of hydrogen bonded species. Pimentel, 

14 15 et al. ' studied the OH stretching region of water and methanol at 

various M/A ratios and were able to resolve the broad absorption observed 

in the pure sample in the OH stretching region, into components assign-
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able to the monomer, dimer, trimer, etc., the spectral frequencies are 

usually very nearly equal to the gas phase frequencies. Further the 

bands are very sharp, affording better resolution of overlapping and 

broad bands. Hence the method is useful in obtaining vibrational assign~ 

ments and frequencies for use in normal coordinate calculations~ 

As useful and valuable as the matrix isolation may be, it ,is not 

without its inherent problems. These problems vary from o~e experiment 

to the next and must be minimized as conditions allow. The thickness of 

the sample film, i.e., the number of absorbing molecules in the light 

path, is limited by the poor thermal conductance of the inner portionr.of 

the matrix film. Thus, the qua.lity of the deposit decreases with film 

thickness and scattering of the incident light increases, resulting in 

poor spectra. Further the deposition rate affects the quality of the 

film. In general very slow deposition rates are desirable, but.this de­

pends somewhat on the heat of fusion of the gas and how fast this heat 

can be dissipated. 

It is not .clear or easily predictable to what extent the results 

depend on the.matrix. In general the frequencies obtained are close to 

the gas phase values, but exceptions do occur, Further the mobility of 

species dispersed in matrices is difficult to assess. The efficiency of 

isolation of different matrix materials varies and the effects of multi­

ple trapping sites can complicate spectra to some extent. 

Raman.Spectroscopy 

In principle the data obtained from the Raman spectrum of a mole­

cule in combination with the infrared data contain the frequencies of 

every optically active vibrational mode of the molecule. Depending on 
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the synunetry of the molecule the Raman spectrum may .be the same as the 

infrared spectrum, or they may have some features in common, or in the 

case of centrosymmetric molecules, the two spectra will have no common. 

features. Hence for most molecules the Raman spectrum is necessary for 

the complete assignment of vibrational frequencies, In the study of 

some systems the vibrational spectrum may not be conveniently accessible 

by infrared methods. The study of aqueous solutions is difficult to 

accomplish even when insoluble sample cell materials such as Irtran are 

available, due to the broad absorption~ of water in the infrared region. 

Except for the OH stretching region the Raman spectrum is free of inter­

ferences. Also infrared techniques for low frequencies (0 - 250 cm-1 ) 

are more complex whereas in Raman spectroscopy one can operate close to 

the exciting line with little difficulty. For making vibrational as-

signments, the polarization data available from the Raman spectrum is of 

considerable value~ For totally symmetric vibrations the degree of de-

polarization of the Raman lines is between 0 and 6/7. With the usual 

sampling procedure the degree of polarization will be 6/7 for all other 

vibrations. 

Until recently Raman spectroscopy had fallen i~to relative disuse 

because of its inherent experimental disadvantages relative to the in-

frared method. The magnitude of the intensity of Raman.scattering is of 

-5 the order of 10 times the intensity of the Rayleigh scattering which 

-3 is in turn about ·10 times the intensity of the exciting line. The 

unavailability of intense monochromatic light ·Sources made the study of 

Raman spectra of dilute solutions, gases, and small sample volumes ex-

tremely difficult. Further the study of fluorescent or photosensitive 

compounds was nearly precluded when using the usual mercury discharge 
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light source. Even when sample requirements were optimum, the inherent 

difficulties of using the mercury discharge source, such as cooling, 

filtering of unwanted lines, etc., made Raman.spectroscopy a tedious 

undertaking and highly impractical for routine analytical or commercial 

work. 

The recent availability of low cost, dependable, and easy-to-operate 

laser sources has eliminated almost all of the sampling difficulties 

which once limited the use of Raman spectroscopy. The advantages of a 

laser source are numerous: 1) in commercially available systems a 

2 collimated beam of greater than 500 mw/mm can be easily obtained so 

that,transfer efficiency from source to sample can be high and very 

small sample volumes can be used; 2) such power densities can be con-

fined to one laser line by use of modern filters and optical coatings; 

3) the beam is coherent and polarized, making it a simple matter to 

obtain.precise polarization measurements; 4) due to the extremely nar-

row linewidth of the laser lines greater resolution can be obtained; 5) 

with a wide choice of lasers and detectors available one can operate at 

almost any spectral region he desires so that fluorescent and absorbing 

samples are no longer a major problem; 6) the ease of handling and S 

focusing a laser beam makes the use of many different sampling geometries · 

available. 

As a result of the recent surge of interest in Raman spectroscopy 

brought about by the introduction of laser sources, many advancements 

in the collection and detection of Raman scattering have occurred. 

Since the Raman.spectrum is a set of weak emission$ surrounding a highly 

intense exciting line, the monochromator must possess high discrimina-

tion. For good sensitivity the scattered and stray light intensity 
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level must be 10-S times the source intensity at a distance of 10 A from 

the exciting line. This performance is not available even with the best 

of single monochromators. For this reason a number of high quality 

double monochromators have been developed. Besides reducing stray light 

to a minimum these are also capable of higher resolution. Highly sensi~ 

tive small area cathode photomultiplier tubes have been developed. By 
. 

magnetic shielding and cooling of these tubes the background noise can 

be dramatically reduced. There are various techniques for amplifying the 

photomultiplier signal available. The usual direct current amplifier is 

successful for relatively large currents, but tends to be noisy and un-

reliable at low current levels. The photon counting method is highly 

successful at quite low signal levels, while af the same time requiring 

no changes in experimental design. Since the magnitude of the burst of 

electrons from the end of the dynode chain should be about the same for 

each individual photon, with,proper blocking circuitry it should be 

possible to pick out of the array of pulses only those which originate 

from single photon events at the photocathode. Most of the noise pulses 

will be larger or smaller than photon pulses. So by setting an upper 

and lower limit on the pulse height the background noise can be effec-

tively eliminated. The use of lock-in amplifiers has also been success-

ful for improving signal-to-noise ratios. By this method, the beam is 

chopped at a frequency of several hundred cycles-per-second. Only those 

signals which arrive in-phase with the chopping waveform are amplified, 

Thus random noise is effectively discriminated against. However, in 

neither of these methods is scattered light or grating ghosts elimin-

ated. 
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Raman.Spectrum of Matrix-Isolated Species 

From the discussion of the matrix isolation method, it is easy to 

see that the.complimentary data from the Raman spectrum of these systems 

would be of significant value. The nature of many free radical systems 

can be considerably different from structurally similar stable compounds. 

Hence assignment of infrared data based on analogous stable compounds 

can be uncertain. Certainly th,e assignment of vibrational data rests 

on suret footing if the Raman spectrum is.known, Further the low fre­

quency region (0 - 250 cm-1 ) is more easily studied by Raman spectro-

scopy. If polarization measurements can be made on matrix isolated 

species, this information would be of immense value, 

The difficulties in the infraired stud.ies of matrix isolated species 

can only be expected to be multiplied in the corresponding Raman study. 

The inherent weakness of the Raman effect precluded the study 6£ matrix 

isolated species entirely before the laser sources were made available. 

Even with these.powerful light sources, the dilution of the sample by 

t~o or three orders of magnitude makes the Raman study by matrix isola-

tion a difficult task. Hence the Raman scattering must be maximized by 

good experimental design, while the background noise and scattering must 

be brought to an.absolute minimum. 

Since the laser beam can be collimated to the extent that diver-

gence is negligible over a long distance there are several ways of 

building multireflection sampling cells such that one can maximize the 

amount of Raman scattering obtained. It has been demonstrated here and 

16 elsewhere that.very good Raman spectra can be obtained with a single 

reflection from a thin film. In principle many reflections should re~ 

sult in much stronger scattering, although this has not been found to be 
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true in preliminary efforts. 

Having designed suitable sampling devices such that the Raman 

scattering is maximized, there remains to be optimized the signal-to-

noise ratio. The problem of scattering and grating ghosts can be some-

what alleviated by the use of an interference filter between sample and 

monochromator which will block the exciting wavelength but pass the 

Raman emissions. With modern optical coatings this can be done quite 

efficiently. An ingenious technique using lock-in amplification and a 

chopper devised from a spike reflection filter and a neutral density 

filter has been.recently described. 17 By this technique the Raman spec-

trum is chopped and phase detected while the Rayleigh scattering, un-

wanted scattered light, and grating ghosts are not. Hence by this 

method both random background noise and stray light can both be elimin-

ated. 

The Nitrates 

The nitrate ion, particularly in the form of alkali-metal nitrates, 

has been thoroughly studied in the solid phase, melt phase, and in 

aqueous solution. The infrared and Raman.spectra of the ordered crystal~ 

line phase are fairly well understood, However, the spectral features 

of the melts, concentrated solutions, and disordered solids have led to 

differing opinions regarding the detailed nature of the ionic int~rac-

tions involved. 

The unperturbed nitrate ion has a planar trigonal structure and 

belongs to the n3h synnnetry point group. The synnnetry classifications, 

selection rules, and frequencies18 for the ion in dilute aqueous solu-

tion are presented in Table I. 
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TABLE I 

UNPERTURBED NITRATE SELECTION RULES 

Mode Symmetry Activity Frequency Description 
-1 cm 

\)1 A' 
1 R, p 1050 symmetric NO stretch 

\)2 An 
2 IR 820 out of plane bend 

\)3 E' IR, R, dp 1390 asynunetric NO s:t:re'tich 

\)4 E' IR, R, dp 720 planar bend 

Any deviations from these selection rules, splitting of the degen-

erate modes, or shifts in these frequencies, can be interpreted in terms 

of the symmetry and strength of the forces perturbing the ion, Hence 

the vibrational spectrum of.the ion is a sensitive probe of the ionic 

environment. Numerous studies have been made on aqueous metal-n~tra~e 

1 t . 19,20,21 so u ions. In dilute solutions (< 1 N.) the selection rules 

given in Table I are approximately obeyed, and the frequencies listed 

therein are obtained. The only difference noted from this table is in 

the behavior of v3 , Even, in very dilute solutions v3 is split by ca. 

56 cm-1 •21 This splitting is observed in all dilute metal nitrate solu-

tions, and presumably results from a distortion of the nitrate ion by 

some well-defined solvation ,sphere about the ion. 

In more.concentrated solutions band positions, intensities, and 

half-widths show a marked concentration and cation dependence. These 

changes in spectral features have been interpreted in terms of various 

f 1 d i i f di . . 22 interactions o so vate ons, rang ng rom screte contact-ion pairs, 



solvent-separated ion pairs, or short-range order approaching that of 

19 the hydrated crystals. 

12 

A considerable amount of research activity in recent years has been. 

directed toward the study of the vibrational spectra of molten salt sys-

terns. Because they have relatively low melting points, a wide liquid 

phase temperature range, and are stable toward decomposition, the ni-

trates have been the focus of most of these studies, particularly the 

alkali-metal nitrates. 

As with the aqueous solutions, the detailed nature of the ionic 

interactions in the melt phase is still not clearly understood. The 

vibrational spectra of univalent nitrates show a number of interesting 

changes upon melting. Among these may be enumerated: 1) the loss of 

degeneracy of v3 and v4 , in some cases; 2) the appearance of frequencies 

in both the infrared and Raman spectra which are forbidden by the n3h 

selection rules listed in Table I; 3) a regular change in v1 as the 

cationic species is changed; 4) and, the appearance of low-frequency 

bands in the infrared spectra. 

To account for these spectral features a number of models of the 

molten state have emerged. Wait, Ward, and Janz23 assumed that the melt 

phase was.predomin~~tly anion-cation .contact pairs so that the nitrate 

ion symmetry was lowered to c2 or C by a unidentate attachment of the 
v s 

metal to a nitrate oxygen. Using data from the literature they assigned 

vibrational frequencies on the basis of a c2v model and calculated Urey­

Bradley force constants for the alkali-metal nitrates, silver nitrate, 

and thallous nitrate. These force constants were then.related to the 

magnitude of the pairwise interactions. Further discussion of this 

model and some pertinent calculations are included in Chapter IV. 
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An interesting interpretation of the splitting of v3 has been pro­

posed by Chisler. 24 Citing the v3 splitting observed in dilute solution, 

which is independent of concentration, cation type, and temperature; he 

proposed that the free nitrate ion is distorted, via the Jahn-Teller 

effect; to a planar group having a synunetry lower than n3h~ To support 

this conclusion he presented a.qualitative molecular orbital description 

of the No3- energy levels. In this approximation he demonstrated the 

possibility of a degenerate ground state electronic configuration for the 

nitrate ion. This is a necessary condition for Jahn-Teller instability, 

However, his calculation is very qualitative, and his assumptions un-

founded. Further the Jahn-Teller effect on s and p orbitals is not ex-

pected to be significant. Finally any such distortions would be expect-

25 ed to show up in .the electronic spectrum. The electronic spectrum is 

26 in agreement .with currently accepted views of the eleGtronic structure 

of N03-, which place the ground state in an Al_ configuration, i.e., non­

degenerate. 

In a number of more recent studies, various authors.have concluded 

that the nitrate melt systems are characterized by a significant degree 

27 of order. Devlin, Williamson, and Li used attenuated-total-reflection 

infrared spectroscopy and thin-film transmission techniques to obtain 

relatively high resolution data on the melts of lithium, sodium, and 

potassium nitrates. Their studies revealed a number of previously un-

observed features in the nitrate melt spectrum. Their data when com­

bined with published Raman.data28 showed multiplet structure even for 

the nondegenerate modes v1 and v2• Convinced that the splitting of the 

No3 internal vibrations resulted from a combination of site effects 

and correlation field effects, they proposed a perturbed lattice struc-
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ture. Noting that their data was consistent with an orthorhombic lat-

tice similar to the room temperature form of KN03 , they made assignments 

based on a perturbed orthorbombic lattice model, 

In a detailed Raman, study of molten LiN03 , NaN03 , and AgN03, James 

29 and Leong also concluded that the melt systems were best described by 

a model involving quasicrystalline units. However, they argued'that · 

the crystallites produced by an orthorhombic packing would be incompat-

ible with the kinetic freedom of the melts. By analogy with the struc-

tural changes observed upon heating RbN03 through its phase changes, 

they proposed a cubic lattice structure. Applying this model to LiN03 

and NaN03 they successfully rationalized the spectral variations, volume 

change on fusion, entropies of fusion, and radial distribution functions 

for the melt. However, this model was not adequate to describe the 

behavior of AgN03 • 

In both the orthorhombic model and the quasicubic model, a center 

of symmetry is implied. This was supported by an.apparent lack of 

coincidence between Raman and infrared frequencies. However, the in-

frared frequencies were obtained from a decomposition of broad ATR 

30 
curves into component bands. It has been shown recently that this is 

not a valid procedure, at least for the solid state spectra. It is now 

recognized that the peak in the solid state ATR TM wave curves corre-

sponds to the transverse optical (TO) phonon interaction while the in-

flection point on the high frequency wing corresponds to the longitu4in-

al optical (LO) phonon. 

For nitrates with no center of symmetry, e.g., trigonal ordered 

KN03 (III), the Raman.components coincide closely with TO and LO valves 

31 deduced from the TM ATR curve , Impressed by similar observations on 
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the nitrate melt systems, Devlin, et al, proposed that the v3 splitting 

may not be due to distortion splitting or correlation field splitting, 

but rather to TO-LO splitting. This implies that the melt systems have 

sufficient short,range order to support optical phonons and further that 

the structural units must be similar to the corresponQ.ing solids. The 

similarity is evidenced by the rather nondramatic changes in the spectra 

at the point of fusion. Ho"tVever, the presence of TO and. LO features in 

' the Raman spectrum obviously precludes any center of symmetry, so that· 

by this model interpretations based on centrosymmetric modeis of the 

quasicrystalline state are invalidated. 

In summary we may conclude that the quasicrystalline nature of the 

melt systems i$ fairly well established. The specific "lattice" type 

is not well established, and it is not likely that any particular geo-

metry will describe all nitrates. It can.also be seen that there is no 

justification for the widely used practice of deciding on the presence 

of ion pairs or ion complexes by the application of symmetry selection 

rules for the isolated molecules or complexes. Any selection rules must 

be based on the proposed symmetry of the liquid structure in a manner 

analogous to the deduction of solid state selection rules based on, the 

crystalline space group. 

Now in the present investigation the nitrates will be studied in 

monomeric form. The spectra will hence be free from any significant 

intermolecular, i.e., correlation field splittings, TO-LO splittings, 

and nearest neighbor site splittings. Under these conditions the ni-

trate ion should experience the maximum amount of distortion possible 

by cationic elec~rostatic interaction in that each anion will be strongly 

as.sociated with only one cation, rather than situated, on. a site in a 
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cation shell. The na,ture and magnitude of this distortion will be de­

duced from the changes in the vibrational spectra. particularly in the 

v3 region. From these results it should be possible to make more quan­

titative estimates of anionic distortion in nitrate melt and solution 

systems and, in particular, to construct further arguments as to the 

reasonableness of attributing certain splittings to anion distortion, 

It is of interest to note that no matrix-isolation infrared studies 

have been made on high temperature species containing polyatomic ions. 



CHAPTER II 

EXPERIMENTAL 

The Cell 

The experimental phase of this study con$ist~d of isolating the 

various nitrates in monomeric form in such a manner that their infrared 

and Raman spectra could be obtained. The requirements for successful 

matrix isolation, portability, and simultaneous infrared and Raman 

sampling capability, impose several restrictions on,permissable cell 

designs. The cell must be able to maintain a moderate vacuum (ca. 10-S. 

torr) for several hours. Heat leaks must be minimized to ec9nomize on 

refrigerant use and to avoid frequent refrigerant refillings. The 

physical dimensions of the cell must be within the limitations of·both 

the infrared and Raman sampling compartments. Finally, the cell must 

be reasonably robust and portable. 

A diagram of the cell and associated apparatus is shown in Figure 

1. The outer wall (A) and nitrogen compartment (B) were constructed of 

standard type 304 schedule 5 welded stainless steel pipe. To the bottom 

of the nitrogen compartment was attacqed a removable polished copper 

radiation shield (C) which extended below and surrounded the sampling 

block (D). The silvered pyrex inner dewar (E) and copper sampling block 

were suspended, via a Kovar-to-glass seal, from a rotatable tapered 

joint, so that the sampling block could be f'aced toward either the outer 

windows (F) or the vacuum ports (see Figure 2). The bottom of the cell 
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A-outer casing 

B-N 2 
compartment 

E-inner dewar 

C-radiation 
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D-sample 
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F-NaCI 
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I-window 
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H-laser window 

Figure 1, Cutaway View of Matrix-Isolation Dewar 
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A - outer casing 
B - N2 shield 
C - window shield 
D - outer windows 
E - sample block 
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F - matrix gas p~rt 
G - oven port 

Figure.2. View From Bottot11 of Cell Showing Relationship of 
Sample Block, Shields, and Outer .Windows 
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was a steel plate (G) attached with a rotatable 0-ring seal. To this 

plate was attached a glass window (H) for the passage of the laser beam 

through the bottom of the cell. Also attached to this plate was a pair 

of aluminum shields (I) which protected the inner surf aces of the outer 

windows during deposition. After sample deposition the bottom plate was 

rotated 60° to remove these shields from the light path~ 

The copper sample block was hollow so that the refrigerant could 

circulate on all fqur sides of the deposition window (see Figure 3). 

The sodium chloride deposition window was mounted against a shoulder in­

side a rectangular hole in the block, and kept in place by a copper 

frame screwed to the block. Good thermal cont~ct was achieved by the 

use of indium wire gaskets between these elements. The temperature was 

recorded by a copper-constantan thermocouple inserted into a .030" hole 

drilled into the window. 

Raman scattering was obtained from a single reflection of the laser 

beam off the face of a polished aluminum wedge affixed to th~ copper 

sample block in such a manner that the laser beam incidence angle was 

10°. By using this arrangement the samples for both the infrared and 

Raman investigations could be deposited simultaneously. The two sodium 

chloride windows for transmission of the infrared beam and collection of 

the Raman signals were attached with Apiezon T vacuum grease to stain­

less steel flanges welded to the outer casing of the dewar. 

The nitrates were deposited from a stainless steel Knudsen cell · 

contained in a quartz tube which was heated by a coil of No. 24 chromel 

A resistance wire. The quartz tube was supported by a nylon plug which 

fit inside the bore of a.29/42 standard taper 0-ring joint (see Figure 

4). The temperature was measured by an iron-constantan thermocouple in. 



A - Cu block 

B - NaCl window 

C - Cu frame 

:L-U~J--r--~ 0 - Al wedge 

Figure 3. Sampl~ Block 

A - ceramic feedthrou9h · 
B - 0-ring seals 

C - nylon tube support 

0 - quartz tube 
E - resistance heater 

F - thermocouple 

G - vapor beam direction 

Figure 4. Oven Assembly 

21 



22 

contact with the Knudsen cell. The whole oven assembly was mounted in a 

matching 29/42 standard taper joint welded to the outer casing of the 

dewar in such a manner .that the beam of particles was directed toward 

the deposition window. 

The matrix gas was passed.into the cell from a.portal adjacent to 

the oven. The flow rate was estimated by means of a Fischer and Porter 

variable area flow meter. 

32 A rough calculation of the major heat leaks, i.e., conduction of 

heat down the walls of the neck of the central dewar, radiation from 

the nitrogen shield, and conduction through the residual gas indicated 

an approximate heat input to the helium dewar of about 0.15 watt. This 

would indicate a filling of liquid helium should last about two hours. 

With the oven and.matrix gas off this loss rate was achieved. However, 

during deposition .the boil-off rate was substantially higher. Although 

this refrigerant capacity is rather small; it was.felt that the con-

venience of a small, rather portable cell outweighed the inconvenience 

of refilling once or twice during an experiment, Further, a consider-

able amount of work was done at liquid nitrogen temperature, in which 

case a filling with no shielding lasted about 30 hours, or with shield-

ing, about 5 days. Helium was transferred into the dewar with an Andon-

ian Associates standard helium transfer line. 

Procedure 

The typical experimental procedure was as follows. The Knudsen 

cell and oven assembly were loaded in a nitrogen purged glove bag. The 

oven assembly was then installed in the cell and the cell was pumped 

-6 for several hours to a pressure of ca. 10 torr. The nitrogen shield 
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was filled and the inner dewar precooled with liquid nitrogen. After 

precooling the transfer tube was inserted and sufficient liquid helium 

was transferred to cool down the cell and collect a small amount of 

liquid in the bottom of the dewar. The liquid flow rate was. then,re-

duced to the point necessary only to maintain this volt,Ulle of liquid 

dqring the ,deposition period. The matrix gas was. then ... started at a flow 

-3 rate of ca. 10 moles/min, and the oven was turned on. Oven tempera-

tures were ca. 110° for Cu(N03) 2 and ca. 400° for the alkali-metal ni­

trates. During deposition the pressure was ca. 10-S torr. After the 

deposition, which usually lasted about an hour, the helium dewar was 

filled and the cell was removed from the vacuum line for spectroscopic 

observations. 

When co2 or cc14 was.used for the matrix material, the.inner dewar 

was filled with liquid nitrogen. The deposition procedure was the same 

except that no refrigerant refillings were necessary. 

Preparation of Compounds 

The alkali-metal nitrates were reagent grade anhydrous salts. 

These were recrystallized from triply distilled water and dried under 

vacuum~ 

Anhydrous cupric nitrate cannot,be prepared in such a simple manner, 

as the water.of hydration is rather strongly bound. Any attempts.to dry 

this by ordinary methods produces nonvolatile oxides or oxonitrates. 

Hence the compound must be prepared under anhydrous conditions. 

Anhydrous cupric nitrate was prepared by reaction of copper metal 

with a solution of dinitrogen tetroxide in ethyl acetate. The procedure 

33 was similar to that described by Addison and Hathaway. About 10 ml. 
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of Fisher reagent grade ethyl acetate was dried over activated alumina 

and added to 10 ml. of 'Vacuum distilled N2o4 • To this was added 2 

grams of Cu foil. The vigorous reaction was allowed to proceed to com-

pletion in a flask provided with a pressure relief device to bleed off 

the evolved nitric oxide. The flask was then attached to the vacuum 

line and the excess N2o4 and ethylacetate were pumped off. This left a 

green amorphous solid which was then purified by sublimation at ca. 150° 

C. The resulting deep blue vrystals were then transferred to Knudsen 

cells in a drybox and stored in a dessicator. 

Instrumentation 

All infrared spectra were recorded on a Beckman IR-7 infrared 

spectrophotometer. Standard NaCl and CsI optics were used to scan the 

-1 -1 infrared spectrum from 250 cm to 4000 cm • 

The Raman apparatus was an assemblage of various commercial com-

ponents chosen on the basis of their compatability, reputed reliability 

and cost, The monochromator was equipped with a cooled FW-130 photo-

multiplier tube. The monochromator was actually a pair of one-meter 

Czerny-Turner monochromators mechanically coupled in such a manner as to 

bring stray light levels down to a minimum. The FW-130 photomultiplier 

tube has a small slit-shaped cathode as compared to conventional tubes 

which have a relatively large circular cathode. This tube, when cooled 

and properly aligned, produces much less background noise than the con-

ventional tubes (ca. 2 thermal emissions/sec). 

Initially two separate detection systems were provided. For large 

signals, a Kiethley 417 High Speed Picoammeter was used to amplify the 

photomultiplier tube current directly. For weaker signals a Hamner 
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photon counting system was provided. Because of its ability to dis-

criminate against photomultiplier pulses of improper magnitude, i.e., 

those which orllginate from sources other than the primary cathode, the 

photon counting system provides high signal-to-noise ratio. Irt practice 

it was found that the photon counting system was superior for both large 

and small signal levels, and hence the DC amplification method was 

abandoned. 

The Raman excitation sources were a Spectra-Physics Model 125 

helium-neon laser and a Coherent Radiation Laboratories Model 52 argon 

ion laser. The helium-neon.laser had a power output of ca. 50 milliwatt 

0 
at 6328 A. The argon ion laser was tunable and provided ca. 10001milli-

o 0 
watts at 4880 A and 5145 A. Lesser amounts of power were available in 

several other lines. The lasers were placed in convenient positions 

and their beams deflected by appropriate lens and mirror systems to an 

optical bench situated near the entrance slit of the monochromator, as 

shown in Figure 5. The Raman scattered photons were collected by an 

Auto Mamiya Sekor F 1.8 camera lens and focused onto the entrance slit. 

The optical bench and associated optic.s were enclosed in a light-tight 

enclosure. 
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CHAPTER III 

RESULTS 

As mentioned in the introductory chapter, one of the goals of this 

project was the development of techniques and apparatus for the investi~ 

gation of Raman spectra of thin films. Before presenting the nitrate 

results, the results of a few preliminary investigations will be pre-

sented to draw attention to the limitations of this technique. 

Shown in Figure 6 is the Raman spectrum of a thin film of cc14 • 

This molecule was chosen because it is known to have intense Raman; lines, 

and because the isotbpic splitting of v1 (the symmetric stretching mode) 

offers a striking demonstration of the resolving power of the instru-

Th 35c1 37cl ' . l' i . h i Fi 7 ment. e - · isotopic sp itt ng is s own n gure , 

As mentioned, cc14 is known to have a very intense Raman spectrum. 

Hence the spectra in Figures 6 and 7 are somewhat misleading. The 

spectra were obtained under moderate sensitil(ity, and the sample film 

was several times the thickness necessary for infrared studies. In 

Figure 8 is the Raman spectrum of cc14 in a matrix of co2 • The ratio 

co2 :cc14 is 100:1, and the thickness is at a maximum. This maximum 

thickness is imposed by the thermal conductivity of the film. There is 

no difference in the peak positions, relative to pure cc14 film, of 

course, but the detector sensitivity is two orders of magnitude higher, 

nearly the upper limit of instrumental sensitivity. A portion .of the 

infrared spectrum of this same sample is shown .in Figure. 9. From this 

27 



28 

800 700 600 500 400 300 200 100 

cm- 1 

Figure 6. Ra.man,Spectrum of a Thin Film of cc14 at 77°K 
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Figure 7. High Resolution Scan of 460 cm-l Line of cci4 • 
Same Sample as in Figure 6 
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Figure 8. Raman.Spectrum of CC14 Diluted 100:1 in co2 Matrix. 

Background Removed 

1200 1000 800 600 400 200 
cm-I 

Figure 9. Infrared Spectrum of CC14 Diluted 100:1 in co2 Matrix 
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it .can be seen that the .film is still about. twice as thick (or twice as · 

concentrated) as that required for normal infrared sampling. Now, since . 

. in most cases a.M:A ratio of at least 500:1 is required for good isola~ 

tion, it_is obvious that only those molecules expected to have an in-

tense Raman.spectrum can be stu4ied in this manner. Further· the film 

thickness must be two to three times that require4 for normal'infrared 

investigations. 

For .the ni.trat;.e systems, v1 is invariably several times. more. in­

tense. than. tb,e other-Raman active vibration~. Hence for the isolated 

nitrate monomers, we should not.be surprised if v1 (or its analog in the 

resulting monome~ic geometry) is the only detectable vibrational mode 

in.the Raman spectrum. 

For the alkali-metal nitrat;.es a series of matrix isolation experi-

ments were performed in·ma~rices of .Ar, co2 , and cc14 . It is well known. 

13 that the frequencies observed are somewhat dependent on the particu-

lar matrix material used, Hence the different.matrix materials were 

used in order to insure against making conclusions based on what -~ouild' 

possibly be.spurious matrix effects. Further, cc14 and co2 form rigid 

matr.ices at liquid nitrogen temperature. Although the~e compoµnds have 

a.strong background spectrum of their own9 their use affords a con-

siderable-.economy over matrix materials such as argon, which necessi-

tates the use of liquid helium. 

The infrared spectrum of· KN03 isolated in.· an· argon matrix is shown. 

in Figure.10. For comparison.an infrared spectrum of .a thin film of 

pure KN03 is shown in Figu~e 11. The most notable changes are the 

splitting of v3 and the 20 cm-l red shift of v1 • The ~road v3 band in 

the solid is replaced by two distinct pairs of narrow bands in the 
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Figure 10. Infrared Spectrum of KN03 Isolated in Ar 

1800 1600 1400 1200 1000 800 600 
cm- 1 

Figure 11. Infrared Spectrum of a Thin Film of KN03 
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isolated molecule spectrum, Further by changing the M/A ratio, the 

-1 -1 relative intensities-of the 1291-1462 cm pair and the 1334-1417 cm · 

-1 pair can be altered. At high dilution the 1291-1462 cm pair dominate 

-1 
over the 1334-1417 cm pair, From these observations it was concluded 

-1 that the 1291-1462 cm pair were the distortion-split components of v3 
-1 for the monomeric KN03• The 1334-1417 cm pair evidently belong to a 

polymeric species, probably a dimer. The presence of dimers in the 

vapors of alkali halides has been established by mass spectroscopic, 

studies50 and was later confirmed by matrix isolation studies. 51 Hence 

it is not unexpected that-dimeric species should occur in the vapors of· 

alk.ali~metal nitrates. Further support for this 

shown in Figure 12. This.shows the spectrum of 

15 14 and a 50-50 mixture of K N03 and K N03• 

proposed assignm~nt is 

15 95% N enriched KN03 

14 15 For a 50-50 mixture of K N03 ~nd K N03, we would expect the mono-

-1 
mer.bands to appear at approximately equal intensity, W'ith a ca, 30 cm 

15 14 15 red shift for the N monomer. The mixed N- N dimer should pre-

dominate, but the intensity ratios are difficult·to estimate.because 

the dimer bands must split more or less depending on the strength of 

the interaction between the t~o nitrates. As can.be seen the two strong 

... 1 -1 
peaks at 1291 cm and 1462 cm are accompanied by another pair of in-

-1 -1 tense ~eaks at ... 1265 cm and 1435 cm respectively and show no split-

ting indicating that .these are monomer bands. Likewise, the bands for 

the 14N14N and 15N15N dimers are.apparent but it is difficult to assign 

the other weak features. 

As expected the Ra.man spectrum of the isolated species is indeed 

weak. This is demonstrated in.FiguI'.e 13. Theinstrument sensitivity 

is at an absolute maximum, and the only observable peaks are at 1036 
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Figure 12. Infrared Spectra of Matrix-Isolated KNo3 , K15No3, 

and 50% 15N Enriched KN03 
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Figure 13. · Raman Spectrum of 1050 cm-l Region of Matrix.., 
Isolated KN03 
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-1 -1 cm and 105l·cm The 1036 cm-l Raman line is in good agreement with 

-1 
the 1035 cm infrared band.. However, in the infrared spectrum v1 for 

the dimer is observed at 1047 cm-l. The presence of a line in the 

-1 
Raman spectrum at 1051 cm , and no line at 1047 may be indicative of a 

center of symmetry in the dimer, Further evidence for this conclusion ... 

resides in the fact that no splitting is observed in the infrared 

spectrum of the dimer, The strength of the interaction necessary to 

allow a stable dimer in the gas phase should be sufficient to cause.a 

splitting of the components of v3 • If a center of symmetry is present 

these components will be split in such a manner that one.mode will .be 

infrared active .and the other Raman.active. The same argument holds 

true for all the other modes, i.e., v1 , v2 , and v4 should be split also, 

As mentioned v1 is split, based on the infrared and Raman.comparison, 

but the splitting is only a few wavenumbers indicating only a small de-

gree of coupling, i.e., a weak interaction. 

A possible structure for the dimer.consistent with these observa-

tions.is shown in Figure 14. Depending on whether or not this structure 

is planar, it would have c2h or Ci symmetry. In either case each vi­

brational mode in the monomer would split into two modes~ one Raman 

active and one infrared active, upon formation of the dimer, 

There were no major differences between the spectra of KN03 iso­

lated in Ar, co2 and cc14 • In Figure 15 is shown.the v3 region for the 

isolated monomer. In all three cases the splitting of v3 is about the 

same. However, the intensity of the high frequency component and the 

positions of the individual peaks are seen to depend on the matrix. 

Also there appears a small amount of splitting of the peaks in Ar and 

co2 which is not ·present in Cc14 . 
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-1 -1 The region 200 cm to 600 cm •as investigated with the hope of 

seeing the metal-oxygen stretching v:Lbration which would be expected to 

appear at ca. 200-400 cm-1 • No such mode was found, indicating it 

either is below 200 cm-l- (the lower frequency limit of the instrument) 

or it is weak relative to v1 or v2, and thus not observable with the 

infrared instrumentation used. That-the latter is probable was indi-

cated by the fact that no distinct bands were .. found upon investigation 

of a thick sample .(ca. 200µ) of L1;.N03 on a silicon platelet. Using a 

34 higher quality far-infrared instrument Ferr~ro and Walker report a 

-1 strong band at 321 cm for LiN03 dispersed in,a Nujol mull. Hence 

with.the available-infrared instrumentation, it -is not surprising that 

the monomer metal-oxygen stretching mode is not observable. Sinee this 

region is close to the exciting line in the Raman spectrum, the signal~ 

to-noise ratio is low and, therefore, this vibration would be even more 

difficult to detect in the Raman.spectrum, 

The-planar bending mode v4 is also known to be weak in the infrared 

spectrum, relative to v2• It did appear in the KN03 spectrum, but only 

as a pair of very weak bands. It was not observed at all for the other: 

alkali-metal nitrates, 

The discussion thus fal;' has been centered on KN03 , since-the major. 

features are the sa"Qte for all of the alkali-metal nitrates. The spectra. 

for the rest of the alkali-metal nitrates are shown in Figure 16. These 

results are tabulated in Table II. The major trends apparent from this 

table are: (1) a regular increase in.v1 : (2) a regular decrease in the 

splitting of v3; and; (3) a very slight change in v2 in going from NaNo3 

to RbN03• Table III shows the results for varying matrix materials, 

Although admittedly sketchy, the results clearly indicate that only 
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TABLE II 

MONOMER FREQUENCIES FOR MATRIX-ISOLATED ALKALI-METAL NITRATES 

Mode LiN03 NaN03 KN03 RbN03 

\)1 1017· 1023 1031 1033 

\)2 823 825 830 830 

v3a 1275 1283 1291 1293 

\)3b 1515 1484 1462 1456 

TABLE III 

RESULTS FOR MONOMERS IN VARIOUS MATRIX MATERIALS 

Mode LiN03 NaN03 KN03 RbN'03 
co2 CC14 Ar co2 Ar co2 CC14 Ar eel .. 

4 

\)1 1017 1015· 1023 1023 1031 1035 1028 1033 1029· 

\)2 823 825 826 830 829 829 

v3a 1275 1266 1283 1284 1291 1295 1282 1293 1284· 

\)3b 1515 1509 1484 1480 1462 1462. 1437 1456 1430 
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minor differences are noted for different materials. 

In Table·IV are shown the results for the dimeric species. In 

general the v3 splitting is about half that of the monomer and v1 is 

shifted to higher frequencies, toward the.solid state valua. Where 

observable v2 is also shifted to higher frequencies. 

Shown in Figure 17 is the spectrum of cupric nitrate and thallaus 

nitrate. These results are tabulated in.Table IV along with reported 

35 
gas phase results for l;IN03 • TheCu(N03) 2 and TlN03 were chosen.be-

cause of their large degree of cova!ency and high.volatility, Since. 

these are more.covalent relative to the alkali-metal nitrates, we would 

expect a larger v3 split, approaching that of HN03 ~ It is also appar­

ent from the spectra that no dimer formation is evident. The mass 

38 spectrum of Cu(N03) 2 vapor has been observed , and no evidence for 

dimer formation was found. This is not an unexpected result considering 

the covalent nature of this compound, 

An electron diffraction study of Cu(N03) 2 indicates that it is 

probably planar with four.nitrate oxygen atoms surrounding the copper 

ion in a square array. This.structure has a center of symmetry and be ... 

longs to the n2h. symmetry point group. Th,e infrared spectrum is. con-. 

sistent with this model, although not inconsistent with other possi-

bilities. In Figure 18 two other possibilities are shown, In all three 

cases coupling··between the nitrate groups, evidenced by splitting of v3a 

and v3b' would not be detectable in the infrared spectrum. The addi­

tional data provided by the Raman spectrum of the gas phase or matrix 

isolated Cu(N03) 2 could easily distinguish between structures I and II 

or II and III but not be~ween I and III. As in the alkali metal ni~ 

-1 
trates only v1 was observable at 985 cm ~ This small·shift from the 
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TABLE IV 

FREQUENCIES FOR ISOLATED DIMERS 

Mode NaNo3 KN03 RbN03 

"1 1035 1053 (R) 
1040· 

1047 (IR) 

"2 835 835 835 

"3a 1336 1337 1331 

"3b 1440 1420 1415 
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Figure 18, Three Possible Structures·for Cu(N03)2 

l - square planar.- n2h - = 4A, +·3B2 + 2B3 +.Au+ 4B1 + . g . g g u 
.. -~ 3B2 + 4B3 . 

lli!ll:-.,._. - u u. 

II·- t~trac;lhedral - n2d - = 4A1 +Bl+ 4B2 + 6E 

II I - linear _ - D - = 4A + 2B2 + 3B3 + A + 4B1 + n g g g u u 

4B2u + 3B3u 
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TABLE V 

DATA FOR Cu(N03) 2, TlN03 AND HN03 

Mode, Cu(N03)2 T1N03 HNO 35 
3 

985 (R) 1020 886 \)1 976 (IR) 

\)2 785 765 

\)3a 1205 1252 1320 

\)3b 1615 1495 1710 
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infrared value is consistent with all three structures, It may be noted 

-1 that·the 410 cm splitting for v3 in Cu(No3) 2 is rath~r large for a 

unidentate attachment of the nitrate groups as in structure III. 



CHAPTER IV 

FORCE CONSTANT ANALYSIS 

A series of .normal· coordinate calctilations were 1nade. on a model, 

believed.to closely represent the monomeric species. This was not,neq­

essatj:ly to fit the observed frequencies ·to ·a se.t ·of ·force constants; 

but rather.to estimate the changes in the force field necessary to ca\,lse 

the splitting observed in \)3• From these results it may be possible to 

better understand the.changes in bonding involved. Further.it ·was de-. 

sired to make a more.detailed calculat~on on the contact-ion-pair model 

discussed by.Wait, et a1. 23 Though the results of their calculations 

have been used by several authors, there are several discrepancies in 

their derived force constants. Hence ·their results are of little use, 

as will be shown" later. A brief ·calculation will be presented on· a model'· 

embodying the features of the Ag(N03) 2- complex proposed by.Devlin, et 

al. This model will also be used in a ·brief discussion of the Cu(N03) 2 

spectrum. 

Force Field 

The Urey...,.Bradley force field was chosen because ·of its success in .. 

treating many various· types.of molecular systems, th.e 'ease in,visualizing 

the physical meaning of the ·force constants involved, the transferability 

of force constants from one molecule to another, and the necessity for 

only a few parameters for a reasonably complete description of the po~ 
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tential energy. The Urey.,.,Bradley force field combines the features of 

the simple central and valence force fields. The potential energy is 

expressed.as a sum of terms involving bond stretching (K) and bending 

(H) force constants as well as force constants between nonbonde.d atoms 

(F) • 

With the inclusion of the force constants listed above the basic 

Urey-Bradley force field can be expressed as follows: 

2V + 

2l:j H! (!::.CJ..) 
J J 

+ 

[l] 
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Where ri is an.equilibrium bond distance with associated stretching 

force constant K., CJ., an equilibrium bond angle with associated bonding 
l. . J 

constant Hj, and qk an equilibrium distance between_non-bonded atoms 

with associated interaction .constant Fk. Since this set of internal co­

ordinates is not·independent the.linear terms in the expansion must be 

retained. In general the qk can be related to the ri and aj ,by straight.,., 

forward geometric substitutions so that the linear terms in ri_and ak 

The resulting potential energy expression then contains four types of 

force constants, K, H, F, and F'. On ·the basis that the nonbonded in"'.' 

teractions are repulsive aµd proportional to l/t9 , F' is usually .set 

equal to -0.lF. This is not' always a valid assumption, but in any case 

F' is much smaller than F. and in most cases the value of F' makes little 

difference in the results, 39 , 4o 
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The c2v Model of the Contact-Ion-Pair 

The geometry and force constant designations for the c2v model are· 

shown in Figure 19. 

For a c2v model·we would expect the selection rules to be changed 

primarily by a splitting of the E modes, v3 and v4. The selection rules 

are listed in Table VI. 

TABLE VI 

CORRELATION TABLE FOR c2v MODEL 

D3h c2v Activity 

\)1 (A I) 
1 ) \)2 (Ai_) IR, R (p) 

\)2 (A") 2 ) \)8 (B2) IR, R (d) 

\)3 (E') ) . \)1 (Al) IR, R (p) 
{ \) (B )} IR, R (d) 

5 1 

v 4 Ck~) :> . \)3 (Al) IR, R (p) 
{ \) (B )} IR, R (d) 

6 1 

M-.... o stretching \)4 (Al) IR,. R (p) 

M--0 planar bend \)7 (Bl) IR, R (d) 

M--0 out':"'of-plane bend \)9 (B2) IR, R (d) 

This, table lists the complete set of selection rules. However, the cal-

culation was restricted to the planar modes only (v1 - v7). The c2v 

23 
model was originally chose~ for the melts by Wait, et al. , on the basis 

of the appearance.of v1 in the infrared spectrum, v2 in the Raman·spec-



---F3-..... K 01 
,........ H ........... Z' I / 3 ' I 

I' - ' I M K3 ,~ o) K2 ''N_, )H IF 
m.... ----< ~11 I ......... ~1'..J I ---02 

F2 -- ........ rr 

M--r_4 __ o r 3 

y 

.~o 
~, 

N ~----~ l 

~~ 
" 0 y 

Figure 19. Geometry an4 Force Constants fqr MN03 

51 



52 

trum, and the splitting of v3 with one branch in the Raman spectrum 

being polarized. 

The initial calculation was made on LiN03• The force constants and 

geometric parameters were the same as those used by Wait, et al. These 

are listed in Table VII. 

TABLE VII 

FORCE CONSTANTS AND GEOMETRIC PARAMETERS FOR LiN03 AND AgN03 

Geometric Parameters Force Constants (Md/'.i) 
LiN03 AgN03 

0 
N--0 = N--OIII = 1.22 A Kl 6.170 5.853 

I 

0 --N--0 = 0 --N--0 = 120° K2 6~070 4.894 I II I III 

M--0 --N = 180° K3 0.384 0.894 III 

M--OIII = 1. 70 (LiN03) Hl 0.518 0.558 

M--OIII = 2.31 (AgN03) H2 0.608 0.579 

H3 0.050 0.050 

Fl 1.530 1.574 

F2 1..750 1.824 

F3 0.050 0.050 

A zero order calculation was made in an effort to duplicate the re-

sults of Wait, et al. As was ant:icipated, no agreement was obtained 

either for tiNo3 or AgN03. ·A comparison of the results is given in-Table 

VIII. 
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TABLE VIII 

COMPARISON OF CALCULATED RESULTS FOR LiN03 AND AgN03 

LiN03 AgN03 
Mode WWJ This Cale. Difference WWJ This Cale; Difference 

'\ 1363 1415 52 1273 1331 58 

\)2 1067 1096 29 1039 1082 43 

\)3 726 679 -47 731 693 -38 

\) 
4 347 337 -10 188 189 1 

\)5 1440 1430 -10 1408 1397 -11 

\)6 724 708 -16 733 709 -24 

\)7 128 99 -29 93 63 -30 

The primary point of disagreement is in the calculated splitting 

for v3 • That the results of WWJ are inconsistent, if not eµtirely wrong, 

may easily be.seen by comparing the amount of v3 splitting predicted 

with the difference.in stretching force constants K1 - K2 = AK. This 

comparison is shown in Table IX, 

One expects the magnitude of the splitting to be primarily a func.,.. 

tion of AK, i.e. , as AK appros-chea 0 the symmetry approaches D3h, and 

the v3 splitting vanishes. From Table IX we see that the.smallest re­

-1 
ported AK is for LiN03, yet v5 - v1 is 79 cm here, in distinct con7 

trast to the rest of the .alkali-metal nitrates. With the same force 

-1 
constants our calculation .indicates a v3 splitting of only 15 cm • In 
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TABLE IX 

COMPARISON OF ~K AND ~\)3 FROM WWJ23 

0 -1 Species ~K (Md/A) v1 (cm ) \) -5 

LiN03 0.103 79 

NaN03 -1.099 2 

KN03 -1.131 5 

RbN03 -1.126 30 

CsN03 -1.152 3 

AgN03 .959 135 

TlN03 - .37Q 46 

-1. drder to get an 80 cm splitting ~K must be 1.6. In further support of 

41 
our co.nclusions are the results of Brintzinger and Hester, who made 

qualitative calculations on the magnitude of the force constant varia-

tions necessary to cause significant splittings of v3• Their results 

are in substantial agreement with ours, and, like our results, differ 

markedly with WWJ. 

No further calculations were made for the purpose of describing the 

melt systems by a c2v 1:1 contact-ion-:pair model. It was felt that these 

results on ·AgN03 alld Li:t~m3 along with the results of Brintzinger and 

Hester were sufficient to invalidate the results of WWJ. Further in 

light,of more recent data27 , 29 it was concluded that the C _ contact•ion-2v 

pair model is insufficient to account for all the features in the molten · 



nitrate spectra, and is probably not the dominant species in these 

systems. 

42 Another contact-ion-pair model was postulated by Devlin, et al ·· , 

55 

to account for spectral features observed in molten AgN03 • Impressed by 

the multiplicity of infrared and Raman features, and the lack of coin~ 

cidence·between their infrared band positions, and the Raman.peak posi­

tions reported by Walrafen43 , Devlin, et al, were led to a more complex 

structure embodying a center of symmetry. A lfaiear complex with two 

nitrate groups coordinat:ed to one silver ion was proposed. This model 

was chosen because of the large number of vibrations expected, and the 

presence of a.center of .synunetry, so that the mutual exclusion principle 

applies. Vibrational assignments were made on the basis of this model, 

along with a perturbed lattice type of model. 

In order to test the validity of this Ag(N03); model, a zero-order 

calculation was made of the vibrational frequencies expected. Presented 

in Table X are the planar selection rules derived for this model and a 

partial listing of .the suggested assignments. 

In the absence of any vibrational coupling between.the two nitrate 

groups, the frequencies of modes v1 - v7 will be identical, to those.of 

modes v8 - v14 • For example, the only difference·between v1 and v8 is 

a difference in the phase of the oxygen stretching motions. Hence the 

difference in. the frequencies of. v1 and v8 reflects the degree &f cou- . 

pling of the two nitrate groups. According to Devlin's assignment, this 

-1 -1 
coupling results in a difference of 25 cm between v1 ~nd v8 , 30 cm 
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TABLE X 

SELECTION RULES AND ASSIGNMENTS FOR THE Ag(N03); MODEL, 

Mode Symmetry. Activity. 

\) -1 \)4 Ac g Raman (p) 

\)5 - \) 
7 B3g Raman (d) 

\)8 - \)11 Blu Infrared 

\)12 ::- \)15 B2u Infrared 

Rama:n43 Infrared 42 Assignment 

1420 \)1 (Ak) 

1395 \) 
8 (Blu) 

1290 \)5 (B3g) 

1260 \)12 (B2u) 

1037 \)2 (Ag) 

1025 \)9 (Blu) 

-1 between v5 and v12 , and 7 cm between v2 and v9 •. 

A calculation was made using force constants rather sirnti.lar to 

those used in the c2v calcul.ation. No splittings nearly as large as 

those assumed were calculated for al'ly reasonable set of force constants. 

In most cases the splittings were .an order of magnitude less those ob-

s.erved. On the basis of these results it was concluded that the n2h 

moqel was not a good representation of the predominant melt. species. 

The results obtained from this calculation have some relevance with 



57 

respect to Cu(N03) 2• Even though.the model may not be a.good represen­

tation of Cu(N03) 2 , the degree of coupling between .the nitrates should 

be fairly, independent.of the details of the model. Hence for Cu(N03) 2 

we would not expect a. large spli.t for v1 and v8 or between v5 and v12 • 

-1 However, a splitting of ca. 10 cm was calculated between v2 and v9 

(the components derived from v1 in the free n3h ion). A difference of. 

-1 ca. 10. cm was observed.between the infrared value for v1 and the Ra.man 

value for v1 for the isolat.ed Cu(N03) 2 which is in qualitative agreement 

with .the calculation. 

c2v Model of Monomer 

A generalized calculation on a c2v model'was made in which the 

force.constants K1 and K2 were varied over a large range of valves. 

This calculation is similar to that.reported by Brintzinger and Hester, 41 

A· set of Urey-Bradley force. constants was assumed for the "free ion':', 

Le,, a D3h force field which reproduced "free iori" frequertcies. The 

nitrate bond-stretching force constants, K1 and K2, were then changed 

so·that·the bond to the coordinated oxygeri: was weakened, while.the other. 

two were strengthened. This situation is presumed to qualitatively rep-

resent simple polarization of the nitrate ion,· This series of calcula~ 

tions was then repeated with a range of metal-oxygen ·force constants.K3.' 

Since the mass of the.metal atom makes little difference in.the ni~rate 

modes, a value· of 30 AMU was used as more·or less an average over the. 
0 

alkali-metal nitrates. Similarly, a metal-oxygen.bond distance of 2.0 A 

was assumed. The results of th.is calculation are plotted in ·Figure 20, 

From this it can.be·seen that·polarization of the nitrate ion induces a 

rather large splitting in v3 , and tends to lower v1 • Increasing K3 has 



1600 

1500 

1400 

1300 

cm- 1 

1100 

1000 

900 

800 

700 

B 

-------=...:-::..:-=-:-::...:-==-=-=-=-=-==-=~-A 

--K 3 =0.0 

--- ---K 3 =2.5 --.._ -- -- ....... ...... 
............ 

.............. 
........ 

........ 
........ 

',A· 

A 

--------- --2 
A 

1.0 2.0 3.0 4.0 5.0 6.0 

~K 

Figure 20. Variation .of Calculated Planar Frequencies With ~K 

58 



59 

little effect on the splittings; but tends to raise v1 • Hence the net 

result of these two effects would be to cause a large splitting in v3 

and a gradual shift of v1 toward lower frequencies, 

Shown in Figure 21 is a plot of observed frequencies for the iso-

lated monomer vs. polarizing power of the cation, The polarizing power 

28 as. defined by Janz and James is 

P = (Z/r) (5z1 ' 27/rI)~ [2] 

where r is the ionic radius, Z the ionic charge, and I is the ionization 

potential. The first term is the ionic potential, and the second a 

shielding factor. Although this definition is by no means rigorous, it 

should give a reasonable measure of the electrostatic polarization in-

duced by the cation. Similar curves are.obtained from a plot of e/r vs, 

frequencies, In any case the trends of the P vs. frequency plot are the 

same as the ~K vs. frequency plot, indic~ting tha~ the polarization ef-

feet is dominant. 

From Figure 19 we,can estimate the changes necessary to produce 

observed v3 splittings, These are tabulated in Table XI. 

TABLE XI 

VIBRATIONAL PARAMETERS FOR THE ALKALI-MkTAL NITRATES 

M+ ~\)3 p Kl K2 ~K K/K2 

Li 240 1.84 7.57 2.87 4.70 2.63 

Na 201 1.06 7.12 3. 77 3.35 1.88 

K 171 ~756 6.87 4.27 2.60 1.60 

Rb 163 .695 6.82. 4.37 2.45 1.56 
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Although the apparent linearity of ll.K and K1/K2 with P is probably 

fortuitous, it is in support of the dominant polarization thought to be 

present in the alkali-metal nitrates. 

Isotope Calculation 

A calculation was made on 15N substituted nitrate to compare with 

15 the experimental results of N labelled KN03 • No attempt was made to 

fit the observed data. Table XII shows the.calculated and observed 

shifts for the isolated monomer. 

TABLE XII· 

15N FREQUENCY .SHIFTS 

Shift Calculated Observed (KN03) 

ll\!l 2.5 <l 

ll.v2 21 

Liv 3a 32.3 30 

ll.v3b 32.6 31 



CHAPTER V 

SUMMARY AND CONCLUSIONS 

Technique Evaluation 

This research has been directed in part ~o the development of ap­

paratus and procedures for the study of the Raman spectra of matrix 

isolated species, The efforts to this end can not be considered over 

whelmingly successful. Although the single reflection technique is 

quite satisfactory for pure thin film investigations, it is not so suc­

cessful for highly·dilute.films. If care.is not taken to use pure ma­

terials and slow deposition rates, the resultant film will cause reflec­

tive scattering of the laser beam to such an extent that the signal-to­

noise ratio is prohibitively low. Furthermore, the ·film may suffer 

enough local heating from the.laser beam to c~use.diffus;i.on G>f the active 

species such that effective isolation is destroyed, Attempts were made 

to use multiple reflection arrangements, but these were not successful. 

This is presumably due to the low thermal.conductivity of the fused 

quartz.multiple .internal reflection plates used, resulting in poor qual.,.. 

ity deposits. However, this approach deserves further investigation. 

In view of the difficulties involved in obtaining Raman spectra of 

matrix isolated species, it is ,gratifying that some results were ob­

tained. The Raman spectra of the alkali-metal nitrate monomer provided 

no new information, but as was seen the Raman results on the dimer and 

Cu(N03) 2 monomer were quite informative. 

62 
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Very good infrared spectra were obtained for the systems studied. 

These results were correlated with a.series of normal.coordinate calcu­

lations to obtain information on the nature of the.isolated species. 

The significi'mce of these results with respect .to the structure of. the 

monomer, dimer and melt systems is discussed below •. 

Monomer an~ Dimer Structural Properties 

Th,e structure of the monomer is probably planar and c2v. However, 

the calculations are fairly insensitive to changes in the M-0-N angle. 

Hence no positive conclusion can be reached as to whether or not this 

bond is bent. Tl.le small variations in v2, the out-of-plane bending mode 

are indicative of a.planar structure. The position of this band changes. 

very little in going from Li to Rb. This mode.was not included in the 

calculation because for a c2v structure the~e is no coupling with the 

in-plane vibrational.modes. If the monomer were not planar there would 

be coupling of v2 with some or all of the other modes and hence a.de­

pendence of the v2 frequency upon polarization and metal binding. That 

there .is very little.change observed in v2 implies little deviation from 

planarity for the monomer. 

As discussed in conjunction with the calculations; the decrease in 

splitting in the Li to Rb series reflects the decrease in polarizing 

power of the ion, i.e., incre1;1se in ionic radius. 

The structure of the dimer is not as clearly understood as is the 

monomer. The model.discussed in Chapter III seems to be a reasonable 

one. The non-coincidence of v1 in the infrared and Raman are indicative 

of the presence of a center of symmetry and a weak coupling between the 

nitrate.groups of the two monomers. As in the .monomer case the relative-
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ly small variation in v2 is supportive of a'planar structure for the 

dimer. We may note from the dimer spectrum that the magnituqe of the 

electrostatic.polarization ts·considerably less in the dimer, as evi-" 

denced by the approximate halving of the v3 split relative to the mono­

mer. This degree of change ie not unreasonable considering that in the 

dimer'each nitrate now has two weak N-0 bonds and one strong one with 

the N-0 bonds weakened only about half as much as for the corresponding 

interaction in the monomer. In other words the splitting for the dimer 

could be estimated by moving about halfway back on the ~K axis in Figure 

19. It can also be seen that this increases v1 , which is consistent 

with observation. 

The other two nitrate monomers studied, TlN03 and Cu(N03) 2 are not 

well described by the polarization interaction presumed to hold for the 

alkali-metal nitrates. The low melting points and high vapor pressures 

of TlN03 and Cu(N03) 2 are indicative of more covalent bonding in the 

solid. This higher degree of covalency would be expected to carry over 

to the vapor phase. As was shown in Table V the splitting is quite 

high relative to what would be expected on the basis of polarizing power 

alone, The .observed splittings for TlN03 and. Cu(N03) are approaching 

that for HN03 or CH3No3 which are known to be highly covalent. It may 

also be noted that dimer features are absent from the spectra. This re­

sults from the reduction in dipole strength in the covalent nitrates, 

relative to the ionic.nitrates. Hence the dipole-dipole interaction is 

not sufficiently strong to promote formation of a stable dimer. 

Vapor Composition 

In the results presented, any possible thermal decomposition of the 
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various nitrate systems has been ignored. Possibly one of the reasons 

the nitrates have not been previously studied in the vapor is that they 

are.presumed to decompose upon heating, rather than sublime. The·usual 

44 mode of decomposition is thought to be 

+ + NO. 

I 

However, the reaction products No2 and NO were observed only for LHl03 • 
i 

For the rest of the nitrates very little decomposition was indicateµ, 

and the major component of the vapor.phase was·found to be monomeric. 

For all of the alkali-metal nitrates a weak band was observed at 1215 

-1 1 15 cm which shifted to 1185 cm- in the N case. This band does not be-

long to N02 or NO, and no other peaks associated with it were detectable. 

Hence, its origin is presently not known. 

A few diffusion experiments were performed in which the matrix was 

warmed to allow diffusion .of the isolated species. In most cases mon0111er 

bands decreased and were replaced by the broad bands of the solid crys- · 

tal. In,RbN0 3 the monomer bands decreased while the dimer bands in­

creased slightly. In the final stages of the diffusion process the 

dimer bands were replaced by the broad bands of the crystal. That the 

spectrum after diffusion showed no indication of the presence of ni-

trates, is good evidence that·little 'decomposition occurred. This·also 

pr~cludes a~y confusion in spectral interpretation caused by interfer-

ences from isolated nitrates. 

One of the reasons Cu(N03) 2 was chosen for investigation was its 

k hi h 1 il . Ma • d' 34 h h h . nown g vo at ity. ss spectrometric stu ies ave s own,,t at it 

sublimes readily with little decomposition. Hence,· it provides a good 

comparison.for the alkali"."metal nitrates. That the gross features ob-



se:rved.in·the alkali-metal nitrate monomers are the same· as for iso-

lated Cu(N03) 2 is good.evidence for arguing that the alkali.;.metal ni­

trates can also be· sublimed ·wit:hout. significant. decomposition,· 

Correlation With Melt Speetra 

This research.was initiated with the hope of drawing some.cortclu-
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sions regarding the. structures and/ or interactions .in· the uelt systems. 

In this respect the appearance of.the dimer.is fortuitous because more 

information can be inferred from its spectrum than from the monomer spec-

trum. 

It was hoped. to· demonst.rate that the• v3 splitting observed in the. 

infrared and Raman.spectra of the molten ·nitrates is .too li;lrge to be. 

accounted for by cation distortion of .the anion along, It is obvious 

that large distortions resulting in v3 splittings.much larger than ob~ 

served in the corresponding melts are present.in the monomers (see 

Table XIII). However, this is in.the very asymmetric field produced by 

one cation. In the d:f.mer. the amount, of distortion is considerably re-

duc.ed, resulting in v3 splittings comparable to the ae+t values. In the 

case of the melt though, the cation field is not expected to be nearly 

as asymmetric as the field experienced by the nitrates in the dimer. 

Hence, we.would not-expect the melt splitting to be nearly as large as 

the. dimer splitting if such splitting were caused by dist:.ortion of the. 

anion by th,e cation.field. The same also holds true·in.the disordered 

-1 solids, such as KN03 I, where the ca. 80 cm split in v3 has ·been at-

tributed to distortion splitting. 24 

Further. evidence for a different mechanism opera-ting in the..melt 

systems may be inferred from the trends.observed in·v1 for the two dif-
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ferent cases, Through the monomeric alkali-metal nitrates we se~.that, 

v1 increases as the v3 splitting decreases, In the molten syst~ms how­

ever v1 decreases through the alkali-metal series much as for the solid 

state, Further the change in v1 ,..going from solid to liquid is quite 

small, whereas the crystalline to monomer change is quite large. A 

similar comparison exists for the dimer. These arid other observations 

are.presented in Table XIII. Whatever conclusions we'draw from this 

comparison, it is suggested that anion distortion via cation electro-

static interaction is probably not important in the melt~ Hence, we can 

conclude that the ion.,.pair description of the melt is not realistic. 

Also any quasicrystalline model in which there is embodied a large. (ca. 

-1 
100 cm ) site splitting for v3 may be considered a doubtful representa .... 

tion. 

The results of this study present little positive evidence to sub-

stantiate the v3 splitting mechanism recently proposed by Devlin, et 

1 30,31 
a • However, by this model the observed splitting in ·v3 arises 

from a TO - LO splitting of the v3 phonon in an analogous manner to the 

crystatline phase. 

Although some degree of site splitting of v3 is not entirely pre­

cluded by this model, the gro.ss features are explained on the basis of 

a largely unperturbed nitrate ion. Hence, the contribution of this re-

search to the nature of the melt systems has been.in the form of nega-

tive inf~rences. It ,can be concluded that some modeis of the molten 

state are not realistic, but no particular agreement or disagreement 

with the model of Devlin, et al. can be inferred from these results. 
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TABLE XIII 

COMPARISON OF MATRIX-ISOLATION RESULTS WITH MELT AND SOLID DATA 

LiN03 NaN03 

Mode Monomer Dimer Melt Solid Monomer Dimer Melt Solid 

1 1017 1061 1073 1023 1035 1055 1069 

2. 823 827 837 825 835 833 835 

3a 1275 1361 1353 1283 1336 13.45 1353 

3b 1515 1478 1470 1484 1440 1425 1455 

KN03 RbN03 

1 1031 1053 1045 1050 1033 1040 1046 1052 1047 

2 830 835 829 804,821 829 812,833 

3a 1291 1337 1350 1350 1293 1331 1340 1340 

3b 1462 1420 1410 1440 1456 1415 1405 1407 



CHAPTER VI 

SUGGESTIONS FOR FURTll.ER WORK 

As was noted in the·discu,.ssion; further techniques need to be ex-

plored for the.· study of Raman. spectra of matrix isolated species• It 

has been demonstrated recently at ,Bell Laboratord:~e; that by using ap-

propriate prism and thin film comb~nations, a laser beam can be trapped 

within a solid film. Perhaps a variation of this technique could be 

adapted for matrix isolation work. 

The investigation of the matrix isolated nitrates brings up a num-

ber of interesting questions. The dimer.structure is only qualitatively 

understood. Hence. further investigation ,with .emphasis upon,.the dimer is 

warranted. A mass spectrometric study of the alkali-metal nitrate 

vapors_ as a function of temperature might lead to the appropriate tern-

perature for the formation of a.maximal proportion of the dimeric spe-

cies. More extensive Raman data on the dimer would be of considerable 

value. 

Even though the alkali-metal nitrates are highly ionic, this study 

has shown that they can be vaporized without serious decomposition, A 

thorough mass spectrometric study should be of value in iden~ifying the 

proper products. and/ or me~hani.sm of decomposition at higher temperatures. 

The matrix-,.isolation techrtique could also be utilized to study other 

- -oxyanions, such as, c103 , c104, etc. 

As was reported in the results, the low frequency stretching and 
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bending modei;i were not observed, presumably because of the inherent low 

intensity of these modes and/or the low sensitivity of the infrared in­

st+umentation. With greater film thickness and better instrumentation, 

perhaps these modes would be detectable, 

The overall effect of changing from Ar to co2 as a matrix material 

was·seen .to be.negligible. However, the relative intensities of t~e 

matrix~split components.of· the individual bands were seen to change con­

siderably (see Figure 15), It was.not determined whether this change· 

resulted entirely from matrix effects, or whether part of this change 

was due to temperature effects. A study of·. this splitting ;a9:_a function 

of temperature would provide insight into the question of whether this 

splitting arises from multiple site effects or hindered rotational. ef-

fects, 
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