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CHî .PTER I 

INTRODUCTION 

The fine structure observed on the infrared vibra

tional bands of molecules isolated in solid rare gases has 

generally been interpreted in terms of free or hindered 

rotational motion. The currently popular rotational model 

assumes that the isolated species are able to execute free 

or hindered rotational motion wathin the matrix cage; 

however, an adequate theory of the molecular dynamics of 

molecules in a matrix environment has not yet been devel

oped. 

The infrared spectrum of silane, SiH^, isolated in 

solid argon and krypton has been investigated in order to: 

1, check the validity of the rotational model; and 2, 

identify SiHh in the infrared spectrum of matrix-isolated 

silyl radicals, SiH^. In addition, a new model, the vi-

brating-oscillator model, has been proposed, v;hich with 

refinements could account for the observed fine structure 

on t2ie infrared vibrational bands of matrix-isolated 

molecules. 



The silyl radical has been detected by electron spin 

resonance (ESR) spectroscopy in the gas phase and in a 

matrix environment. In both cases, SiH^ was produced by 

the photolysis^of silane. In addition, the silyl radical 

has been treated theoretically. The ESR spectrum of SiHo 

isolated in solid krypton at 4°K indicates that SiH^ is 

nonplanar with bond angles of 110.6°, while the theoretical 

treatment indicates that SiHo should be planar. Also, the 

ESR spectrum of matrix-isolated SiH. indicates that this 

free radical undergoes nearly free rotation about an axis 

perpendicular to the C-̂  symmetry axis. 

On the basis of symmetry considerations, the infrared 

spectrum of matrix-isolated SiH^ should show which geometry 

is correct because if SiH^ is tetrahedral there will be 

four infrared active vibrations, while if SiH^ is planar 

there vjill be three infrared active vibrations. Also the 

infrared spectrum of matrix-isolated 3±IU should give an 

additional check on the validity of the rotational model. 

For these reasons the infrared region from 400 cm" to 

4000 cm" has been searched for evidence of matrix-iso

lated SiH^, produced by the pyrolysis of disilane. 

In the sections that follov; the previous infrared 

studies of matrix-isolated molecules and free radicals 

are reviewed, the experimental equipment and procedures 

are described, and the results of this investigation are 

discussed. 



CHAPTER II 

REVIEV; OF PREVIOUS RESEARCH 

Before the development of the matrix-isolation tech

nique by V/hittle, Dows, and Pimentel (l) in 1954, the 

spectroscopic investigation of unstable chemical species 

was difficult, if not impossible, because the species of 

interest are generally formed under nonequilibrium con

ditions; thus, they exist for such short periods of time 

or are in such small concentrations as to render them 

unobservable. The intent of the matrix-isolation tech

nique was to accumulate the unstable species of interest 

in observable quantities in an inert solid at low temper-

ature. V/hittle et al. reasoned that if the mole ratio of 

the inert solid matrix to the unstable species v̂ as large 

enough to insure isolation and if the temperature v;as low-

enough to insure that diffusion could not occur, then the 

unstable species would be effectively trapped in a non-

reactive environment, making it possible to study unstable 

chemical species that under more normal conditions have 

only transient existence. 



In the first test of the matrix-isolation technique, 

V7hittle et al. successfully isolated the hydrogen bonding 

species hydrazoic acid, im^j in carbon tetrachloride vapor 

at 85°K and the free radical nitrogen dioxide, NOp, in 

methylcyclohexane vapor at 115°K. The isolation was con

sidered to be successful if the infrared spectrum showed 

the absence of hydrogen bonding for HN^ or the presence 

of NOp, whose gas phase infrared spectrum is well known. 

Prompted by the success of the method, Becker and 

Pimentel (2) conducted matrix-isolation experiments using 

the free radical NOp and the hydrogen bonding species HBr, 

HON, HNo^ NHo^ and HpO as solutes and xenon, argon, and 

nitrogen as matrices. In each case the isolation was con

sidered successful if the infrared spectrum shov;ed the 

presence of the isolated solute molecule. Becker and 

Pimentel showed that the absorption bands of water and 

ammonia isolated in argon, xenon, and nitrogen were slightly 

displaced from the gas phase fundamental frequencies. 

Although Becker and Pimentel rationalized that the fine 

structure was due to the absorptions of various associated 

species, later v/ork showed that this was not necessarily 

true. Thus, workers soon realized that, although the 

study of free radicals by the matrix-isolation technique 

is interesting, interpretation of the spectra is made more 

difficult by the lack of an understanding of the influence 

of the matrix environment on the isolated species. V7ithout 



this basic understanding, the study of free radicals by 

the matrix-isolation technique is reduced to little more 

than tentative identification of the species; but identi

fication alone is of little satisfaction to the molecular 

spectroscopist. 

With the observation of fine structure on the infra

red vibrational bands of matrix-isolated water and ammonia 

(2) the field of matrix isolation was divided into two 

general areas: investigations whose purpose vias to isolate 

and identify unstable species and investigations whose 

purpose was to study the effects of matrix-solute inter

actions of isolated stable species. In view of this 

division, each area vjill be treated separately, starting 

with the investigations dealing with the nature of molec

ular motions of isolated stable molecules in the matrix 

environment. Hov̂ ever, first the terms used in discussing 

matrix isolation experiments v;ill be defined. 



Definition of Terms 

The matrix is an inert material in which the species 

of interest are suspended. Becker and Pimentel (2) listed 

desirable properties of a suitable matrix. They are as 

follows: 1, the matrix must be inert to the particular 

species of interest; 2, the matrix must be rigid with 

respect to diffusion at the temperature of the isolation; 

3, the matrix must be transparent in the region of spectral 

interest; and 4, the matrix must have a sufficiently high 

vapor pressure at room temperature to permit convenient 

handling in a vacuum system, but it must have a sufficiently 

low vapor pressure at the temperature of the experiment to 

permit exposure to the Dewar vacuum. In addition to these 

properties, it is desirable that the matrix have a known 

crystal structure, that the matrix crystal lattice sites 

be large enough to accommodate the solute, and that the 

potential energy due to the host crystal lattice be as 

spherically symmetric as possible. 

The solute is any species that is condensed along 

v.'ith the matrix either as individual units or in clusters. 

The matrix to solute ratio, hereafter denoted M/S, is the 

mole ratio of the matrix to the solute before condensation. 



Thus, it is assumed that the relative concentrations of 

the two substances do not change while the mixture is 

being sprayed onto the cold surface. 

The cryostat is a specially designed double walled 

vacuum Dewar constructed with a transparent plate (the 

inner v;indow) thermally grounded to the inner coolant well, 

and with external transparent windovjs so that light may 

pass through the sample that is condensed on the inner 

windov/. The sample (matrix and solute) is sprayed onto 

the window through a small opening connected to a vacuum 

system. Cryostats may be constructed either of glass or 

metal, each having its own advantages and disadvantages. 

The cryostat used in the present investigation will be 

described later in detail. 

The most common primary coolants are: liquid helium 

(boiling point 4°K), liquid hydrogen (boiling point 20°K), 

liquid neon (boiling point 27°K), and sometimes liquid 

nitrogen (boiling point 77°K). 

In matrix-isolation experiments, the term "polymer 

formation" denotes the association of the solute species 

either through hydrogen bonding, through formation of the 

characteristic crystal structure of the solute species 

(either ionic or molecular), or through two or more solute 

species being trapped as nearest neighbors, and does 

not imply in any v;ay the formation of covalent bonds 
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between two or more solute species. Thus a microcrystal 

consisting of two or more basic units of the solute species 

constitutes a polymer. 

An unstable species is any atom, reactive molecular 

fragment, free radical, or ion that, because of its 

reactivity at room temperature and one atmosphere pressure, 

exists for only very short periods of time and in very low-

concentrations. All other chemical species, either atomic 

or molecular, will be considered as stable. The stable 

species vjill include the hydrogen bonding species, such as 

water and ammonia, those substances that form crystal 

lattices upon condensation, such as sodium chloride, and 

those substances that are stable in the usual sense. 



Matrix Isolation of Stable Species 

Because of the nature of the first stable species 

that were studied (all were hydrogen bonding), the most 

obvious suggestions as to the cause of the multiplet 

structure of the infrared absorption bands of matrix-iso

lated molecules was that the vibrations of various polymers 

were responsible for the fine structure. Hoŵ ever, under 

higher spectral resolution and more carefully controlled 

experimental conditions, polymer formation in the matrix 

environment could not account for all of the observed 

lines in the spectra of hydrogen bonding species. Neither 

could polymer formation account for the observed multiplet 

absorption lines in those cases where hydrogen bonding was 

not possible. Other explanations that have been suggested 

include multiple trapping sites, orientational effects of 

the trapped species in the host lattice, free or hindered 

rotational motions of the matrix-isolated molecule, trans-

lational motions, or any combination of these. 

The first suggested explanation of the observed 

multiplet character of the vibrational bands of matrix-

isolated molecules by Becker and Pimentel (2) vjas the iso

lation of the hydrogen bonding molecules H^O and NH^ as 



10 

monomers, dimers, and higher polymeric species in nitrogen, 

argon, and xenon matrices at 20°K. They based their con

clusions upon the changes in the relative intensities as 

M/S was varied from 90 to 400. Becker and Pimentel rea

soned that as M/S decreased the polymeric absorptions 

should increase in relative intensity while as M/S in

creased the polymeric absorptions should decrease. Thus, 

by comparison of spectra in v/hich M/S'.was varied, they were 

able to tentatively assign the absorption lines as being 

due to monomeric, dimeric, and polymeric species. In a 

similar study. Van Thiol, Becker, and Pimentel (3^4) pre

sented convincing evidence that the multiplet structure of 

the vibrational bands of water and methanol when isolated 

in solid nitrogen at 20°K were due to the absorptions of 

monomers, dimers, trimers, tetramers, and higher polymers. 

Van Thiol et al. v/ere able to make assignments of the 

polymer lines on the basis of the M/S dependence of the 

relative intensities. 

Harvey and Ogilvie (5) present what they consider 

to be convincing evidence that formaldehyde is trapped in 

several different lattice sites of an argon matrix at 

liquid helium temperature. These workers found that in 

an argon matrix four of the six vibrational fundamentals 

of formaldehyde exhibit triplet structure, which they con

cluded w-as not due to rotation because the expected rota

tional structure was completely incompatible with the ex

perimental spectra. Also, on the basis of M/S dependence. 
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Harvey and -Ogilvie concluded that the triplet structure 

was not due to associated formaldehyde molecules in the 

matrix. Thus, of their possible explanations for the 

triplet structure, multiple trapping sites were suggested 

in the absence of anything better. It is interesting to 

note that Harvey and Ogilvie relied heavily on earlier 

work by Foner, Cochrane, Bowers, and Jen (6) and Adrian 

(7) in V/hich these workers concluded, on the basis of 

electron spin resonance data, that NHp radicals and hydro

gen molecules occupy multiple trapping sites in rare gas 

crystals. Multiple trapping sites vzas also suggested by 

Maki (8) as a possible cause of the observed triplet 

structure in the spectrum of CO trapped in solid methane 

at 20°K. Maid, did not commit himself but rather suggested 

that several effects, either individually or collectively, 

could cause the observed structure. In addition to multiple 

trapping sites, Maki suggested that the CO molecule may 

have several orientations in the matrix or that the lattice 

vibrations of the host crystal or librational modes of the 

molecule may be responsible for the triplet structure. 

The only explanation that Maki ruled out was rotational 

motion. Later work with CO by Leroi, Erring, and Pimentel 

(9) showed that the matrix-isolation spectrum of this 

molecule in argon is extremely sensitive to concentration, 

deposition rate, temperature of deposit, sample temper

ature, and isotopic substitution. Although they did not 
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make any statement as to the cause of the triplet structure 

observed by Maki (8), Leroi et al. did show the importance 

of the experimental parameters in matrix-isolation experi

ments . 

Perhaps because the fine structure on the vibrational 

bands of matrix-isolated molecules so closely resembles 

the fine structure on the vibrational bands of gas phase 

molecules, the explanation most suggested is the rotation 

of the matrix-isolated molecule inside the matrix cage. 

If the molecule is completely isolated and if it is free 

to rotate without restrictions, then the matrix-isolation 

spectrum should resemble the spectrum of a freely rotating 

gas-phase molecule at the temperature of the matrix-iso

lation experiment. As will be seen, this is generally 

not the case. 

Van Thiol, Becker, and Pimentel (4) reported, almost 

as an afterthought, that when water vjas isolated in solid 

xenon, the general appearance of the spectrum v;as the same 

as the spectrum of water isolated in nitrogen, "...never

theless, there were discernible differences in the relative 

intensities of some of the bands." Upon re-investigation 

of water isolated in argon, krypton, and xenon in the 

temperature range from 20-42°K, Cataleno and Milligan (10) 

found that not all of the spectral features could be ac

counted for on the basis of polymer formation. At high 

matrix to solute ratios (M/S was varied between 500 and 
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1,000), Cataleno and Milligan observed M/S independent 

fine structure on the vibrational bands of isolated water. 

The relative intensities of the lines showed a temperature 

dependence similar to a vibration-rotation spectrum. On 

the basis of the observed spectra and on the basis of the 

molecular sizes of the vjater molecule and the rare gas 

atom, Cataleno and Milligan concluded that -the water mole

cule could execute slightly hindered rotational motion in 

a rare gas matrix but not in a nitrogen matrix. Glasel 

(11) and later Redington and Milligan (12,13) proposed that 

the ratio of the relative intensities of the lines could 

be accounted for on the basis of the ratio of ortho to 

para nuclear spin water. Although Glasel vias not able to 

assign quantum numbers to lines, Redington and Milligan 

(12) made assignments and later estimated the rate of 

nuclear spin conversion from the changes in relative in

tensities of the lines ŵ ith time. 

Milligan, Hexter, and Dressier (l4) presented evidence 

that ammonia also rotates v;hen isolated in an argon or 

nitrogen matrix. They too based their arguments on the 

changes of the relative intensities of the lines with time 

and temperature and on the physical dimensions of the 

ammonia molecule relative to the dimensions of the host 

lattice. Later work by Pimentel, Bulanin, and Van Thiol 

(15) proved conclusively that when ammonia is isolated in 

solid nitrogen, it does not rotate. The multiplet structure 
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of ammonia- in solid nitrogen observed by Milligan et al. 

was attributed to various polymeric species. However, 

Pimentel and Charles (l6) have indicated that in solid 

argon and xenon ammonia does have rotational freedom. 

Thus far the molecules mentioned, which apparently 

rotate when isolated in a solid matrix, have complicated 

gas phase spectra; thus, one vjould expect that the matrix-

isolation spectra vjould also be extremely complex. For 

example, water is an asymetric top, and ammonia has a low 

inversion barrier. Realizing this, researchers began to 

look for very simple systems. The simplest molecules that 

absorb infrared radiation are the hetronuclear diatomic 

molecules; of these, the most extensively studied have 

been the hydrogen halides. 

Schoen, Mann, Knobler, and White (17) reported in 

1962 that the spectrum of HCl isolated in solid argon at 

4°K and 20°K shovjed tvjo temperature dependent features in 

the region of the gas phase fundamental. On the basis of 

the temperature dependence of the relative intensities of 

the features, Schoen et al. concluded that HCl undergoes 

hindered rotation in the matrix. It is noteworthy that the 

spectrum reported by Schoen et al. caused considerable 

concern at the Eerkely Laboratories as reported by Pimentel 

and Charles (16). Unpublished spectra of HCl in solid 

argon taken by M. 0. Bulanin not only failed to show the 

most intense peak reported by Schoen et al. but also 
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showed many features not reported in the earlier work. 

Pimentel and Charles in private commujiication found that 

Schoen et al. observed but did not report three or four 

sharp peaks with inconsistent intensity behavior and that 

they reported only those lines that were temperature de

pendent. In searching for the remaining spectral discrep

ancy, Pimentel and Charles found that Bulanin had used a 

Csl deposition window while Schoen et al. had used sapphire, 

thus indicating that in at least one case the substrate 

material vjas significant. 

Cabana, Savistsky, and Hornig (l8) studied methane 

in solid argon, krypton, and xenon in the temperature range 

5'*K to 4o°K. They chose methane as the solute for their 

experiments for several reasons. In the cases reported 

previous to Cabana et al. the estimated van der V/aals 

radius of the solute molecule (19) exceeded the radius of 

the substitutional site in the rare gas lattice (obtained 

from X-ray data (20)). In addition, all of the molecules 

studied previously had permanent dipole moments which, 

"...might be expected to produce strong maxima and minima 

in the potential field." Thus Cabana et al. chose methane 

because it fitted the crystal lattice without much dis

tortion and had a simple gas phase spectrum. Also the 

symmetry of methane (point group T,) is such that the 

orientational effects are minimized. Cabana et al. ob

served multiplet structure in the regions of both of the 
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infrared active fundamentals of methane. These researchers 

ruled out all causes of the observed fine structure except 

hindered rotation on the basis of the reproducibility of 

the spectra, the temperature dependence of the relative in

tensities of the lines, and the spacings of the fine struc

ture. Cabana et al. relied heavily on work done by 

H. F. King (21) in v;hich the hindered rotational levels of 

a rigid tetrahedron in an octahedral field were calculated. 

Cabana et al. concluded that, although their theoretical 

predictions agreed only qualitatively with observation 

(especially for CDj,), the observed fine structure vjas due 

to rotation of the solute molecule in the matrix environ

ment. Cabana, Anderson, and Savoie (22), using Raman 

spectroscopy to study methane in solid krypton, reported 

that the experimental spectrum supports the theory that 

methane is a hindered rotator in a matrix environment; 

how*ever, the evidence is not conclusive. 

Robinson (23,24) has reported the far-infrared spectra 

of HpO and HP isolated in solid rare gases. The existence 

of a far-infrared spectra lends support to the idea that 

either rotation or some type of low frequency motion is 

responsible for the fine structure observed on the infrared 

vibrational bands of matrix-isolated molecules. 

In each of the investigations mentioned, the vibra

tional band center is slightly shifted from the gas phase 

value, and in those cases where rotation is attributed as 



jp 

17 

the cause of the observed fine structure, the spacings of 

the rotational lines are less than those of the gas phase. 

As the experimental evidence that some type of low 

frequency motion of matrix-isolated molecules is respon

sible for the observed fine structure-of the infrared vi

brational bands was accumulated, several more theoretical 

models were proposed. Flygare (25) presented a treatment 

of the problem in which he assumed that the molecule under

goes hindered rotational motion and that the rotational 

levels are perturbed by the host crystal lattice. Accord

ing to Flygare, the dominant interactions between a trap

ped molecule and its host lattice are "...induced-multi-

pole-induced-multipole London dispersion interactions..., 

exchange forces which arise if the electronic distributions 

of the interacting systems overlap each other..., and ...per

manent -dipole -induced-dipole. .. " forces if the trapped 

species has a permanent dipole moment. Attractive forces 

between the host lattice and the trapped species as a 

result of "...the rotation of a permanent molecular hexa-

decapolar charge distribution interacting with the fourth 

gradient of the electric potential at the molecular center 

of mass due to all of the lattice charges...", account for 

the observed shifts in the rotational lines from their gas 

phase values. The model set up V7as used to calculate the 

value of the "hexadecapole moment" of HCl from the data of 

Schoen et al. (l7) and compares favorably with the value 
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obtained from independent calculations. Flygare predicted 

on the basis of his model that the spectra of HCl in the 

solid rare gases will be essentially the same as in argon 

except for slightly shifted band centers. This prediction 

is substantiated by experimental evidence (26,27,28). 

Another model, proposed by Friedman and Kimel (29, 

30,31), assumes that, in the case of a diatomic molecule 

trapped in a rare gas crystal, the observed shift of the 

infrared lines can be considered as a vibrational shift 

of the band center with a superimposed rotational shift. 

The rotational shift is explained by assuming that the 

trapped molecule is free to rotate about a point, the molec 

ular center of interaction, v;hich generally does not co

incide V7ith the molecule center of mass, leading to a 

coupling betvjeen the rotational motion of the molecule and 

its constrained translational motion. 

Verstegan, Goldring, Kimel, and Katz (26) found that 

small amounts (a fev; per cent or less) of a second rare 

gas impurity influenced the observed spectra of HCl when 

it is isolated in a matrix, particularly if the impurity 

rare gas is larger than the matrix gas. On the basis of 

the experimental evidence, they conclude that the impurity 

causes lattice deformation, thus resulting in altered in

tensities and new absorption lines. These vjorkers support 

the hindered rotation-translation coupling model of 

Friedman and Kimel (29,30,31). 
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Keyser and Robinson (27) proposed a model, using HCl 

and DCl as test cases, in which the solute molecule under

goes slightly restricted rotation coupled with the oscil

lation of the molecule as a v;hole in the rare gas lattice. 

A mathematical treatment was presented by Keyser and 

Robinson in which the frequency of the translational motion 

and the strength of the interaction of translation with 

rotation were experimental parameters. By choosing the 

right values of the parameters, these workers were able to 

fit the experimental spectra of HCl and DCl reasonably 

v;ell. In cases such as methane, according to Keyser and 

Robinson, where the center of mass corresponds to the 

center of interaction, there should be no interaction be-

tv/een translation and rotation. 

Mann, Acquista, and \Jhlte (28) support the model pro

posed by Friedman and Kimel providing the constraint which 

forces the molecule to rotate about a fixed center of 

interaction is removed. Mann et al. offer experimental 

evidence and theoretical calculations that HCl, DCl, HBr, 

and DBr are hindered rotators in the matrix environment; 

however, they state that the agreement between theory and 

experiment is only fair and that much work is yet to be 

done. 

file:///Jhlte
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Matrix Isolation of Unstable Species 

The matrix-isolation technique, as v/as mentioned 

earlier, vjas developed with the primary intention of iso

lating unstable chemical species in a nonreactive environ

ment for spectroscopic investigation. Even though an 

adequate theory of the molecular motions of isolated 

species is not yet available, much information is to be 

gained from the infrared spectra of matrix-isolated free 

radicals. One can, from the number of infrared active 

vibrational bands, deduce the geometry of the isolated 

species, identify unstable intermediate species in chemi

cal reactions, and estimate the force constants of the 

unstable species from the absorption frequencies. 

Three methods have been used to produce free radicals 

for matrix-isolation studies. The free radical may be pro

duced in a dilute solution of the matrix a,nd quickly 

frozen before reaction can occur; the free radical may be 

produced by the chemical reaction of two substances at the 

surface of the cold window or shortly before they reach 

the cold window; or the free radical may be produced by 

high energy radiation after the parent molecule is isolated, 
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Although the last method of free radical production 

has been used extensively, it has certain disadvantages 

which will be dealt with later and will not be considered 

except to mention the species that have been tentatively 

identified by infrared spectroscopy using this method. 

Brown and Pimentel (32) identified the nitroxyl radi

cal HNO in the photolysis products of matrix-isolated 

nitromethane. Later, Milligan, Jacox, Charles, and 

Pimentel (33) identified this same radical in the photolysis 

of HNo suspended in solid COp. They also found evidence of 

HN and HNCOp. Becker, Pimentel, and Van Thiol (34) identi

fied NH, NH^, and (NH) (x = 2 or 4) in the photolysis 
cL X 

products of hydrazoic acid in solid rare gases. Milligan 

and Pimentel (35) tentatively identified methylene, CHp, 

in the photolysis products of diazomethane suspended in 

solid nitrogen. Goldfarb and Pimentel (36) later confirmed 

this identification. Milligan and others (37.38,39) identi

fied NF, NCI, NBr, NCN, and NHp using photolytic decom

position of the appropriate azides. 

Of far more interest to the present investigation 

are the first two methods of free radical production 

mentioned above. Chemical reactions at or near the surface 

of the cold window as a means of producing free radicals 

offer imique advantages if the species of interest is 

formed as an intermediate in a chemical reaction. If in 

addition one of the reactants can be used as the matrix, 
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production of the desired radical is almost a certainty. 

Milligan and others combined the last two methods of rad

ical production to isolate HCO (4o), FCO (4l), CICO (42), 

and ceo (43) in solid carbon monoxide. In each case, the 

appropriate parent molecules (HI and HpS; OFp; HCl, Clp, 

Cl^CO and (CICO)^; and N^CN and C^O^, respectively) were 

photolyzed after isolation in solid CO. 

Andrews and Pimentel (44) have presented what they 

consider to be convincing evidence of the first infrared 

detection of the methyl radical. In this study, atomic 

lithium was deposited along with a dilute mixture of methyl 

halide vapor in a rare gas. The conclusions drawn by 

Andrews and Pimentel confirmed earlier gas phase work by 

Herzberg and Shoosmith (45) and by Herzberg (46) that the 

methyl radical is planar. 

The only reports of the infrared detection of radicals 

produced in dilute solution in the gas phase and quickly 

frozen are the early reports of the detection of NOp (1,2) 

and a more recent but similar investigation of l̂ p by 

Harmony and Myers (47). In both cases the equilibrium 

^2-^4^ ̂ ^"2 "̂̂  ̂  '̂-̂ ^ favors the formation of rK^ at 

slightly elevated temperatures. Thus the parent molecule 

vjas diluted in a rare gas and the mixture was passed 

through a hot tube before being condensed onto the cold 

windov;. 



CHAPTER III 

EXPERIMENTAL 

Spectrophotometer 

The Beckman IR-9 Infrared Spectrophotometer used in 

this investigation is a continuously-recording, double-

beam instrument operating in the range from 400 to 4000 

wave numbers (cm" ). It is equipped with a 60** potassium 

bromide prism and two gratings. The first grating is 

operative over the range from 400.0 to 672.3 cm""*" in the 

first order and over the range from 672.3' to 1200.0 cm" 

in the second order while the second grating is operative 

over the range from 1200.0 to 2000.0 cm" in the first 

order and over the range from 2000.0 to 4000.0 cm" in the 

second order. This instrument records the experimental 

spectra linearly, v;ith respect to cm" versus inches of 

chart paper, over all regions within + 1.5 cm v;ith a 

reproducibility of + 0.15 cm" . Under maximum resolution 

conditions, the IR-9 records five wave numbers per inch 

of chart paper at speeds as low as 0.4 wave numbers per 

minute in the region covered by the first grating and ten 

wave numbers oer inch of chart paper at speeds as low as 

23 
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0.8 wave numbers per minute in the region covered by the 

second grating. The maximum resolving power under these 

conditions is 0.5 cm -1 The IR-9 features direct visual 

optical readout as a means of locating the position of a 

given spectral line. 
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Cryostat 

The cryostat used in this investigation was a 

modular liquid helium Dewar made of stainless steel with 

all interior surfaces gold plated and fitted with an op

tical tail section. The cryostat, shown in.Figure 1, v/as 

purchased from Andonian Associates, Inc., 26 Thayer Road, 

Waltham, Massachusetts, and was equipped with their standard 

option 20 variable temperature sample holder and standard 

option 27 rotary joint on the outer tail section shell. 

The primary coolant well. A, (see Figure l), having 

a capacity of three liters, is insulated from room temper

ature radiation by a concentric liquid nitrogen can, B. 

The inner deposition window, C, is clamped to a copper 

frame, D, which is soldered to the bottom of the heat 

exchange tube, E. The deposition window, window frame, 

and heat exchange tube are shielded from room temperature 

radiation by an aluminum tube, F, with windows cut in it, 

that is bolted to the bottom of the liquid nitrogen ..-ell. 

Between the outer shell and the liquid nitrogen well and 

between the liquid nitrogen well and the liquid helium 

well and around the deposition windov: is a common vacuum 



Figure 1. Cryostat 
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space. The Dewar is evacuated through the port, G, which 

is equipped with a pressure release valve and an eight pin 

electrical leadthrough. The temperature of the deposition 

window is controlled (between 15 and 8o°K) by varying the 

pressure of helium gas in the heat exchange tube, E,, which 

is thermally grounded to the helium well, and by carefully 

controlling the voltage supplied to a 20 .n. resistance 

heater, H, which is wound around the bottom of the heat 

exchange tube. The deposition window, C, can be aligned 

normal to either the light beam or the deposition port 

(not shovm) by means of the rotary joint, I which allows 

the entire cryostat to be rotated with respect to the 

outer shell of the tail section. 

A modified tail section and an additional heat 

shield were used in the temperature range from 8°K to 30°K. 

The low temperature tail section, shov/n in Figure 2, 

consists of a one-inch diameter, thin-v:alled stainless 

steel tube (A) to which a window holder, B, machined from 

a single copper bar one inch in diameter, is soldered. 

The tube. A, is open at the top and extends four inches 

into the helium well so that liquid helium is in contact 

with the window holder, B, when the liquid helium depth 

is four inches or greater in the helium well. An ad

ditional copper radiation shield, C, is bolted directly 

to the bottom plate of the helium well. The temperature 

of the window holder is controlled by letting the liquid 



Figure 2. Low Temperature Tail Section 
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helium level drop below four inches in the primary coolant | 

well and rapidly boiling away the liquid in the tube. A, '' 

by means of a 20 -D- resistance heater. The rest of the \. 

modified cryostat is identical to that shown in Figure 1. i 

In both modifications of the cryostat, the primary coolant < 

well is fitted with a vacuum-tight cap, J (see Figure l) 

so that the pressure over the coolant may be reduced, thus ) 

lowering the temperature of the primary coolant. 

The temperature of the windovj was monitored with a 

copper-constantan thermocouple using a Smith-Florence 

Model 951 Precision Potentiometric Microvoltmeter. 
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Vacuum Systems 

Because the silicon hydrides ignite spontaneously 

upon contact with air, it was necessary to carry out all 

reactions and manipulations in a high vacuum system. Tivo 

vacuum systems were used in the present investigation; the 

first (system I) for all preparations and purifications, 

and the second (system II) for all matrix isolation studies. 

System I consisted of a mechanical fore pump, a 

mercury diffusion pump, a McLeod gauge capable of measuring 

pressures as low as 10 -̂  mm, a manometer, six calibrated 

storage bulbs, and four U-traps in series separated from 

each other and the rest of the system by mercury float 

valves. 

System II consisted of a mechanical fore pump, an 

oil diffusion pump, a McLeod gauge capable of measuring 

pressures as low as 10 -̂  mm, a m.anometer, three U-traps 

in series separated from the rest of the system by needle 

valves and separated from the deposition port of the 

cryostat by a stopcock, four manix'olcs each having three 

calibrated two liter storage bulbs, and a connection, 

separated from the rest of the system by a stopcock, for 

evacuating the cryostat. 
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Pyrolysis Furnace 

The furnace used to pyrolyze disilane, shown in 

Figure 3̂  v/as constructed in the following manner. A two 

inch diameter stainless steel tube. A, v;as insulated with 

asbestos and ŵ rapped with a 20-TL. resistance wire. The 

entire tube vras then wrapped with a layer of asbestos, a 

layer of aluminum foil, and two layers of asbestos. A 12 

mm Pyrex tube, B, with a glass to metal seal, C, at one 

end and a ground glass socket, D, at the other was positioned 

in the center of the furnace by a 1/4 inch sheet of transite, 

E, and a 1-1/2 inch section of fire brick'at each end. 

Powdered graphite v:as used to fill the remaining space, G. 

A chromel-alumel thermocouple, H, v:as imbedded in the 

graphite. The metal tip, C, was soldered to the deposition 

port of the cryostat. 



Figure 3. Pyrolysis Furnace 
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Calibration of Spectrophotometer 

In order to correct for any nonlinearity of the 

Beckraan IR-9 Spectrophotometer and to adjust the optical 

readout values to vacuum cm" and to make the recording of 

an experimental spectrum more accurate, the instrument used 

in this investigation was calibrated in the following man

ner. 

Under conditions of maximum resolution, the spectra 

of a series of calibration gases recommended by the 

National Bureau of Standards (47) were recorded. By 

assuming linearity v;ithin the vertical divisions of the 

chart paper (a distance of one inch) and recording the 

optical readout values as the recorder pen passed these 

divisions, it v/as possible to interpolate the observed 

wave length of the spectral lines with a reproducibility 

of + 0.15 cm"-̂  in the region from 400 cm" to 2000 cm" 

and with a reproducibility of + 0.30 cm""̂  in the region 

from 2000 cm"-'- to 4000 cm"-̂ . The observed wave length 

and the correct wave length (from Ref. 47) of the spectral 

lines were then tabulated as a function of displacement 

in inches from the origin of the grating order in use. 
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This procedure was repeated for each of the four orders of 

the spectrophotometer. The data obtained were fitted by 

the least squares method, using the computer program LSQRH 

(see Appendix) to an N power polynomial. In cases where 

the data from one region could not be fitted by a tenth 

power polynomial, the region was divided into subregions 

which were fitted individually. 

A second computer program, CATTA using the poly

nomial constants obtained from LSQRH, then calculated and 

printed calibration tables in which the displacement was 

increased from 0.00 inch in units of 0.10 inch until the 

calculated observed wave length exceeded the upper limit 

of the region for which the polynomial constants were 

valid. This was done for each region (seven in all) of the 

spectrometer. The calibration tables contain the dis

placement and the observec; and correct wave length cor

responding to that displacement for all regions of the 

spectrometer. 

By recording the optical readout value of any refer

ence point in a region, the displacement from the origin 

of the region can be interpolated from the calibration 

tables. From the displacement of the reference point an.l 

the displacement from the reference point to the spectral 

lines of interest, a third computer program, CAFDI, calcu

lates the observed and correct wave length of the lines 

using the polynomial constants from LSQRH. This system of 
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locating the positions of spectral lines has been checked 

against the original calibration gases and has been found 

to agree within + 0.5 cm" of the reported line positions 

(54) over the operating range of the spectrometer. 
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• ?v̂*'3 • ®̂  Calibration of Storage Bulbs 

Each of the storage bulbs connected to both vacuum 

systems was calibrated in the following manner. A known 

weight of pure 00^ was condensed into a bulb with all 

other bulbs closed. The bulb containing the COp was then 

warmed to room temperature and the 00^ expanded into the 

bulb, its manifold, and the manometer. From the temper

ature, the pressure, and the v/eight of COp, the volume of 

the bulb, manifold, and manometer was calculated using the 

ideal gas law. Using the volume of the bulb, manifold, 

and manometer, it follovjs from the ideal gas law that the 

number of millimoles of a gas sample, n^, measuring P mm 

pressure at temperature T is given by 

nm = {Cj , 

where 

> ^T 
^T (TbO) R 

and is dependent on the volume, V̂ p, of the bulb, manifold, 

and manometer only. 

The manifold and manometer were also calibrated. 

This was accomplished as follows: A given amount of gas 

measuring P, mm at temperature T was introduced into the 
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bulb, manifold, and manometer. The bulb was closed and 

the gas in the manifold vjas pumped out. The bulb was 

opened and the new pressure in the bulb, manifold, and 

manometer, Pp, was measured. It follows from the ideal 

gas law that the calibration constant for the bulb only, 

CT3, when the gas in the manifold and manometer is dis-
B 

carded, is given by 

°B = -T (c^) 

and that the calibration constant for the manifold and 

manometer only, Ĉ ^̂ , is given by 

'MM 1 - 'rp • 
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Preparation of Silane and Disilane 

Silane and disilane were prepared by the reduction 

of silicon tetrachloride (Fisher Laboratory Chemical) and 

hexachlorodisilane (K&K Laboratory, Inc.), respectively, 

with lithium aluminum hydride (Metal Hydrides, Inc.) (48) 

in vacuum system I using anhydrous diethyl ether (Baker and 

Adams on Reagent Grade) as a solvent. The ether v/as pre

pared as follows: Approximately 50 ml of anhydrous diethyl 

ether, previously dried over calcium chloride, was placed 

into a reaction vessel containing approximately 2 g of 

LiAlHh. To a second reaction vessel was added the LiAlĤ î  

to be used in the reduction, and both vessels were attached 

to vacuum system I with ground glass joints. The vessel 

containing the ether was frozen with liquid nitrogen and 

the noncondensible gases were pumped out of the system. 

The ether was allowed to warm to room temperature, re-

frozen, and again the noncondensible gases were removed. 

This was repeated until noncondensible gases were absent. 

The ether was then condensed into the vessel in which the 

reaction was to take place and any noncondensible gases 

were removed as before. 
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The silicon tetrachloride which had previously been 

stored in a small calibrated bulb was then condensed in 

approximately 5 mmole quantities into the reaction vessel 

containing the LiAlHî  and diethyl ether. The reaction 

mixture was slowly warmed and cooled as necessary to con

trol the rate of reaction. VJhen all evidence of reaction 

at room temperature ceased, the reaction vessel v/as frozen 

with liquid nitrogen and all noncondensible gases were 

removed. The mixture was then warmed to -85*̂ 0 and the 

silane v/as condensed into a U-trap held at -196''C. This 

process was repeated until approximately 20 mmoles of 

SiCl̂ ^ had been used. The silane thus prepared was puri

fied by repeated trap to trap distillation at -l8o**C and 

-l6o°C, V/hen the infrared spectra shov/ed no impurities, 

the silane was stored in one of the two liter storage bulbs 

for later use. The yield of spectroscopically pure silane 

was 74^. 

Disilane was prepared in the above manner by allowing 

SigCl^ to react with LiAlHî ^ in diethyl ether. Because of 

the high solubility of Si^H^ in diethyl ether, it v;as 

necessary to work up the reaction mixture in several small 

portions. A small amount of the mixture was condensed in 

a U-trap and repeatedly distilled through a -108°C trap 

to separate the ether from the silicon hydrides. After 

the ether had been distilled several times, it was dis

carded and the silicon hydrides were purified by slowly 
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passing them through a -108°C and a -119°C trap. A final 

distillation through a -l6o°C trap removed silane. The 

yield of spectroscopically pure disilane was 52̂ .̂ 



44 

Preparation of Trisilane 

In order to carry out the attempts to matrix isolate 

the silyl radical produced by the pyrolysis of disilane, 

it was necessary to find the temperature at which the sili

con-silicon bond breaks. In the process of determining 

this temperature, a small amount of trisilane v/as isolated 

from the pyrolysis products. 

The Si-Si bond in SipH^ is knovm to be weaker than 

the C-C bond in C^H^ by about 30 kcal/mole (49); therefore, 

it seemed reasonable to expect that the pyrolysis of SigH^ 

could be easily accomplished. For the purpose of pyrolysis, 

a furnace was constructed from a 20 mm glass tube closed at 

one end with a stopcock and a ground glass joint at the 

other end. A 12 mm side arm v/as attached and a 20-O- re

sistance wire was wound between the side arm and the stop

cock. The heating element was covered with several layers 

of asbestos. The temperature of the heating element was 

monitored by a chromal-alumel thermocouple mounted under 

the resistance wire. 

Spectroscopically pure Si^H^ (1.15 mmoles) was intro

duced into the evacuated furnace from a calibrated storage 

bulb. The pressure of disilane was maintained at 73 mm by 
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immersing the side arm in a -63°C bath. The temperature 

was slowly raised by increasing the voltage supplied to 

the resistance v/ire until visible evidence of reaction v/as 

noted. At 250°C, small droplets began to form on the 

cool glass just beyond the asbestos insulation. From the 

furnace was isolated 0.11 mmole of pure Si^Ho, about 0.1 

mmole of SiĤ , j a small quantity of unknov/n higher silicon 

hydrides, and about 0.8 mmole of unreacted SigH^. The 

materials isolated were separated and purified by distil

lation through -63°C, 119°C, -l6o^C, and -196°C traps. 

The pure materials were transferred to storage bulbs for 

later use, and the unlmown material was allowed to react 

with oxygen by allowing it to warm from -196°C to room 

temperature while in contact with air. 
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Preparation of Matrix-Isolation Samples 

A small amount of the solute species was transferred 

from its storage bulb into one of the calibrated bulbs on 

vacuum system I. From the temperature, the pressure, and 

C„, the quantity of solute was calculated. The solute was 

then transferred to an evacuated two liter storage bulb on 

vacuum system II. Enough rare gas, as calculated from Ĉ ,̂ 

was then introduced into the bulb containing the condensed 

solute to give the desired M/S. VJhen neon or argon v/as 

used as the matrix, the rare gas was introduced directly 

into the bulb containing the condensed solute; however, 

because lo'ypton has only about 3 mm vapor pressure at 

-196°C. a second two liter bulb v;as used to measure the 

desired quantity of krypton. The krypton then was con

densed into the correct bulb except for the small quantity 

that was not condensible. This quantity v/as subtracted 

from the original, and M/S v/as calculated. 

All matrix-isolation samples were allowed to stand 

at room temperature for several days before they were used 

in order to insure homogenous mixtures. 
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Matrix-Isolation Studies 

The procedure outlined below was followed in a typi

cal matrix-isolation study when the low-temperature tail 

section was used. The same procedure was followed when the 

variable temperature tail section v/as used fexcept pre

cautions against cooling the deposition v/indov/ too rapidly 

were not necessary. In the latter case, the heat exchange 

tube was filled with helium gas and a pressure of about one 

atmosphere was maintained throughout the cool-down and 

sample deposition. 

Before a'low temperature run, the cryostat and vacuum 

-4 
system II v/ere evacuated to a pressure of 10 mm or less. 

Wcien this pressure had been reached, approximately one 

liter of liquid nitrogen v/as slowly poured through a long 

stemmed funnel into the primary coolant well, being careful 

not to allow any liquid to enter the open center tube. 

After the initial rapid boil-off had stopped, the nitrogen 

can was slowly filled with liquid nitrogen. Periodically 

the nitrogen can was refilled throughout the cool-dov/n and 

low temperature run. After several hours (enough time for 

conduction by the gas in the center tube to cool the depo

sition window to 100°K or less), the helium well was filled 
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to a depth of four inches or more, thus filling the center 

tube with liquid nitrogen and cooling the deposition 

window to -196°C. In order to insure complete preliminary 

cool-down, liquid nitrogen was left standing in the cryo

stat at least four hours (usually overnight) prior to a 

helium transfer. 

V/hen enough time had been allowed for precooling, a 

small diameter glass tube, connected to a Teflon hose at 

the top, v/as inserted into the primary coolant well through 

the vacuum cap. The liquid nitrogen was then removed by 

pressurizing the primary coolant well with helium gas, 

thus forcing the liquid nitrogen through the tube into a 

storage Dev/ar. 

The helium transfer line v/as then purged with helium 

gas to prevent solidified air from blocking the passage of 

liquid helium, and was then placed in position with the 

short arm in the cryostat. The whole assembly v/as then 

purged with helium gas for several minutes to remove all 

traces of air. The liquid helium storage Dev/ar was then 

positioned and raised until the long arm of the transfer 

line v/as about 1/8 inch from the bottom of the storage 

Dev/ar, The storage Dev/ar was then pressurized with helium 

gas to force the liquid helium into the cryostat. As the 

cryostat began to cool, the evacuation port v/as closed 

to prevent air that seeps through the vacuum hose con

necting vacuum system II to the cryostat from condensing 

i> 
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on the helium well. For maximum conservation of liquid 

helium and for maximum liquid helium retention time, the 

pressure on the storage Dewar should be between 1/8 psi 

and 1/4 psi. At these pressures, the deposition window 

and helium well were cooled slowly by the boil-off from 

the cooling of the transfer line before any liquid accumu

lated in the cryostat. After the initial 15-minute period 

before liquid began to accumulate in the cryostat, the 

transfer proceeded at about 50 ml/minute. VJhen the transfer 

was. complete, the storage Dewar v/as lowered, and the 

transfer line was removed from the cryostat. VJhen the top 

plate, which frosts during the filling operation, began 

to defrost (this usually required 20 to 30 minutes), the 

minimum windov/ temperature had been reached and the sample 

deposition v/as started. 

Because the interior surfaces of the cryostat are 

gold plated, one of the U-traps must be immersed in a cold 

bath to prevent mercury from the manometer from being de

posited in the cryostat. The bath must be chosen so that 

only the mercury vapor will be condensed in the U-trap 

(usually a -108°C bath v:as used). After the bath was placed 

around one of the U-traps, the stopcock separating them 

from the deposition port was opened and the cryostat v;as 

positioned so that the window v;as normal to the deposition 

port. The needle valve separating the U-traps from the mani

fold containing the sample was then slowly opened until the -

.:̂  ! 
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desired deposition rate v/as achieved. VJhen all of the 

sample had been deposited, the needle valve and stopcock 

were closed and the cryostat v/as positioned with the window 

noiTTial to the light beam. 

The region from 400 cm" to 4000 cm" was scanned 

rapidly under low resolution conditions to obtain the 

approximate positions of the absorption bands. Once the 

approximate positions were known, the regions of interest 

were scanned under conditions of maximum resolution. The 

experimental spectrum may be recorded as a function of 

temperature by varying the windov/ temperature by the methods 

already mentioned. 

The experimentally determined liquid helium boil-off 

rates were dependent on the tail section and the experi

mental conditions. VJhen the variable temperature tail 

section was used, the liquid helium loss rate was 100 cc/ 

hour if there was no helium gas in the heat exchange tube 

and if the spectrometer v/as off, and it was 200 cc/hour if 

the spectrometer v/as on. VJith one atmosphere pressure in 

the heat exchange tube, the liquid helium loss rate was 

200 cc/hour if the spectrometer was off and 300 cc/hour 

if the spectrometer v/as on. VJhen the low temperature tail 

section was used, the liquid helium loss rate was 500 cc/ 

hour if the spectrometer was off and 750 cc/hour if the 

spectrometer was on. Thus, the average retention time 

was 10 to 12 hours with the variable temperature tail 
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section and 5 to 6 hours with the low temperature tail 

section. 

V7hen all the liquid helium had evaporated, the cryo

stat v/armed rapidly, releasing the condensed matrix, which 

frosts the outer shell of the cryostat. A liquid nitrogen 

bath was then placed around one of the U-traps and the 

cryostat was opened to the vacuum pumps by way of the depo

sition port. Any condensible material (solute) v/as thus 

retained in the U-trap while the matrix was discarded. 

Towels were wrapped around the lov/er section of the cryo

stat to prevent moisture from condensing on the outer salt 

v/indov/s. The cryostat v/as thus evacuated for the next low-

temperature run. 

I<?i 

\ 
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Free Radical Experiment 

The technique of isolation used in the free radical 

v/ork was identical to that described in the previous 

section; the only difference being in the treatment of the 

sample before deposition. 

The pyrolysis furnace v/as attached to the cryostat, 

the cryostat and the system ivere evacuated, precooled, and 

filled v/ith liquid helium as described earlier. The pyroly

sis furnace v:as preheated to the desired temperature before 

the liquid helium v/as transferred. A measured quantity of 

disilane in krypton (M/S = 500) was introduced into a man

ifold and passed slowly through the hot furnace onto the 

deposition window. The spectrum v/as recorded as before. 

Tvio depositions xvere made in this experiment. In another 

attempt to isolate the SiH-, radical, a copper wire attached 

to a Tesla coil was wrapped around the glass tube between 

the deposition port and the furnace, and the sample v/as 

slowly passed through the hot furnace and the discharge on 

its way to the window. Two depositions were also made in 

this experiment and the spectrum was recorded, after each 

deposition. The cryostat v/as warmed to room temperature 

as previously described. 
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Experimental Difficulties 

Other than the ever present and annoying problem of 

vacuum leaks in the cryostat, the major experimental dif

ficulties in this investigation were: 1, the determination 

of the temperature of the deposition window; 2, the attain

ment of the desired low temperature; and 3, the exclusion 

of an as yet unknown impurity from the deposition window. 

Throughout this investigation, it has been extremely 

difficult to determine the temperature of the window from 

the electromotive force developed by the copper-constantan 

thermocouple attached to the window holder. The use of 

thermocouples to measure very low temperatures has several 

disadvantages; however, their low cost made thermocouples 

the only available means of temperature measurement. 

The most obvious problem encountered is the nonlinear

ity of all thermocouples at temperatures below 50°K. This 

limits the accuracy of measurement, but in itself is not a 

serious problem in the present investigation because 

accuracies of j^ 2°K are more than adequate. Thus by care

fully measuring the electromotive force, the required 

accuracy is easily obtained. 
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The second problem encountered in using thermocouples 

for low temperature measurement is that each thermocouple 

develops a different electromotive force depending on the 

length, the size, and the previous history of the wire. 

The most important of these is the previous history of the 

wire. If the wire is bent, stretched, pulled, or other

wise mistreated in any way, the indicated temperature may 

be (and usually is) in error by as much as 30**K. Thermo

couple wire whose insulation is wound onto the wire is not 

suited for low temperature use because in the process of 

winding, the thin wire is bent into small ripples. These 

ripples must be further bent during insulation, thus 

causing incorrect temperature readings. Thermocouple wire 

whose insulation is bulky is also not suited for low-

temperature use because it is necessary to thermally ground 

the wire if correct results are to be obtained. Thus by 

using thermocouple wire v/hose insulation is applied by dip

ping, by very careful handling, and by calibration the 

second problem may be corrected. 

The third and most serious problem is that the same 

thermocouple does not alv:ays indicate the same temperature 

under "identical'' experimental conditions. Careful con

sideration of the experimental conditions reveals the 

reason. The thermocouples used in this investigation have 

always been soldered to the window frame, thus eddy cur

rents develop that depend on the recent history of the 
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cryostat and that change with time. These eddy currents 

are a few microvolts in magnitude. There are also several 

soldered joints in the wire between the thermal junction 

and the potentiometer; some are near the cryostat such as 

at the leadthrough pins, and some are far from the cryo

stat. These joints, if at different temperatures, also 

act as thermal junctions when conventional solder is used. 

The electromotive force developed by these joints is about 

three microvolts per degree difference in temperature. 

Thus, if the joints on the inside of the electrical lead-

through are much colder than the joints far from the cryo

stat, a sizeable electromotive force could be developed. 

By holding the environmental conditions co-nstant, the 

electromotive force developed by the solder joints is held 

relatively constant v/hile the eddy currents are small. 

To correct for the major problem of temperature deter

mination, a rough calibration v/as made in the follov/ing 

manner. After installation of the thermocouple, the cr̂ ô-

stat was evacuated and both coolant wells v/ere filled v/ith 

liquid nitrogen. The electromotive force was monitored 

until it became constant. This reading was taken to be 

77°K. VJith liquid helium in the low-temperature tail 

section, an attempt to deposit neon .̂/as made. It is Imoim 

that a matrix will not stick to a cold surface if the vapor 
-4 

pressure of the matrix is greater than about 10 mm at 

the temperature of the cold surface (2). Thus neon will 
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not stick at temperatures greater than about 8°K (20). It 

was observed that neon would stick to the window as long 

as the deposition ivas continued but that it slowly evapo

rated when the deposition was stopped. Thus, the low 

temperature limit was set at 8° + 3°K. By comparison of 

the electromotive force at 10°K and 77°K with the table 

supplied with the cryostat, a crude calibration was obtained. 

The temperatures reported in this investigation have an 

estimated 95^ confidence .limit of j^^K in the range from 

8°K to 35°K and an estimated 95/"̂  confidence limit of + 2''K 

in the range from 35°K to 6o°K. 

The major experimental difficulty in this investiga

tion was the attainment of the desired low temperature. 

It was found, by attempts to deposit neon, that the vari

able temperature tail section supplied by Andonian Associ

ates v/ould not cool the window below 15°K. Several addition

al heat shields v:ere tried; however, they did not help. In 

an effort to reach 4.2°K, a nev/ tail section v/as built. 

This model was similar to the one shov/n in Figure 2 except 

that it had 1-1/2 inch of copper between the liquid helium 

in the center tube and the top of the deposition windov:. 

Neon would not stick to the v/indov/ when this tail section 

v/as used, and three to four hours v/ere required for the 

minimum v/indow temperature to be reached. The only expla

nation of the experimental observations is that a thermal 

gradient exists along any length of copper and that, at 
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low temperature, this gradient becomes very important. The 

tail section currently being used was constructed so that 

the distance between the liquid helium in the center tube 

and the deposition window is as small as possible (l/8 

inch), thus minimizing the thermal gradient. An additional 

heat shield was also installed to reduce the radiation ab

sorbed by the window and window frame. VJith this system, 

the minimum window temperature was 8° + 3°K. Even though 

8°K was higher than the desired temperature, major redesign 

of the cryostat v/ould have been necessary in order to ob

tain lov/er temperatures. 

A minor problem repeatedly encountered in this in

vestigation was the unv/anted appearance of an unknov/n im

purity on the deposition v;indow. Upon cooling from room 

temperature, this impurity always condensed on the window 

despite careful trapping of the vacuum system to prevent 

pump oil from "backing'' into the cryostat. The impurity 

could alv/ays be removed by warming the v-indow to -50°C. 

and never reappeared as long as the heat shield and helium 

well were kept cold. The impurity always condensed in the 

U-trap along with the solute when the cryostat was warmed 

after a low temperature run. When transferred to a 10 cm 

gas cell, the impurity dissolved the halocarbon v;ax used 

to cement the IZBr windows to the cell and clouded the KBr 

windows. The mass spectrum shows the presence of C, CH, 

CH^. and CH^. The evidence indicates that the impurity 



58 

comes from inside the cryostat and is continuously released. 

Thus it was decided that the impurity came from the flux 

used in the assembly of the cryostat and that the flux is 

probably dissolved in the solder joints. 



CHAPTER IV 

RESULTS AND DISCUSSION 

Matrix Isolation of Silane 

The gas phase infrared spectrum of silane has been 

investigated by Tindal, Straley, and Nielsen (50); by 

Stev/ard and Nielsen (51); and by Thyagarajan, Herranz, 

and Cleveland (52). The infrared active fundamentals 

centered at 9l4.2 cm" and 2190.6 cm" are assigned by the 

method described by VJilson, Decius, and Cross (53) as the 

Vn silicon-hydrogen bending vibration and the U o silicon-

hydrogen stretching vibration, respectively. Silane is a 

tetrahedral molecule belonging to the point group T^. The 

structure, P > o^ the vibrations is A^ + E + 2 F^ of which 

only the two triply degenerate F^ vibrations are infrared 

active (53). 

On the basis of the estimated radius of silane, 

3.0 A (19), and the estimated radius of the largest avail-
o 

able cavity in an argon or krypton crystal lattice, I.85 A 

and 2.00 A, respectively (18), SiK̂ ^ is not expected to 

rotate in the matrix environment. For this reason, the 

expected spectrum of matrix-isolated SiĤ ^ should be a pure 

59 
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vibrational spectrum. The pure infrared vibrational spec

trum of SiĤ ^ would consist of two absorption lines--one in 

the Si-H stretching region around 2200 cm"-"" and one in the 

Si-H bending region around 900 cra"-̂ . 

The infrared spectrum of silane isolated in solid 

argon (see Figure 4) or krypton (see Figure 5) shov/s two 

vibrational bands that are slightly displaced from the gas 

phase band centers: the T/̂ , vibration is shifted to the 

lov/ frequency side of the gas phase band center v/hile the 

-y ^ vibratio-n has components on both the high and lox-/ fre

quency side of the gas phase band center in an argon matrix 

and has only a high frequency component in a krypton matrix 

Another interesting feature of these spectra is that in 

every case, a broad relatively v/eak absorption band is 

centered around 2190 cm""̂ . This band is unique because 

its maximum is centered at the gas phase band center inde

pendent of the matrix used. Both vibrational bands show 

varying amounts of fine structure depending on the matrix, 

the solute concentration, and the temperature. Similar 

results were observed in the matrix-isolation spectra of 

CĤ ^ and CDij. by Cabana et al. (l8). 

The observed fine structure might be explained in 

several ways: 1, the SiHî  molecules might form polymers 

during condensation; 2, the SiĤ ^ molecules might be trap

ped in two or more types of lattice sites; 3, the SiH|̂  

molecules might be oriented differently in the same type 
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of lattice site; 4, the SiĤ ^̂  molecules might be executing 

free or hindered rotational motion; or 5, the SlKu mole

cules might be executing quantized translational motion. 

Also any combination of two or more of these possible 

explanations might account for the observed fine structure. 

To prevent the differences in the total amount of 

SiH|̂  in the various matrix-isolation spectra from influ

encing the interpretation, the relative intensities of 

the lines will be reported as the ratio of the intensity 

of the spectral line of interest to the intensity of the 

most intense line in the spectrum for a given set of 

experimental conditions. 

The first three possible explanatip-ns of the ob

served fine structure - polymer formation, multiple trap

ping sites, and orientational effects - will be grouped 

under the heading of Polymers and Preferred Environment 

while the latter two possible explanations - free or 

hindered rotational motion and quantized translational 

motion - will be treated separately. 
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Polymers and Preferred Environment 

If the observed fine structure is due to various 

solute polymers in the matrix environment, a question 

arises about the mechanism by which these polymers are 

formed. A distinction between molecular microcrystals of 

solute molecules and loosely associated solute molecules 

that may be nearest-neighbors (nn) or next-nearest-neighbors 

(nnn) in the host crystal lattice because of the statisti

cal distribution of the solute in the matrix crystal is 

necessary. 

Molecular microcrystal type of polymers would be rela

tively large clusters of solute molecules in the charac

teristic crystal structure of the solute. These clusters 

would then be surrounded by the matrix. If this type of 

polymer is formed, it must either be present in the gas 

phase or be formed during the condensation. There is no 

evidence that any systems form such crystals in the gas 

phase and the formation of molecular microcrystals upon 

condensation is very unlikely. In addition, the existence 

of molecular microcrystals in the matrix environment would 

be detected in the infrared spectrum because they would be 

expected to absorb at or very near the absorption frequency 

of the pure solid solute. Such is not the case for any oT 

the reports mentioned in Chapter II nor is it the case for 

silane. Thus the only type of polymers that need be con

sidered are those that are loosely associated because of 
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the distribution of the solute in the matrix. 

If polymers are formed, they must either be present 

in the gas phase or be formed during the condensation. 

Hydrogen bonding species could possibly form dimers or 

perhaps trimers in the gas phase, but this is unlikely 

and there is no evidence that this occurs. In the case of 

silane, the infrared spectrum (50) does not indicate or 

even hint that SiĤ ^ molecules are associated in the gas 

phase. Therefore the polymers, if any are present, must 

be formed during the condensation either because of random 

statistical distribution or because of migration of the 

solute molecules in the matrix due to solute-solute and 

solvent-solvent attractive forces. 

Kreitman and Barnett (54) have calculated the random 

statistical distribution of impurities in a face-centered-

cubic (fee) crystal at several impurity concentrations. 

They consider only nn and nnn interactions in their cal

culations which for dilute solutions accounts for all of 

the impurities. Table 1 is reproduced from the work of 

Kreitman and Barnett and shov/s the number and arrangement 

of the possible polymers (called clusters by Kreitman and 

Barnett). From Table 1, it is seen that there are tv/o 

types of dimers and five types of trimers that can occur 

in the fee crystal lattice. Table 2, also taken from 

Kreitman and Barnett, contains the probability of finding 

an impurity in the various types of polymers at several 



64 

TABLE 1 

TYPES OF CLUSTERS BETVJEEN 
IMPURITY ATOMS (54) 

Cluster Type Type of Interaction Betv/een 
Cluster Atom Numbered 

1-2 2-3 3-1 

t f 

Single S' 

nn double D' 

nnn double D' ' 

nn open triple T ' 

nnn open triple T 

nn-nnn open triple T 

nn closed triple T ' 

nnn closed triple T ''* 

nn-nn-nnn closed triple T 

nnii-nnn-nn closed triple T 

m f t t t 

r̂c 
, T / 

0 

nn 

nnn 

nn 

nnn 

nn 

nn 

nnn 

nn 

nnn 

0 

0 

0 

nn 

nnn 

nnn 

nn 

nnn 

nn 

nnn 

0 

0 

0 

0 

0 

0 

nn 

nnn 

nnn 

nn 

*T '• and T do not occur in the fee lattice. 
c z 

concentrations in the foe crystal lattice. From Table 2 

one can see that for M/S = 500 there should be very little 

polymer formation and for M/S = 1000 there should be essen

tially no polymer formation. The infrared spectra of matrix, 

isolated v;ater (3) and ammonia (1^) show that even at M/S 

= 1000, polymer formation does occur implying that the 

matrix is, at least for a short period of time, nonrigld 
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••^^- ^ TABLE 2 

PROBABILITY OF FINDING A GIVEN IMPURITY ATOM 
IN VARIOUS CLUSTERS FOR VARIOUS 

CONCENTRATIONS IN A 
FCC LATTICE (54) 

M/S = 

S' 

D' 

D " 

^ o ' 
m 1 1 

0 

rp 1 t 1 
0 

^c' 

^ r c 

Sum 

50 

.695 

. 142 

. 0 6 5 

. 0 1 8 

. 0 0 8 

. 027 

. 0 0 5 

. 007 

. 9 6 8 

100 

. 835 

.092 

.044 

.064 

.003 

. 0 1 0 

.002 

.003 

.995 

200 

.914 

.053 

.026 

.009 

.001 

.003 

.000 

.001 

.999 

500 

.965 

.023 

.011 

.000 

.000 

.000 

.000 

.000 

.999 

1000 

.982 

.012 

.005 

.000 

.000 

.000 

.000 

.000 

.999 

enough for migration to occur. If upon solidification 

from the gas phase, the surface layer of the matrix exists 

for a brief period as a liquid or at least as a nonrigid 

solid, then it is not unreasonable to assume that the 

solute molecules could migrate toward each other if the 

solute-solute and solvent-solvent attractive forces v;ere 

stronger than the solute-solvent attractive forces or av;a-y 

from each other if the solute-solvent attractive forces 

were larger. In the case of ivater (3) and ammonia {ih), 

the evidence indicates that the solute molecules migrate 
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tov/ard each other v/hile in the case of methane (l8), the 

evidence indicates that the solute molecules tend to 

avoid the formation of polymers. 

If the solute molecules can migrate in the matrix, 

they should also be able to rearrange themselves without 

necessarily forming polymers; this rearrangement could be 

either a change to a preferred orientation or a change to 

a preferred type of lattice site. Grouped together, these 

constitute a rearrangement to a preferred environment 

Vfhich v̂ -ould tend to minimize the matrix-solute repulsive 

forces. 

In the matrix-isolation spectrum of a solute, the 

relative intensity of the lines that are due to polymers 

should increase at the expense of the relative intensity 

of the lines that are due to monomers as M/S decreases, 

all other experimental parameters being equal. 

In Figures 4 and 5. the spectra of SiĤ ^ isolated in 

argon and in krypton, respectively, are reproduced. In 

both figures, the top trace is of a M/S = 100 sample and 

the bottom trace is of a M/S = 500 sample. The depo

sition rate for each trace v.-as about 10 mm/minute. 

Table 3 tabulates the positions and the relative intensities 

of the observed lines. 

By comparison of the relative intensities of the 

lines of SiH^ isolated in solid argon at the tv;o concen

trations, it seems that the lines at 897.9 cm'^ 899.2 cm-\ 



Figure 4. S i lane in Argon 
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Figure 5. Silane in Krypton 
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TABLE 3 

SPECTRAL LINE POSITIONS OF SiH. SUSPENDED 

IN SOLID ARGON AND KRYPTON 

71 

M/S = 

cm 

2179.5 

2177.2 

2215.7 

-Ps 

100 

RI 

.29 

.73 

.41 

M/S = 

cm" 

2174.4 

2175.9 

2176.3 

2215.7 

SiHî  in 

500 

RI 

.21 

.29 

.80 

.54 

Argon 

M/S = 

cm" 

897.1 

898.5 

899.6 

902.5 

905.3 

907.4 

909.4 

911.5 

915.9 

-v^ 

100 

RI 

.37 

.46 

.46 

.44 

1.0 

.96 

.93 

.98 

.46 

M/S = 

cm" 

897.9 

899.2 

900-3 

901.7 

903.4 

904.7 

905.9 

907.9 

910.3 

912.3 

913.3 

916.9 

500 

RI 

.13 

.17 

.20 

.12 

.31 

.41 

1.0 

.90 

.74 

.90 

.89 

.50 
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TABLE 3—Continued 

M/S = 

cm" 

2184.1 

2190.4 

2198.6 

2208.6 

-^9 

100 

RI 

.22 

.25 

.29 

.70 

SiHî  in 

M/S = 

cm^ 

2184.9 

2190.7 

2202.4 

2209.7 

500 

RI 

.11 

.13 

.19 

.70 

Krypton 

M/S = 

cm" 

894.4 

901.2 

904.3 

907.8 

910.5 

100 

RI 

.38 

.21 

.74 

1.00 

.73 

y»f 

M/S = 

cm" 

894.1 

901.3 

904.4 

907.7 

910.1 

500 

RI 

.20 

.20 

.93 

1.0 

.87 

912.7 .55 912.4 .37 

900.3 cm""*", and the broad band at 2190 cm" , in the more 

dilute sample, are due to polymers. One must however be 

extremely careful in assigning the first three lines as 

polymer absorptions, because a broad polymer line (not seen 

in the more dilute sample) centered around 898 cm" that 

"grov;s" in as M/S decreases could equally well account for 

the changes in the relative intensities; hov;ever, bor-

rov/ing from the results of SiĤ ^ in krypton to be presented 

shortly, the triplet is in the right position to be due to 

polymers. From the change in the shape of the band envel

ope (see Figure 4), it is likely that a polymer band is 

centered about 911 cm""̂ . The broad feature in the U ^ 
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region centered at 2190 cm"l is also probably due to 

polymers. 

The spectrum of SiH4 isolated in krypton is sim

pler than the spectrum of SiH4 isolated in argon. In the 

4 region, the lines at 894.1 cm"^ and 912.4 cm"^ seem to 

be due to polymers. The relative intensities of these 

features as v/ell as the relative intensity of the features 

at 2190 cm"-'- increase as M/S decreases. From Table 3, one 

can see that the relative intensities of the other lines 

decrease or stays the same as M/S decreases, thus indi

cating monomer absorptions. In considering the relative 

intensities of the SiH4 in krypton samples listed in 

Table 3, one is wise to remember that because the most in

tense feature is "blacked out", the assignment of monomer 

and polymer lines is not conclusive on this basis alone. 

However, further evidence to be presented supports these 

assignments. 

If the surface layer of the matrix exists for a brief 

period in a nonrigid state during condensation, then any 

process that increases this period or the depth of the non-

rigid layer should allow the migration of the solute mole

cules in the matrix to increase. As the matrix condenses, 

the heat transferred to the window by the condensation 

process must be conducted away. The rate at which this 

heat can be carried away is, however, limited by the 

thermal conductivity of the window. At very low deposition 



rates, it seems reasonable that the limited ability of the 

V7indow to carry the heat away v/ill not be exceeded; how

ever, as the deposition rate is increased to large values, 

the limited ability of the window to carry away the heat 

will be exceeded. When the first small quantity of sample 

condenses, it will be relatively rigid, but the next small 

quantity will be less rigid and will tend to warm the 

sample that has already been Jeposited. As the deposition 

rate is increased, these effects will become greater. If 

polymers are formed while the matrix is nonrigid, a high 

deposition rate would be expected to increase the number 

of polymers formed; however, a fast deposition would also 

let the solute molecules rearrange into their preferred 

environment. Figure 6 shows the spectra of two M/S = 500 

samples of SiH4 isolated in krypton. In the top trace, 

the sample was deposited at 10 mm/minute while in the bot

tom trace, the sample was deposited at 100 mm/minute. 

Listed in Table 4 are the positions and relative in

tensities of the lines. Although the relative intensities 

of all the lines are larger for the sample deposited at 

100 mm/minute, there is no significant difference in the 

relative intensities of any of the lines except those at 

894.3 cm"^, 912.5 cm'^, and 2190 cm'^. On the basis of 

this evidence, these three lines are due to polymers. The 

reason that a preferred environment effect can be ruled 

out will be presented at the end of this section. 



Figure 6. Effect of Deposition Rate on SiH^ in Krypton 
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TABLE 4 

EFFECT OP DEPOSITION RATE ON THE SPECTRUM 
OF SiH|̂  ISOLATED IN KRYPTON 

-1 
cm 

894.3 

903.9 

906.9 

908.7 

910.5 

912.5 

2190 (broad band) 

2209.9 

Relative 

10 mm/minute 

0.09 

0.70 

1.00 

0.99 

0.75 

0.22 

0.09 

0.56 

Intens 

100 

5 ity 

mm/minute 

0.28 

0.77 

1.00 

1.00 

0.79 

0.47 

0.17 

0-64 

One further piece of evidence indicates that the 

lines at 89̂ *.3 cm"^, 912.5 cm"^. and 2190 cm"^ are due to 

polymers. Cabana et al. (I8) reported that the spectrum 

of CH. isolated in argon showed no polymer bands until the 

sample had been annealed at relatively high temperatures. 

Upon annealing, a nev; band "grev;" into the spectrum and 

did not disappear upon reoooling the sample to the origi

nal temperature. In Figure 7 is shovm the effect of 

annealing a M/S = 500 sample of SiĤ ^ isolated in krypton. 

The top trace shows the spectrum recorded at 15°K immedi

ately after deposition. The middle trace shows the spectrum 



Figure 7. Effect of Annealing on SiHî  Isolated in Krypton 
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of the same sample recorded at 4o°K v.hile the bottom trace 

shows the spectrum recorded after the sample v;as recooled 

to 15°K. The line positions and the relative intensities 

are listed in Table 5. 

In the -1/^^ region̂ , annealing leads to unaltered line 

positions indicating that there is no significant degrada

tion of the matrix. The line at 894.3 cm""̂  increases in 

relative intensity as the sample is v/armed and then re-

cooled at the expense of the other lines. The fact that 

the relative intensity of the line at 912.5 cm""̂  does not 

change is not really surprising and is not inconsistent 

v;ith assigning the line as a polymer absorption. Annealing 

sharpens and narroiis the monomer lines. Thus if the part 

of the monomer band that lies under the shoulder at 912.5 

cm" decreases in intensity Cbecause of the annealing 

operation) by the same amount as the polymer line at 912.5 

cm" increases in intensity, then there v/ould be no net 

relative intensity change. 

In the -y ^ region, the apparent shift to the red of 

both features can be explained on the basis of intensity 

differences and is not inconsistent v/ith the previous 

assignment. By carefully considering the traces in Figure 7, 

one can see that the lov; frequency side of the feature 

originally centered at 2209.9 cm""̂  is unchanged in position 

during the annealing process. Since there is a large de

crease in the intensity of the high frequency side of this 
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m^-^^rw 

TABLE 5 

EFFECT OF ANNEALING ON TtlE SPECTRUT'i 
OP MTRIX-ISOLATSD SiH,. 

15° 

cm 

894.3 

903.8 

906.8 

908.5 

910.5 

912.5 

2190* 

2209.9 

Broad 

K 

RI 

.09 

.70 

1.00 

.99 

.71 

.23 

.09 

.56 

band. 

40^K 

cm" 

894.4 

903.5 

904.6 

907.3 

911.5 

2183* 

2207.8 

RI 

.17 

.65 

.73 

1.0 

.25 

.27 

.41 

Recooled 

cm 

-894.3 

903.8 

906.8 

908.5 

910.0 

912.5 

2183* 

2201.8 

to 15*'K 

RI 

.19 

.77 

1.0 

1.0 

.72 

.29 

.20 

.44 

feature, the center of the band is shifted to the red. 

The same is true for the band originally centered at 219O 

om"^ except that there is an intensity increase on the low 

frequency side of the band. Thus, on the basis of annealing, 

the assignments of the lines at 89^.3 cm'^ 912.5 om'^ and 

2190 cm"-'- as polymer absorptions is correct. 

Consideration of the following arguments will show 

that the features assigned as polymer absorptions are not 

aue to the absorptions of monomers in nonpreferred orienta

tions nor are they due to the absorptions of monomers 

LKn,'t,<»Uit* 
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located in nonpreferred lattice sites. 

Let there be several possible nonequivalent orienta

tions of the solute in the matrix crystal lattice and let 

the potential field felt by the solute be different for 

each nonequivalent orientation. Then the preferred orienta

tion v;ill be the one in which the matrix-solute repulsive 

forces are minimized. Thus^ any process that permits mi

gration or reorientation will result in more of the solute 

molecules being in the preferred orientation. A large 

majority of the solute molecules will probably condense in 

the preferred orientation originally, thus the most intense 

futures of the spectrum should correspond to the preferred 

orientation. If the preceding statements are true (there 

is no evidence to doubt that they are true), high depo

sition rates and annealing should result in increased 

relative intensities of the most intense features. This is 

contrary to observation. Therefore, the lines assigned to 

polymers are not due to different orientations of the 

monomers. 

A possibility also exist that several different 

trapping sites are available to the solute molecule. As 

with preferred orientation, the solute molecules should 

seek out the trapping sites which minimize the matrix-

solute repulsive forces, and upon migration, without poly

mer formation, the number of solute molecules in the pre

ferred site should increase. In the undistorted fee crystal. 
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there are three types of sites available (18); one substi

tutional site of octahedral symmetry in which the impurity 

molecule replaces a matrix atom and tv70 types of inter

stitial sites; one of octahedral symmetry and one of tetra

hedral symmetry. Table 6, taken from Cabana et al. (18) 

gives the estimated cavity size of the three types of 

sites. The estimated radius of the SiH^ molecule is 3.0 A 

(19) . If the matrix atoms and the SiH^ molecules were 

hard spheres, there would be no way to put SiH4 molecules 

in an undistorted rare gas crystal. One cannot put much 

faith in the estimated cavity sizes or the radii of the 

solute because atoms and molecules are not hard spheres 

and because not much is knovm about molecular charge cloud 

dimensions. The data in Table 6 and the estimated radius 

of SiH4 are presented only to show that the interstitial 

sites are much too small to accommodate a SiH4 molecule 

and that it should be a relatively tight fit if SiH4 is to 

occupy a substitutional site. 

Tv70 other possible types of sites could also be 

available to the SiH4 molecules; there could be a multi-

substitutional site in which two or more rare gas atoms 

are removed from the host lattice and a solute molecule 

substituted in their place, and there could be distorted 

sites. 

The reproducibility of the spectra, the sharpness of 

the lines, and the effect of annealing suggest that the 
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TABLE 6 

ESTIMATED CAVITY SIZE OF THE AVAILABLE LATTICE 
IN AN UNDISTORTED FCC RARE GAS CRYSTAL (l8) 

Matrix 

Argon 

Krypton 

Xenon 

CCd(A)^ 

5.31 

5.68 

6.1 

S(A)^ 

1.85 

2.00 

2.20 

0(A)° 

.74 

.82 

.85 • 

T(I)'^ 

.39 

.45 

.54 

cubic cell dimension 

radii of substitutional site 

^radii of interstitual site of octrahedral symmetry 

^radii of interstitual site of tetrahedral symmetry 

majority of solute molecules are trapped in the same type 

of lattice site. The complexity of the spectrum of SiHî  

in argon suggests that the trapping site is distorted, 

v;hile the simplicity of the spectrum of SiH^ in krypton 

suggests that the lattice site is not distorted. Before 

definite conclusions can be drav;n about the type of site 

which the SiĤ ^ molecule occupys in the rare gas crystal, 

more experim.ental data as v;ell as an adequate theoretical 

model are needed. 

If, as suggested, the majority of the SiĤ ^ molecules 

occupy a relatively undistorted substitut^ional site, either 

mono- or multi-substitutional, in the rare gas crystal 
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lattice, then annealing the crystal should increase the 

relative intensity of the most intense features. The same 

effect should be observed as the deposition rate is in

creased. The absorptions due to monomers in nonpreferred 

lattice sites should decrease in relative intensity. This 

is contrary to the experimental evidence. 

These arguments support the assignments of the poly

mer absorptions for SiĤ ^ isolated in krypton. By analogy, 

the triplet around 900 cm" and the band at 2190 cm"-̂  in 

the spectrum of SiĤ ^ in argon can also be assigned to 

absorption by polymeric species. 

From the evidence presented in this section, it is 

concluded that v/hen SiĤ , is isolated in a" rare gas matrix 

at least some of the absorption lines are due to polymers, 

but that all of the features cannot be accounted for on 

the basis of polymers. Thus some of the absorption features 

are due to isolated monomers. The features, assigned as 

monomer absorptions, are probably not due to orientational 

effects or multiple trapping sites; hov:ever, this cannot 

be proved conclusively until one can account for all of 

the spectral features. 

Pimentel and Charles have suggested that the v;indow 

material has an effect on the experimental spectrum (16). 

The spectrum of SiĤ ^ in krypton deposited over pure Icrypton 

is identical to the spectrum of SiHî  in krypton deposited 

directly on the window. Thus the fine structure is not due 

to solute-window interactions. 
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Rotational Model of Matrix-Isolated Silane 

The spectrum of SiHĵ  isolated in argon or krypton, 

as concluded in the last section, contains fine structure 

that is due to the absorption by monomers isolated in some 

type of substitutional site in the host crystal lattice. 

The reversible changes in the intensities on warming and 

recooling the sample suggest a Boltzmann-type distribution. 

Similar results have been observed in the spectra of water 

(10,11,12,13), ammonia (l4,l6), HCl (17), and methane (l8) 

when isolated in a rare gas matrix. In each of these re

ports, either free or hindered rotation of the matrix-iso

lated solute has been proposed to explain the observed 

spectra. In support of the rotational model, Robinson 

has reported the far infrared spectra of H^O (23) and HF 

(24) isolated in the rare gases and Cabana et al, (22) 

have reported the Raman spectrum of CE^^ isolated in 

krypton. 

In the.present investigation, rotational motion must 

also be considered as a possible cause of the observed fine 

structure. If the molecule is rotating freely in the 

matrix environment, one v;ould expect the rotational struc

ture on the vibrational bands to closely approximate that 

of the gas phase at the same temperature. 

Silane is a spherical top molecule belonging to the 

point group T^. The theory of the spherical top has been 

discussed by several authors (53,55) and only the results 

will be presented. 
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The total energy of vibration and rotation of a 

spherical top is given by E = G (v-ĵ , v^, ...) + F, x(j)̂  

where G (v^, v^. ... ) is the vibrational energy and F, x(j) 

contains the rotational energy and the vibration-rotation 

coupling contributions to the total energy. The quantum 

numbers v and J have their usual meanings. 

A transition from an initial state E" to a final 

state E' will give rise to an absorption spectrum if E"<E'. 

Only absorption will be considered. 

Because of the symmetry of SiHi,, the only transitions 

observed in the infrared at lov; temperature would be trans

ition from the totally symmetric nondegenerate vibrational 

ground state A^ to a triply degenerate vibrational state 

Fp. Therefore, these are the only types of vibrations 

that need to be considered. In a nondegenerate vibrational 

state. 

F (̂ )(J) = B^J(J + 1) - D^J^(J + 1)^. 

As a result of Coriolis interaction, the triply de

generate Fp vibrational states are split into three sub-

levels v;hose rotational energies are given by 

F(^|(J) = B^J(J -f 1) - D^J^(J -:- 1)^ + B^r^(J+l), 
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where 5 j_ i^ the Coriolis coupling constant for the i — 

degenerate vibrational state. The selection rule for the 

rotational quantum number J is AJ = 0, + 1. For AJ = -i- 1 

only the F "" levels combine with the A, ground state, for 

AJ = 0 only the F*̂  levels, and for AJ = - 1 only the F*̂  

levels. The subscript v will not be included in the fol

lowing discussion because the ground state constants will 

be labeled v/ith double primes and the e::cited state con

stants will be labeled with single primes. Using conven

tional notation, the lines are grouped into P, Q, and R 

branches according to whether AJ = -1, 0, or +1, respectively, 

and are labeled with the J value of the ground state rota

tional level. Using the formula for the upper and lower 

state rotational levels and remembering the selection rules 

for the F"̂ , F^, and F" sublevels, the formulas for the line 

positions of the three branches are: 

R(j) ̂  ^ -f 2B' - 2B'J^ - 4D + (3B'-B"-2B:f^-12D)J 

+ (B'-B' •-12D)J^ - 4DJ^, (1) 

Q(j) = -V^ + (B'-B")J-(B'-B")J^, (2) 

P(j) = 7/ - (B'-B"-2B'3^)J -̂  (B'-B")J2 + 4DJ= . (3) 

In the above expressions, it has been assumed that the 

upper and lower state centrifugal distortion constants are 

the same. 
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Listed in Table 7 are the molecular parameters for 

silane reported by Tindal, Straley, and Nielsen (50) and 

by Thyagarajen, Herranz, and Cleveland (52). 

The vibrational band is the composite of the P, Q, 

and R branches. The shape is determined by the intensity 

distribution. The relative population of the Ĵ ^ lower 

state rotational level is given by 

Nj = Sn (2J -t- 1) e -F(j)hc/kT 

No 
(4) 

y gn (2J + 1) e -F(j)hc/kT 

where g^ is the statistical V7eight, J is the lower state 

rotational quantum number, h is Planck's constant, c is the 

velocity of light, k is the Boltzmann constant, T is the 

absolute temperature, and F(J) is the energy of the J 

rotational level. The approximation that the relative in

tensities of the components of a rotation-vibration band 

are proportional to the relative populations of the lower 

state rotational levels is fairly good if the band is nar

row and only a few rotational levels are significantly 

populated. 

Using the molecular parameters listed in Table 7 and 

equations 1-4, the line positions and the relative inten

sities of the expected vibration-rotation spectrum of SiH4 

at 10°K were calculated. Figure 8 compares the expected 

spectrum with the experimental spectrum of SiH4 isolated 

in krypton at 10°K. The spectrum of SiH4 in argon obviously 



Figure 8. Expected Vibration-Rotation Spectrum 

of Matrix Isolated SiH, 
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TABLE 7 

MOLECULAR PARAMETERS FOR SILANE (50, 52) 

B" 

B' 

D 

ii 

V 3 

2 .96 cm 

2 .95 cm 

1.118 M 

0.046 

cyc les 

T — T .11 ' 1 . — • — 

i / s e c . 

7 / 4 

2,96 cm 

2.89 cm 

1,118 M c y c l e s / s e c 

0.454 

(see Figure 4) does not match the calculated vibration-

rotation spectrum. 

Because of the matrix environment, the Coriolis 

coupling constant, •$ £, for the i^" vibrational level 

could be changed from its gas phase value; however for the 

infrared active vibrational modes (-2/3 and 7/4) of a tetra

hedral XY4 molecule (55) i 3 + ;54 = 1/2 and -1 CH^^ 

1 + 1-

If both conditions are to be satisfied, the values 

that ;5 ̂  and -i^ , may take must lie between -0.5 and -!-l,0. 

The expected vibration-rotation spectrum was calculated for 

the different allowed combinations of ̂  3 and ^ 4 starting 

with 5 3 = -0,50 and increasing by 0,02 until ̂  3 = +1.0, 

An IBM 7040 computer was utilized in these calculations. 

The result was that the line positions of neither-2/3 or 

•2/A could be fitted by this method. The better the calculated 

line positions matched the experimental line positions in 



one region, the worse the agreement became in the other 

region. 

The calculated vibration-rotation spectrum might be 

forced to fit the experimental spectrum by varying B', 

B*', D, and 5^ ; however, if the molecule is freely rota

ting, one would expect the molecular parameters to be very 

nearly the same as in the gas phase. In order to force a 

fit unrealistic values of B', B'', and D would have to be 

used; therefore, this trivial and meaningless calculation 

vias not carried out. 

The vibration-rotation spectrum for the different 

allowed values of IS o 3-nd 5 ̂  ^''^^ calculated using the 

molecular parameters of CEu. The results vrere the same 

as the results of SiH^^ 

On the basis of the fact that the expected vibration-

rotation spectrum and the experimental spectrum are in

compatible, free rotation is ruled out as the cause of 

the observed fine structure. 

The SiHh molecules could be hindered rotators in 

the rare gas crystal. On the basis of the estimated radius 

of SiHi, as compared to the cavity sizes listed in Table 6, 

it is unlikely that SiĤ ^ rotates at all, but if it does, 

the rotation should be hindered. The simple model of a 

hindered rotator consists of a rare gas crystal with one 

of its atoms removed. The solute then replaces the re

moved atom in the undistorted crystal. If the solute is 
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as large as the cavity, then the rotation should b( 

slightly hindered, becoming more hindered as the solut. 

size increases. The more hindered the rotator, the larger 

the matrix-solute repulsive forces should be. Large 

matrix-solute repulsive forces should lead to shifts of 

the vibrational bands to higher frequencies (blue shifts) 

(25). Cabana et al. (l8) observed red shifts for both 

2̂/3 and -^2^ in the spectrum of CĤ^̂  isolated in krypton 

and xenon and blue shifts in argon. The magnitudes of the 

shifts of the vibrational bands of CĤ ^ in the rare gases, 

taken from Cabana et al. (18) are listed in Table 8. 

The band centers of-y^ and 7̂ 2̂  of SiĤ , in krypton 

are shifted +9 cm" and -6 cm"-̂ , respectively, and in 

argon they are shifted +16 cm"-'" and -4 cm"''', respectively. 

The shifts in the 1/ ^ region suggest that SiĤ , fits a 

krypton lattice better than CĤ , fits an argon lattice, 

and that SiHh does not fit an argon lattice as well as CĤ , 

fits an argon lattice. In the "7^^ region, the shifts 

suggest that SiHi, fits an argon or krypton lattice better 

than CHh fits a krypton lattice. Based on the simple model 

of a slightly hindered rotator, the observed frequency 

shifts do not make sense. 

The possibility of hindered rotation cannot be ruled 

out on the basis of the experimental evidence presented. 

The test of any proposed explanation is its ability to 

predict the observed experimental spectra of matrix-isolated 
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Matrix 

Argon 

Krypton 

Xenon 

TABLE 8 (18) 

FREQUENCY SHIFTS OF CĤj.̂" 

+14.9 cm 

-1.8 

-12.7 

+1.2 cm 

-3.7 

-6.6 

^ 
Positive values refer to blue shifts and negative 

values refer to red shifts 

molecules. The more refined hindered rotational models 

used to explain the spectrum of HCl (25-31) may or may not 

be valid. These models do not account for the observed 

spectrum of HCl. Mann, Acquista, and Vlhite (28) after 

carefully considering the model of Friedman and Kimel 

(29-31) conclude that "...the agreement between theory and 

experiment can, in general, be considered as only fair..." 

and that a considerably more sophisticated model is needed 
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Vibrating-Oscillator Model of Silane 

In the models that have been proposed in the past, 

the fine structure observed on the vibrational bands of 

matrix isolated molecules has been assumed to be of rota

tional origin. The original simple model of a slightly 

hindered rotator has been refined and reworded but still 

it is unable to account for the observed spectra. Various 

parameters such as the "hexadecapole" moment (25) and a 

"center of interaction" which couples the rotational mo

tions with the translational motions (26-31) have been in

cluded in the more refined treatments. Still, agreement 

between experiment and theory is only fair. 

In an effort to account for the experimentally ob

served spectrum of matrix-isolated SiĤ ,̂ a simple model 

was constructed. This model assumes that because of the 

matrix environment there is no rotational motion. The 

solute molecules are assumed to occupy an undistorted, 

spherically symmetric site in the host crystal lattice. 

Thus the potential field contains no maxima or minima. All 

vibrational motions are assumed to be harmonic and the 

molecule as a whole acts as an isotropic three dimensional 

harmonic oscillator in the matrix cage. 

MMnBHBHIiil 
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The coordinate systems to be used are shov̂ n in 

Figure 9. Let the coordinate system X v;ith basis vectors 

'^•^t "^2' ^^^ "̂̂  ̂ ^ fixed in space and let the coordinate 

system Y with basis vectors?^, t^3 andCo^ be fixed to 

the molecule and free to translate in space, but not to 

rotate. An atom A of the molecule is located with respect 

to the moving coordinate system by a vector Y^ whose basis 

set is C ., ? 2^ ^^^ ̂ 3 ^^^ ^''^^^ respect to the space fixed 

system by a vector X^ whose basis set is e^, e^, and ̂ 3. 

The two vectors may be represented in their respective 

bases by 

t = (X-,,. x^,, X.J (5) Â ~ "̂̂ lA' ''2Â  "3A 

and 

\ = (̂ lA- ^2A' ̂ 3 A ) ' ^̂ ^ 

The components of the two vectors are related by 

1=1 

(7) 

and 

(8) 
^lA=5i(^l-^i^^iA-

The position of the origin of the moving system Is located 

^A^c^r^ =;\rstGn bv a vector R v;hich with respect to the space fixed system oy <± 

may be represented in the basis {e^, e^. e^) by 

R=: (R^, Rg. R3)- ^^^ 



Figure 9. Coordinate Systems 



99 



100 

The position of atom A can be represented by 

\ = R + Y^ (10) 

if the vector Y^ is expressed in terms of the basis set 

e^, §2^ ̂ ^^ ^3' Using equations 7 and 10, the position of 

atom A in basis (̂ ,̂ ^^, $̂ ) may be represented by 

Assume that the displacements of atom A from its 

equilibrium position are infinitesimal and that the motions 

of the origin of the moving coordinate systems are infin

itesimal when viewed from the space fixed coordinate system. 

Thus the motions of atom A will be infinitesimal when viev.ed 

from the space fixed coordinate system. The infinitesimal 

displacement of atom A may nov; be represented by 

8X^ =8R + 6 Y ^ (12) 

when 6Y, is expressed in terms of the (e^, e^, e^) basis. 

In the basis of the moving coordinate system, the 

vector components of the infinitesimal displacement of A 

are S Y.^, 6 Y2^. and 6 Y^^, X':hich are related to the infin-

P-

coordinate system by equation 7. 

itesimal displacement in the basis of the space fixed 

The 6 Y 's are the cartesian displacement coordi-

nates described in V/ilson, Decius, and Cross (53). It is 
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convenient to transform the S Y^^'s into a new set of 

generalized coordinates. The result is that 

SY 
lA 

3N-6 

o<lA 
8 q . (13) 

By making the proper choice of the transformation 

matrix B̂ .̂ ^̂ , the 5 q 's in equation 10 are.the normal 

coordinates of the vibrations so that 

4 L 

S Y lA 

3N-6 

^ B 0 
c<=l %<lÂ *c 

(14) 

The displacements of the origin of the moving system 

are infinitesimal when viewed from the space fixed system 

so that the infinitesimal vector S R niay be represented in 

the (̂,, ^p, ̂ o) basis by 

5 R = (6R-|̂ .5 R2. 5 R3) (15) 

Changing notation by letting 6 R^ = -=- i ̂  * X^^ = Z^^ 

and 6 X, = Z., it follows from equations 11, 12, l4, and 

^ = ( Z-,, 1̂ 2̂  ̂ 3) -^(iXlA^^^l-^) ^^' 
1=1 

3 
5N-6 

15 that 

\ 

and that 

= ( -

3 
^ - 6 

«x'=t 
1=1 

BK1A('^2"^I) ̂-' zt^'clA^h-V ^-) ' (̂ )̂ 
Ot = ± * 1=1 
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3 
— 3N-6 

^lA = ^ i + S B^iA(^i-^\)QK • (17) 
1=1 

If the molecule as a whole is considered to be a 

three dimensional harmonic oscillator (TDHO), then the 

translational degrees of freedom become the three degrees 

of freedom of a one particle harmonic oscillator, and in 

zeroth order, the coordinates Zl . are the normal coordi

nates of this oscillator. The TDHO has been well treated 

by Pauling and Wilson (56). Only the results will be pre

sented here. Also in zeroth order, the coordinates Q ̂  

are the normal coordinates of the 3N-6 normal vibrations. 

In first order the Ẑ '̂s would be the normal coordinates. 

The kinetic energy, T, of the molecule containing N 

atoms is given by 

V^ dZ„ 2 
T = l / 2 ^ ^ m ^ ( ^ ) . 

v/here m, is the mass of atom A. 

There is no loss of generality if the basis set 

(e,, ep, e^) is required to be orthonormal. The transfor

mation matrices B .. and (e.-6 ) can be shown to be ortho-

gonal; thus their product is also orthogonal. It follows 

that [BiA(^i'^)][So.'iA(^i''l^] = Ŝ oc" Carrying out the 

required operations, it follows that the kinetic energy is 

given by 
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3 
3N-6 
3 N j 3 , , ^ 2 3N-6 3 

T=l/2Z:^mJg-^ ^J?C-^^g^^.lA(^i-^l)i^i 
) 

•<r=l 
/ = 1 

/ 

(18) 
d -Jn. 

where 1 = -w- '̂̂ •̂  .̂ dt • 

The potential energy, V, is a function of the position 

coordinates only. Thus 

V - V (3:., Q^). (19) 

Expanding equation 19 as a power series in the dis

placements and choosing the equilibrium configuration as 

the energy zero, it follovjs that the potential energy is 

3N-6 
3N-6 

V 
3N-6 / ^ 2 

V 
aQ^aQ • / V -r 

3 

i ' = i 
- i - ^ i ' ^ 

3N-6 
32 V 

K=i 

ji^.Q + higher terms. 

Using the usua l n o t a t i o n , V becomes 
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3N-6 

V = 1/2 J i ' rX . 1/2 i^ r . ^ l . i r^:^^ ,J^,o) 
i=l 
=̂1 

The Lagrangian is given by 

L = T - V . 

In order to carry out a perturbation calculation (57), 

the interaction term in the Lagrangian is required to be 

as small as possible. The complete interaction term is 

given by 

3 
3N-6 3N-6 

r "̂A E B.lA(^i-^\)i^ i - Z ^1^ - iQ. . (21) 
A=l i=l 1=1 

•'=1 ^=1 
•f=l 

H, j; and Q^ are small by definition, but 3: . and Q^may be 

large. To insure that the first term in equation 21 is as 

small as possible, set it equal to zero. Because IH: . and 
• 

Q.oi niay not be small, it follows that 

N 
Z "̂A ̂ .lA^^i-^^) = 0 . (22) 
A=l 

•X-

In the limit of the harmonic oscillation approxi
mation the normal coordinates are nonmixing and higher 
terms are neglected. 
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Equation 22 i n s u r e s t h a t the i n t e r a c t i o n terms in 

the Lagrangian a r e as small as poss ib l e and in add i t ion 

equation 22 r e q u i r e s t h a t the o r ig in of the body fixed 

coordinate system be a t t he cen te r of mass of the mole

cule. Combining equat ions l 8 and 20 with equation 22, 

the Lagrangian becomes 

-6 
f Q 

N r 3 . 2 3N-6 . 2 7 ^ C3^ 
= 1/2 X m̂  { S Z ^ -f 2 Q̂  i - 1/2 r 

A=l ^ ( , 1 = 1 ^ pc=l U = l 
3N-6 

3 2 ^ 

i = l i= l 
c c = l 

It follows that the Hamilitonian is 

N r 3 . 2 3N-6 . 

H = 1/2 H >nA\ I ^ i + H «^ +V.(23) 
A=l '̂  1=1 ~=1 "̂  

Transformation of equation 23 into the quantum mechan

ical Hamilitonia operator and solution of the v.̂ ave equation 

yields, in zeroth order approximation, 

E = (n H- 3/2)hyTD0H -̂  (̂  ̂- ^'^^^V ^^"^ 

The selection rules for the quantum numbers n and v 

are 

An = + 1 , Av = i 1. 

^ m S M m ^ ^ - ̂ ^ ^ ^ ^ ~ ^ ^ — . ^ ^ ^ . . • ^ . . . • ^ . ^ ^ . - • - . • ^ ^ ^ . ^ . ^ ^ >>^^.r^-.^..-^ 
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Several difficulties are evident in the zeroth order 

approximation: 1, the isotropic three dimensional harmonic 

oscillator cannot absorb radiation; 2, if the absorption 

of radiation were possible, equation 21 in zeroth order 

predicts only two lines on each vibrational band; 3, there 

is no vjay to account for the shift in the vibrational 

band center; and 4, there is no way to account for the dif

ference in appearance of the two vibrational bands of matrix 

isolated SiĤ .̂ Thus in zeroth order, the vibrating oscil

lator model can not be in agreement with the experimental 

evidence. 

By considering the higher order approximation, some 

of the difficulties of the zeroth order approximation 

might be avoided. In the higher order approximation, the 

3N-6 

interaction terms, > ^ f. _=i-.Q , will be included in 

i=l 
-c=l 

the potential energy. The form of the solution will be 

^ = ^TDHO "̂  ̂ v "̂  ̂ INT ' 

where E^^^ is the energy of the interactions of the nor

mal vibrations with the oscillations. Ê ĵ r̂  is required to 

be small with respect to E, but E_.̂ ^ need not be small 

with respect to E^p^o ^^^^^^e the major contribution to 

the energy of the system is made by the energy of the 
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normal vibrations, E^. Because E^^^ need not be small 

with respect to E^^j^^, it could have a profound effect 

on the appearance of the expected vibrational band. 

The frequency shift of a vibrational band is small 

compared with the frequency of the normal vibration. Thus 

it does not seem unreasonable that the shifts in the band 

center are due to the higher order interactions of the 

oscillations with the normal vibrations. 

The difference in the appearance of the two vibra

tional bands of matrix-isolated SiH^ suggests that the 

interaction energy is dependent on the excited vibrational 

state. The force constants in the interaction terms would 

be associated with a particular normal vibration and could 

be different for each normal vibration, thus yielding the 

required dependence. Another possibility is that the 

three dimensional harmonic oscillator force constants, f^, 

need not be the same for all the vibrational states; thus 

the upper state force constant f̂  could be different for 

each excited vibrational state. 

The first difficulty in the zeroth order approxi

mation exists because the molecule as a whole when oscil

lating in the matrix cage has no changing dipole moment. 

If through the interaction of the oscillations and the 

^"--- . ~^^.<st^j*imMmimju,mm..^ _ 1HIMII1 -I I I • • • i [ ^ — ^ ^ l — M B I i i l i « r r i i i r i f i t M U M — ^ B ^ M ^ — ^ — n ^ 
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normal vibrations the dipole moment could change as a 

function of H^i (i = 1,2,3) then the first difficulty 

would not exist. 

Another possibility is that because of the inter

action of the oscillations with the normal vibrations, 

there could be splitting of the degenerate vibrational 

levels similar to the Coriolis splitting that is ob

served in rotation-vibration spectra. 

In the case of rotation-vibration, Jahn*s rule 

states that if the cross product of the S3mimetry species 

of two different (or different components of a degenerate 

level) vibrational levels contains the symmetry species of 

the rotation, then the two vibrations will interact 

through a Coriolis-type resonance. 

A similar rule in the case of the oscillating-vibra-

tor would be that if the cross product of the symmetry 

species of tv/o different (or different components of a 

degenerate level) vibrational levels contains the symmetry 

species of the oscillation, then the tv70 vibrations will 

interact in consequence of the Jahn-type forces. 

The infrared active vibrations are of symmetry 

species ?£ while the oscillations are of symmetry species 

F2 (both in point group Tj) . Thus if the cross product of 

the symmetry species of two vibrational levels contains the 

species Fo, a Jahn-type perturbation of the levels would be 

expected. The follov/ing pairs of vibrations would interact 

liiiiiiii 
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£see Herzberg (55) page 126 and page 129 for the cross 

.product]: 

k^®F^ = Pg. E(S>F2 = P-̂  + P2, and F^Q F^ = k^ + E + F^ + F^. 

Nothing can be said about the magnitude of such inter

actions if they exist at all. 

The inability of the zeroth order approximation to 

predict the experimental spectrum does not necessarily 

mean that the vibrating-oscillator model is invalid. A com

plete theoretical treatment would be necessary to show 

whether or not the model is correct. Such a treatment is 

beyond the scope of this work. 

ii'Mliilfiii irffiiifiMiiyi-inT niMMnnMi 
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The Search for the SiH^ Radical in the 

Region from 400 cm""̂  to 4000 cm""*-

The matrix-isolation technique was developed with 

the primary intention of providing a means of studying 

unstable chemical species by spectroscopic piethods. Many 

free radicals have been tentatively identified by this 

method. The most common method of free radical production 

has been to isolate the parent compound in a matrix and 

then to irradiate the matrix with high energy radiation 

such as ultraviolet light, ̂  radiation, or microwave ra

diation. This method requires that the matrix be non-

rigid enough for the photolysis products to separate but 

rigid enough so that once they are separated they will not 

recombine or react. The two conditions do not seem com

patible. High energy radiation is also relatively non

selective and requires special safety equipment. For 

these reasons it would be better to produce the free rad

ical in the gas phase by another method and to trap it 

shortly after formation. 

It was found in preliminary work that the Si-Si 

bond in disilane can be broken at temperatures greater 
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than'^SO^C. Thus pyrolysis was chosen as the method of 

production. Disilane offers an advantage as the parent 

compound in that the hemolytic cleavage of the Si-Si 

bond yields identical fragments. 

Recently, Adrian, Cochran, and Bowers {^8) reported 

the electron spin resonance (ESR) spectrum of SiH-, in the 

gas phase produced by the photolysis of SiĤ ,. In a theo

retical treatment, Jordan (59) predicted that SiH^ should 

have a planar structure similar to the methyl radical 

which has been detected in the infrared using the matrix-

isolation technique (44). If SiH^ is planar, then there 

will be three infrared active vibrations. The symmetry 

species of these vibrations will be A2 + 2E' (53): The 

A2 mode should be located in the.Si-H bending region 

around 900 cm""̂  and the E' modes should be located some

where between the Si-H bending region 900 cm" and the 

Si-H stretching region around 2200 cm . 

In a more recent study, Morehouse, Christiansen, 

and Gordy (60) presented ESR evidence of the direct ob

servation of the CHo. SiH^, GeH^, and SnH^ free radicals 

isolated in krypton at 4°K. These radicals were produced 

by the irradiation of the matrix containing dilute con

centrations of CHî , SiHî , GeHî , and SnĤ ,̂ respectively. 

The evidence presented indicates that while CH^ is planar, 

SiH^ is nonplanar with bond angles of 110.6"*. If SiH^ is 

almost tetrahedral, it will belong to the point group C^^ 

mtaiA 
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and the infrared active vibrations will have symmetry 

species 2A + 2E (53). Thus, there should be four infrared 

active vibrations - an A.̂^ and an E mode in the Si-H bending 

region around 900 cm"-'", an A^ mode in the Si-H stretching 

region around 2200 cm" , and an E mode located somewhere 

between the Si-H bending region and the Si-H stretching 

region. In addition, Morehouse et al. propose that SiH^ 

undergoes nearly free rotation about an axis perpendicular 

to the C^ symmetry axis. 

The infrared spectrum of matrix-isolated SiH^ should 

thus show which geometry is correct and should given an 

additional check on the validity of the rotational model. 

In order to make identification of spectral features 

that might be due to SiH^ as easy as possible, krypton v;as 

chosen as the matrix on the basis of the simple spectrum of 

SiHî  in krypton. 

In very dilute solution at low pressure, secondary 

reactions of SiH^, if formed, would be minimized, thus 

leading to maximum concentrations of SiH^ in the condensed 

sample. 

Prom the results of the preliminary pyrolysis of 

disilane, it was Imown that silane and trisilane are formed 

as final products of the pyrolysis. Thus it was also ex

pected that three products would be formed in the dilute 

gas stream. For this reason, the matrix-isolation spectra 

of silane and trisilane were needed as well as the matrix-

MiliiilllMili^^^^HII^HHHHtt^i^ 
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isolation spectrum of the starting material. 

In Figure 10 are shoim the matrix-isolation spectra 

of these species (M/S = 500 in all samples). The top trace 

is the spectrum of SiH4 isolated in krypton, the middle 

trace is the spectrum of Si2H5 isolated in krypton and the 

bottom trace is the spectrum of Si3Hs isolated in krypton. 

The window temperature was 10°K in each case. In Table 9 

are listed the positions and the relative intensities of 

the absorption features. The absorption features of matrix-

isolated SioHr and Si3H3 consist of relatively broad bands 

without much fine structure. The absence of well resolved 

fine structure suggests that these molecules are held 

tightly in the matrix. In the absence of an adequate theo

retical model, any interpretation of tne spectra would be 

meaningless. Thus these spectra are presented for identi

fication purposes only. 

Four isolation attempts were made using solid krypton 

as the matrix. In the first isolation attempt, the pyrol-

isis furnace was held at 350°C while the sample of Si2H^ 

in krypton (M/S = 500) was slowly (5 mm/minute) deposited. 

The spectrum shov.ed the absorptions of a large quantity of 

disilane, a small quantity of silane, and a v/eak absorption 

around 1034 cm'^. The presence of SiH^ in the condensed 

sample indicates that part of the disilane was pyrolyzed 

and that secondary reactions occurred before the sample 

mggl 
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TABLE 9 

OF^IKp^^^^^f AND RELATIVE INTENSITIES 
OP SiHî , Si2H^, AND Si.Hn ISOLATED IN 

SOLID KRYPTON, M/§ = 50O 

SIH^ 

cm" 

89^ A 

9 0 3 . 8 

9 0 6 . 8 

9 0 8 . 5 

9 1 0 . 5 

9 1 2 . 2 3 

2190 

2 2 0 9 , 9 

RI 

. 0 9 

. 7 0 

1 .00 

. 9 9 

. 7 1 

. 23 

. 0 9 

.56 

S i 

cm"" 

8 2 7 . 0 

8 3 3 . 3 

8 3 9 . ^ 

. 9 3 6 . 5 

2 1 7 1 . 1 

2 1 8 3 . 2 

2 1 8 8 . 6 

2 1 9 5 . 9 

2^6 

RI 

. 00 

1 .00 

.16 

.72 

. ^ 5 

. ^3 

.23 

.14 

cm"-^ 

686.8 

6 9 1 . 5 

6 9 4 . 8 

707 .3 

7 1 0 . 1 

7 1 5 . 0 

7 1 6 . 9 

8 3 3 . 3 

8 6 0 . 1 

8 6 5 . 3 

8 6 8 . 8 

8 7 0 . 1 

Si3Hg 

RI 

. 1 1 

. 11 

.18 

.39 

.35 

.35 

. 51 

.88 

.35 

.44 

.79 

1.00 

cm" 

8 7 3 . 7 

8 7 7 . 8 

9 0 7 . 7 

9 2 5 . 8 

939 .4 

9 4 3 . 5 

9 4 8 . 0 

2 1 3 1 . 0 

2143 .6 

2 1 5 7 . 3 

2 1 7 0 . 5 

2178 .4 

• • 

RI 

.42 

. 88 

.12 

. 1 1 

.36 

. 35 

. 3 0 

. 1 0 

.14 

. 2 1 

.26 

.33 

was condensed. The weak absorption could not be assigned; 

hov/ever, it is possible that the absorption is due to 

SIH3. 

In the second isolation, the furnace temperature was 

Increased to 525°C and a second sample was deposited over 

the first sample. The infrared spectrum of this sample 
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showed no new absorption features. 

In the third and fourth isolation attempts, an unin

sulated copper wire attached to a Tesla coil was wrapped 

between the furnace and the depositon port. In both of 

these attempts, the furnace was maintained at 525°C and 

the Tesla coil ŵ as turned on to almost full pov7er during 

the depositions. The third sample was deposited at 10 mm/ 

minute onto a clean vjindow. The absorption spectrum was 

identical to the spectrum of the first two isolation at

tempts except for the relative intensities. In the last 

isolation attempt, the deposition rate v/as lowered to 

5 mm/minute. The low resolution spectrum of the combined 

samples of the third and fourth isolation attempts is 

shov/n in Figure 11. The line positions were the same in 

all four isolation attempts; thus only one spectrum need 

be shown. Table 10 lists the positions of the features 

shown in Figure 11 (the positions were obtained from the 

high resolution spectrum), the relative intensities of the 

different features in each isolation, and the species re

sponsible for each absorption. The high resolution spectra 

failed to shovi any lines that could not be accounted for by 

SiH. and. Si^H^ except the features at 1034 cm"^ and two 
1 ^ -1 

extremely v;eak features at 2115-'t cm" and 2135.8 cm , 

Under high resolution, the feature at 103^ cm"^ Is about 

14 cm-1 wide, very v;eak, and shov:s no fine structure. The 

two weak features at 2115.^ cm"^ and 2136.8 cm'^ are about 

dittMiiribttttNkii^Mu-



Figure 11. Infrared Spectrum of Pyrolysis Products 

of Si2H^ 
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TABLE 10 

LINE POSITIONS, RELATIVE INTENSITIES, 
AND ORIGIN OF ABSORPTION FOR SPECTRA 

OF PYROLYSIS SAMPLES 

120 

cm 

833 

906 

936 

1034 

2171 

2183 

2188 

2209 

-1 

Sample 1 

1.45 

.13 

1.00 

.05 

.66 

.73 

.26 

Sample 2 

1.13 

.17 

1.00 

.11 

.57 

.62 

.40 

.08 

RI 

Sample 3 

2.65 

.56 

1.00 

.11 

.28 

.55 

.22 

.10 

Sample 4 

1.30 

.43 

1.00 

.07 

.41 

.58 

.29 

.12 

ORIGIN 

SlgHg 

si% 

SlgHg 

Unknov:n 

SlgHg 

SlgHg 

Sigl^ 

SlHjj 

2 cm'''" wide. Nothing can be said about the origin of the 

latter two high frequency features. The relative intensi

ties of the features listed in Table 10 are not reported 

as the previous relative Intensities. It is obvious that 

the most intense feature is due to disilane. Thus because 

this most intense feature v;as '̂blacked out" in samples 2 

and ^, the relative intensities are reported as the ratio 

of the intensity of the feature of interest to the inten

sity of second most intense feature, which was never 

"blacked out ". From the relative intensities in Table 10, 
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it is concluded that more of the disilane molecules break 

up when the discharge is on than when it is off, but that 

more SiH|̂  is also formed. The relative intensity of the 

feature at 1034 cm" seems to be independent of the con

ditions. This suggests that the radicals, once formed, 

react with Si2H^ before they can reach the window. 

The weak feature at 1034 cm"-*- cannot be assigned on 

the basis of the experimental evidence. The evidence does, 

however, suggest that Si2H^ can be pyrolyzed under the con

ditions used and that secondary reactions are occurring 

before condensation. 

The failure to trap the SiHo radical could be due to 

several causes. First, not enough of the disilane molecules 

was dissociated under the conditions of these experiments; 

second, the distance betŵ een the hot furnace and the v:in-

dov; was too great, thus allowing time for secondary reactions 

to occur; and third, it may be that the window temperature 

was not low enough to prevent the silyl radicals from mi

grating through the matrix during the sample depositions. 
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Future l/ork 

The assignment of the polymer bands in the spectrum 

of SiH^ isolated in krypton are, on the basis of the evi

dence presented, probably correct. The highly perturbed 

appearance of the spectrum of SiĤ ^ isolated in argon makes 

identification of polymer bands difficult. In order to 

positively identify the bands that are due to polymers, 

more information on the concentration dependence of the 

fine structure is needed, especially in an argon matrix. 

Studies at constant deposition rate and constant temper

ature in which M/S is varied from approximately 1000 to as 

low as 1 would be extremely helpful in identifying polymer 

absorptions. 

Studies in v/hich the deposition rate and the deposi

tion temperature are varied vjould be expected to yield 

information concerning not only polymer formation but also 

migration of the solute molecule in the matrix. Studies 

of the effects of annealing v.'ould also shed light on the 

migration of the solute in a matrix. 

Using neon and xenon as matrices as well as mixed 

matrices should yield new information concerning the 
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nature of the trapping site. Also nitrogen, if used as a 

matrix, might help to define the nature of the trapping 

site. 

The monomer absorptions of matrix-isolated SiHî  show 

that free rotation is not the cause of the observed fine 

structure. The vibrating-oscillator model in zeroth order 

also cannot be in agreement with the experiment. Thus a 

complete theoretical treatment of the vibrating-oscillator 

model is needed. It might be necessary to include hindered 

rotational motion in the model if it is to be successful. 

In either case, the validity of the model cannot be shown 

until a theoretical treatment has been completed. 

The evidence presented here indicates that pyrolysis 

of disilane is not a good method to produce SiH^ radicals 

for trapping; thus other methods should be tried. 

Photolysis of a dilute gas phase solution of SiHi, in 

a rare gas shortly before condensation should be effective 

as a method of producing and trapping SiPÎ . The use of a 

microwave generator might also be effective as a means 

of producing SiH.̂  from either SiHî  or Si2%. 

The presence of SiH^ in the condensed pyrolysis sample 

indicates that secondary reactions between the time the 

mf-'mmm' 
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radical is produced and the time it is condensed occur; 

thus the distance between the production area and the cold 

vjindow should be as small as possible if success is to be 

expected. 

It might also be possible to produce and detect SiH^ 

by irradiating a condensed, dilute solution of SiHî  in a 

rare gas with high energy radiation. 



CHAPTER V 

CONCLUSIONS 

1. 

4. 

5. 

The infrared spectrum of SiHî  isolated in solid argon 

and Icrypton has been recorded. 

2. The fine structure observed on the vibrational bands 

of matrix-isolated SiPÎ ^ does not agree vjith the fine 

structure predicted on the basis of a freely rotating 

matrix-isolated solute molecule. 

3. The observation of this fine structure casts doubt on 

the validity of the slightly hindered rotational model 

of matrix-isolated molecules and the use of 

van der Uaals radii as molecular charge cloud dimensions 

The experimental spectrum of matrix-isolated SiHi, has 

given rise to a nev; model, the vibrating-oscillator 

model, in which the SiH^ molecule is treated as an 

isotropic three dimensional harmonic oscillator. 

In zeroth order approximation the vibrating-oscillator 

model cannot be in agreement with experiment. Thus 

higher order effects must be considered if the model 

is to agree with experiment. 

125 
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6. Polymers have been shown to exist in the matrix environ

ment. The polymers are formed during condensation of 

the sample and during annealing. This suggest that the 

matrix is nonrigid during condensation and annealing. 

7. The isolated monomers are apparently trapped in their 

preferred environment; i.e., multiple trapping sites 

do not exist and orientational effects are minimized. 

8. The infrared spectrum of the matrix-isolated pyrolysis 

products of Sl^^l^ has been recorded. The spectrum 

contains absorption bands that are due to SIHK and 

Sl^ilf^f and one absorption band of unknoŵ n origin. 

9. The presence of SiH^ in the matrix indicates that SiH^ 

v/as produced; hov/ever, SiHo v;as not identified in the 

matrix-iselation spectrum. 

10. The presence of SiHi, in the matrix indicates that 

reactions between SiH^ and Si2H- occur before the free 

radical can reach the cold window. 

11. Silyl radicals produced by the gas phase pyrolysis of 

Sî Hy- cannot be traoped in observable quantities under 
2 o 

the experimental conditions used in this investigation. 



APPENDI) j \ . 

The following Fortran prô ra-is are cesisned for 

either the IBM l620 HOD II or the IBII TÔ.'O digital 

computers. 

The e:-aolanation proceeding each program is self-

explanatory and no further explanation is neafec". 

127 
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LSQRH - LEAST SQUARES DATA FIT 

C THIS PROGRAM PITS EXPERir4ENTAL DATA TO A LEASE SQUA 
C RES CURVE OF THE FORT'I Y = A(l) + A(2)-̂ X + A(3)-̂ X** 
C 2 + ... +A(M+1)*X^*M. 
C THE COEFFICIENTS AND THE X COORDINATE POINTS ARE US 
C ED TO CALCULATE THE VALUE Q V/HICH TESTS THE RELIABI 
C LITY OF THE FIT. THE ABSOLUTE VALUE OF THE DIFFERE 
C NCE BETV/EEN Y AND Q IS COMPARED TO THE MXIMUM LIMI 
C T OP ERROR AND THOSE POINTS WHICH DO NOT FALL V/ITHI 
C N THIS LIMIT ARE DELETED FROM THE LIST. THE COEFFI 
C CIENTS ARE THEN RECALCULATED VJITH THE NEVJ LIST. TH 
C IS PROCESS CONTINUES UNTIL NO POINTS ARE DELETED PR 
C OM THE LIST. IF MORE THAN A SPECIFIED NUMBER OF PO 
C INTS ARE DELETED DURING ANY ONE OF THE CALCULATIONS 
C AN ERROR MESSAGE IS PRINTED. 
C THE FOLLOVOING T̂ UST BE SPECIFIED. 

C N THE NUMBER OF DATA POINTS 
C M THE POV/ER OF THE POLYNOMAL 
C ERR THE MAXIMUM LIMIT OF ERROR ^̂ .̂̂ ^̂ ^ ^^r 
C KERS THE NUMER OF POINTS THAT PlAY BE DELETED IN 
C ONE CALCULATION 
C X AND Y EXPERirCENTAL DATA POINTS 

DIMENSI0NX(250) ,Y(250,SUI^I(21) ,V(11) ,A(11) ,B(11,12) ,Z 
1 ( 2 5 0 ) , Q ( 2 5 0 ) 

F0RMAT(P10.3,13) 
FORMAT(12,13) 
F0Rr4AT(F6.2 ,9F8.2) 
PORr4AT(4E15.7) 
P0Rr4AT(E20.8) ^ TTT̂ UT̂ T? pn̂ mT^RT?n POLYNO 
PORr/lAT(5X45HSTART OVER V/ITH A HIGHER PC/DERED POLYNU 

IMIAL. ) 
READ3,M,N 
READ 1 , ERR,KERS 
READ4, ( X ( I ) , Y ( I ) , I = 1 , N ) 
LS=2*M+1 
LB=M+2 
LV=M+1 

55 D05 J=1 ,LS 
5 SUM(J)=0.0 

SUM(1)=N 
DO6 J=1,LV 

6 V(J)=0.0 
D01bl=l,N 
P=1.0 

1 
3 
4 
42 
52 
62 
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13 

16 

20 

22 
23 

26 

28 

31 
33 

35 

37 

40 
41 

51 

50 

61 
60 

56 

V(1)=V(1)+Y(I) 
D013J=2,LV 
P=X(I)*P 
SUM(J)=SUM(J)+P 
V(J)=V(J)+Y(I)*P 
DOlbJ=LB,LS 
P=X(I)*P 
sur4(j)=suTi(j)+p 
D020I=1,LV 
D020K=1,LV 
J=K+I 
B(K,I)=SUI-I(J-1) 
D022K=1,LV 
B(K,LB)=V(K) 
D031L=1,LV 
DIVB=B(L,L) 
D 0 2 6 J = L , L B 
B(L,J )=B(L,J ) /DIVB 
Il=L-!-l 
I F ( l i - L B ) 2 8 , 3 3 , 3 3 
D031I=I1,LV 
PULr/[B=B(l,L) 
D031J=L,LB 
B(I , J )=B(I , J ) -B(L,J )*FULMB 
A(LV)=B(LV,LB) 
I=LV 
SIGMA=0.0 
D037J=I,LV ^ , ^ 
SIGrC'V=SIGMA-B(l-l,J)^A(J) 
1=1-1 
A(I)=B(I,LB)-SIGMA 
I F ( I - I ) 4 l , 4 l , 3 5 
P U N C H 4 2 , ( A ( I ) , I = 1 , L V ) 
R=0.0 
D050I=1,N 
SIGMA=0.0 
P=1.0 
D051J=1.LV 
SIGMA=SIGMA +A(j)*P 
P=P^X(I) 
Q(I)=SIGMA 
Z(l)=SIGiIA-Y(l) 
R=Z(l)-5̂ -̂ -2+R 
K=0 
DO6O 1=1,N ^ ̂ ^ ^. ^^ 
IF(ABSF(Z(I))-ERR) oO,p3,5J 
CONTINUE 

PUNCH 52, R 
STOP 
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58 

57 
53 

54 

PRINT 62 
STOP 
IF(KERS-K) 58,55,55 
PUNCH42,X(I),Y(I),Z(I),Q(I) 
N=N-1 
DO54 J=I,N 
Z(J)=Z(J+1 
Q(J)=Q(J+I 
x(j)=x(j+i 
Y(J)=Y(J+1 
K=K+1 
IF(N-I)60,6l,6l 
END 
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CATTA - CALIBRATION TABLE PROGRAM 

C 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 

1 
2 
3-
4 
5 
6 

7 
8 

25 

THIS PROGRAM PU1̂ ICHES OUT A COMPLETE CALIBRATION TA 
BLE FOR THE IR-9. THE EQUATIONS USED ARE AS FOLLO 
V/S 
Y = A(l) + k(2)^X + A(3)̂ X->̂ -*2 +... + A(M)-5<-X**(M-1 
Z = B(l) + B($)*X + B(3)"X̂ -̂ -2 +... + B(M)-5«-X̂ *(M-l 

\fflERE Y IS THE OBSERVED V/AVENUMBER, Z IS THE ACTUAL 
V/AVENUr^ER, AND X IS THE DISPLACEMENT IN INCHES. TH 
E COEFFICIENTS A(l) AND B(l) ARE OBTAINED DIRECTLY, 
IN THE PROPER FORiMAT, FROM PROGRAM LSQRH. THE DISP 
LACEMENT X IS STARTED V/ITH 0.0 INCHES AT THE BEGINN 
ING OF EACH PuEGION AND IS INCREASED BY C INCHES UNT 
IL THE LIMT BREK IS REACHED IN TPIE Y VALUE. N DAT 
A VALUES ARE PRINTED ON EACH PAGE IN TV/0 COLUMNS, E 
XCEPT THE LAST PAGE ON V/HICH THE DATA POINTS ARE EQ 
UALLY DIVIDED IN THE TV/0 COLUIvINS. 
THE FOLLOWING MUST BE SPECIFIED 

M 
N 
C 
BREK 

ill] 

THE NUIffiER OF CONSTANTS TO BE USED 
THE NWIBER OP DATA SETS ON EACH PAGE 
THE AMOUNT X IS TO BE INCREASED EACH TIME 
THE I"-1AXIMUI«I VALUE OF Y IN A REGION 
CONSTANTS FROM THE OBSERVED LSQRH 
CONSTANTS FROM THE ACTUAL LSQRH 

CALIBRATION TABLE PROGRAM ^x ^/nnnA 
DIMENSION A ( 1 5 ) , B ( 1 5 ) , X(lOO), Y ( 1 0 0 ) , Z ( 1 0 0 ) 
FORTvlAT 
FORÎ iAT 
FORT'IAT 
FORMT 
FOm-lAT 
FORMAT 

4 E 1 5 . 7 
' F I O . 3 ) 
! l 3 ) 
F 6 . 2 ) 
' i H l ) 
'6X8H0BS. x.^.u.^. V... ^ . .i-N.,5X5HDISP.,3X8HACT. V / N . , 1 0 X 8 H 0 

IBS . ^ / N . , 5 X 5 H D I S P . , 3 X 8 H A C T . 3 . ) . 
FORMAT ( F l 4 . 3 , F 1 0 . 3 . F 1 1 . 3 , F 1 ^ . 3 , F 1 0 . 3 , F l l . i ; 
PORr'lAT(/) 
READ 3.M 
READ 3,N 
READ 4,C 
READ 2,BREK 
READ 1 , ( A ( I 
READ 1 , ( B ( I 
M5 = N/2 
P = 0 . 0 
DO 20 1 = 1 , N 
X ( I ) = C*P 
Y ( l ) = 0 . 0 
Z ( I ) = 0 - 0 
Q = 1 .0 
DO 15 J=1,M 

file:///fflERE
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Y(I) = Y(I) + A(J)*Q 
Z(I) = Z(I) + B(J)-Q 

15 Q = Q*X(I) 
IF(BREK-Y(I)) 11,20,20 

20 P = P + 1.0 
PUNCH 5 ^ 
PUNCH 6 
PUNCH 8 
PUNCH 1, (Y(I),X(I),Z(I),Y(I+50),X(I+50),Z(1+50),I= 
11,M5) 
GO TO 25 

11 M5 = 1/2 
PUNCH 5 
PUNCH 6 
PUNCH 8 
DO l6 J = 1,M5 
K = J + M5 

16 PUNCH 7,Y(J),X(J),Z(J),Y(K),X(K),Z(K) 
STOP 
END 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
C 
c 
C 
c 
c 
c 
C 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 

CAFDI - CALCULATION OP V/AVENUMBER FROM DISPLACEI-iENT 

THIS PROGRAM CALCULATES THE OBSERVED OPTICAL READOU 
T AND THE ACTUAL VACUUM WAVENUMBER OF TPIE LINES OF 
AN EXPERIMENTAL SPECTRUM FROM THE DISPLACEMENT OF T 
HE LINES PROM AN ARBITi=iARILY CHOSEN REFERENCE POINT 
. THE POLYNOMAL CONSTANTS FROM THE PROGRAM LSQRH, 
THE DISPLACEI'/IENTS OF THE LINES FROM TtlE REFERENCE P 
OINT, AND THE DISPLACEMENT OF THE REFERENCE POINT T 
0 THE ORIGIN OF THE SPECTRAL REGION (OBTAINED FROM 
THE CALIBRATION TABLE BY INTERPOLATION) ARE USED FO 
R THE CALCULATION. 

BY SPECIFYING THE SPECTRAL REGION IN WHICH THE FIRS 
T LINE IS LOCATED THE PROGRAM CHOOSES THE CORRECT S 
ET OF POLYNOMIAL CONSTANTS, ADDS THE DISPLACEMENT F 
ROM THE REFERENCE POINT TO THE ORIGIN TO THE EXPERI 
MENTAL DISPLACEMENTS, AND CALCULATES THE POSITIONS 
OF THE LINES, IF THE T-mXIMUIvI DISPLACEMENT OF A SPE 
CTRAL REGION IS EXCEEDED THE DISPLACEMENT OF THE BR 
EAK POINT IS SUBTRACTED FROM THE EXPERIMENTAL DI3PL. 
ACEMENTS, THE NEXT SET OF POLYNOMIAL CONSTANTS IS C 
HOSEN, AND THE CALCULATION CONTINUES. WHEN THE CAL 
CULATION IS COMPLETE THE INDEX NUIffiER Of̂  THE Lnffi, 
THE OPTICAL READOUT VALUE, AND THE VACUUI-i WAVEiTUlffl̂  
R ARE PRINTED IN TABULAR FORIvI. 

THE FOLLOV/ING MUST BE SPECIFIED. 

NOC(I) THE NUI'IBER OF POLY^IOMIAL CONSTANTS 
IN THE I TH SPECTRAL REGION 

BPT(I) THE MAXIMUr.1 DISPLACEMEr^T OF THE I TH 
SPECTRAL REGION ^̂ .̂̂  ̂ _ ̂ ,,̂  

A(I,J) THE J TH POLYNOMIAL CONSTA^iT OF Th^^^ 
I TH SPECTRAL REGION FROM THE OBSi.H\AED 

B(I,J) T I ' ^ O L Y N O M I A L CONSTANTS FROM THE 
ACTUAL LSQRH ^̂ ^ r^nrTnvr^ i IF 

KEND DATA INDEX - 0 IF DATA FOLLOI.C, 1 I^ 
NO DATA FOLLOV.'S ,..,g 

SAMPLE NAME ALPHSIffiRlC SAMPi^E NAi.̂  AND DAx.. 
mj NUMBER OP LINES 
KKK STARTING REGION ^̂ ,̂.,,_, pQ-r-iT 
DIST DISPLACE:lENT OF BEFr^^>^^ POl--̂  
LNO(I) INDEX NUMBER OF LINE 
V(I) DISPLACEMENT OF THE I TH LIiMr. tKUi inr. 

. REFERENCE POINT 
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100 

101 
2 
3 
4 
5 
6 
70 

80 
90 
10 

11 
23 

22 

12 

16 

17 

14 

15 

18 
13 

19 

DIMENSION X(200),Y(200),Z(200),LN0(200,N0C(10) 
DIMENSION A(10,10),B(10,10),BPT(10) 
FORT'IAT (IH ,40HXXXXX]QaXXXXXXX:(]C{XX:(XXXXXXXXXXXXXXX 

IXXXX ) 

2 1 3 , F 1 0 . 3 ) 
712) 

FORT'IAT 
PORr/[AT 
FORMAT 
FORT'IAT 
FORT'IAT 
FORT'IAT 
FORT'IAT 

: y F l 0 . 3 ) 
4E15 .7 
6 ( 1 3 , P I O . 3 ) ) 
IH ,4X11HLINE NUMBER, 4X12HDISPLACEMENT, 4X19 

IHOBSERVED V/AVENUMBER, 4X17HACTUAL V/AVEl̂ IUMBER ) 
PORI'IAT (IH , I 1 2 , F 1 7 . 2 , F 2 1 . 3 , F 2 3 . 3 ) 
FORIVIAT ( iH) 
FORT̂ AT ( iH ,5X20HERR0R IN LINE ira-IBER,l4, IXIOHCHECK 

IDATA) 
NBP = 7 
READ ( 5 , 3 ) (N0C(I ) , I=1 ,NBP) 
READ ( 5 , 4 ) (BPT(l ) , I=l ,N-BP) 
DO 11 1=1,NBP 
K = NOC(I) 
READ ( 5 , 5 ) ( A I , J ) , J = 1 , K ) 
READ ( 5 , 5 ) ( B ( I , J ) , J = 1 , K ) 
READ ( 5 , 1 0 1 ) KEND 
I F (lCEND-1) 2 2 , 2 1 , 2 2 
READ ( 5 , 1 0 0 ) 
READ (5,2)m^T,KKK,DIST 
READ ( 5 , 6 ) ( L N 0 ( I ) , X ( I ) , I = 1 , N N ) 
DO 12 1=1,NN 
X( I )=X(I )+DIST 
DO 13 I=1,N1^I 
DO l 4 J=iaCK,NBP 
I F ( X ( I ) - B P T ( J ) ) 1 5 , 1 6 , 1 6 
CONTINUE 
DO 17 L=I,NN 
X(L)=X(L)-BPT(J) 
KKK = KKK + 1 
CONTINUE 
J=NBP 
I F ( X ( I ) - B P T ( J ) ) 1 5 , 1 5 , 1 9 
Y ( l ) = 0 . 0 
Z ( I ) = 0 . 0 
K=N0C(J) 
Q=1.0 
DO l 8 L=1,K 
Y ( I ) = Y ( I H A ( J , L ^ - Q 
Z( I )=Z( I )+B(J ,L)^^Q 
Q=Q*X(I) 
CONTINUE 
GO TO 20 ^ 
V.rRITE ( 6 , 1 0 ) LNO(l) 



20 

21 

GO TO 15 ^ , 

W E 6,100) 

STir6:loi(LKO(l),X(l),V(X)>^(X),I=l.M) 

GO TO 23 
CALL EXIT 
END 
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